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Beam coupling impedance is a fundamental parameter to characterize the electromagnetic interaction
of a particle beam with the surrounding environment. Synchrotron machine performances are critically
affected by instabilities and collective effects triggered by beam coupling impedance. In particular,
transverse beam coupling impedance is expected to impact beam dynamics of the CERN Proton
Synchrotron (PS), since a significant increase in beam intensity is foreseen within the framework of
the LHC Injectors Upgrade (LIU) project. In this paper we describe the study of the transverse beam
coupling impedance of the PS, taking into account the main sources of geometrical impedance and the
contribution of indirect space charge at different energies. The total machine impedance budget, determined
from beam-based dedicated machine measurement sessions, is also discussed and compared with the
theoretical model.
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I. INTRODUCTION

The goal of the LHC injectors upgrade (LIU) project [1],
started in 2010, is to provide reliable beams with the chall-
enging characteristics required by the High Luminosity
LHC [2] program, until at least 2030. The final objective
of the upgrade is to reduce the statistical error in the
measurements at the interaction points of LHC. For the
future operation at higher intensities and beam brightness
required by the LIU project, it is of fundamental importance
to detect the main sources of wakefields and estimate with
precision the coupling impedance of all the machines in the
LHC injection chain, in order to minimize collective effects
triggered by the coupling impedance and improve quality
and brightness of the colliding beams. The study of the
PS longitudinal broadband impedance was addressed for
the first time in the late 1970s, where a measurements
campaign, based on longitudinal stability during debunch-
ing and on quadrupole beam transfer functions, showed a
longitudinal impedance of about 25 Ω at extraction energy
[3]. Since important hardware changes and new devices
installations were foreseen during the LHC long Shutdown
(LS1) [4], a similar study has been carried out again in 2012
[5]. The study revealed a broadband longitudinal imped-
ance of about 18 Ω.

In this paper we present the study of the PS transverse
beam coupling impedance. We computed the horizontal and
vertical beam coupling impedance model of the machine,
with the help of beam based measurements and numerical
codes. This study, together with the previous knowledge of
the PS longitudinal broadband impedance model, allows us
to better understand instability thresholds [6], to predict the
effects of the beam intensity increase planned for the upgrade
program, and in general to account for the impact of all
hardware changes in the PS foreseen for the next years.
The paper is organized as follows: in Sec. II we describe

the method we have used to determine the imaginary part
of the total transverse effective impedance of the machine
from betatron tune measurements, while in Sec. III we
discuss the measurement results at different energies. In
Sec. IV analytical transverse impedance calculations of the
devices installed in the machine predicted to be important
sources of impedance, including the indirect space charge
contribution, are presented. In Sec. V we discuss the
impedance localization method that we have used to check
our impedance model and in Sec. VI we compare the results
of measurements and simulations. In Sec. VII we discuss
the impact of the chromaticity on the tune shift measure-
ments and impedance evaluation.

II. TUNE SHIFT MEASUREMENTS FOR
TRANSVERSE IMPEDANCE DETERMINATION

A. Tune shift theory and measurements

Measuring the betatron coherent frequency shift with
beam intensity gives information on the total reactive
transverse impedance according to Sacherer’s theory
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[7,8]. For a Gaussian bunch of r.m.s. bunch length σz
traveling with velocity v ¼ βc, the coherent tune shift ΔQ
is proportional to the imaginary part of the transverse
effective impedance Zeff

t by [9]

ΔQ ¼ −
βeI0

4σz
ffiffiffi
π

p
ω2
0γQ0m0

Im½Zeff
t �; ð1Þ

where I0 is the bunch current, Q0 is the unperturbed
betatron tune, γ is the relativistic factor, e the particle
charge, ω0 the angular revolution frequency and m0 the
particle mass at rest. If the bunch length is kept constant
during the measurement, Eq. (1) predicts a tune shift linear
with bunch current, with a slope proportional to the
imaginary part of the transverse total effective impedance.
If we assume a Gaussian zero azimuthal bunch mode, with
power spectrum given by

hðωÞ ¼ e−ðω2σ2z=c2Þ; ð2Þ
the effective transverse impedance is defined as the
impedance weighted by the transverse bunch spectrum
centered at the chromatic frequency ωξ:

Zeff
t ¼

P∞
p¼−∞ Ztðω0Þhðω0 − ωξÞP∞

p¼−∞ hðω0 − ωξÞ
; ð3Þ

whereω0 ¼ ω0ðpþQ0Þ (with p an integer). The chromatic
frequency is defined as

ωξ ¼
ω0Q0ξ

η
; ð4Þ

where η is the slip factor and ξ is the chromaticity defined
here as the betatron tune variation with the momentum:

ξ ¼ ΔQ=Q0

Δp=p0

: ð5Þ

To perform betatron tune measurements of a single bunch
beam in the PS, we first need to excite the betatron
oscillation with a chirp signal produced by a kicker. The
transverse tunes Qx and Qy are then measured with a
system based on diode detection, known as base band tune
(BBQ) [10]. The transverse position of the bunch center of
mass is acquired every turn by a beam position monitor
(BPM) located in straight section 72, a cylindrical pickup
provided by four stripline electrodes. High amplitude short
pulses obtained from the BPM electrodes are sent to a diode
detector, which converts the modulation of the pulses,
related to beam oscillations, into a signal in the audio
frequency range. The betatron tune is then obtained from a
Fast Fourier Transform (FFT) of this signal, and corre-
sponds to the maximum peak value.

B. Control of working point

Bending and focusing of the beam is provided by the
main magnet units of the PS; the working point, in the

absence of any auxiliary magnets or coils, is determined by
the momentum of the beam. For example, the bare machine
at the energy of 2 GeV is working in linear condition
(natural working point) with measured tunes ofQx ¼ 6.253,
Qy ¼ 6.285, and chromaticities of ξx ¼ −0.83, ξy ¼ −1.12,
corresponding to chromatic angular frequencies of
213 MHz and 280 MHz, respectively. To correct the effects
of linear and second order chromaticity in the PS, the
magnetic field higher order components are controlled with
auxiliary windings, called pole face windings (PFW) [11].
The PS PFW, consisting of four coils mounted on the iron
poles of each magnet (two coils for the focusing and two for
the defocusing yoke), are used to control the working point
and chromaticity. An additional coil, called figure-of-eight
loop, creates opposite fields in the two magnet yokes.
Using the combination of the PFW and the figure-of-eight
loop, the horizontal and vertical tunes, horizontal and
vertical chromaticities, and another parameter (for example
the nonlinear chromaticity), can be controlled by five
parameters independently.

III. TUNE SHIFT MEASUREMENTS
AT ZERO CHROMATICITY

To better understand the contribution of indirect space
charge to the total impedance budget, four different energy
values have been considered for tune shift measurements.
In Table I the main parameters of the beams used in the four
cases are summarized. Tune shift measurements have been
performed during several machine development (MD)
sessions on a dedicated cycle [12]. The magnetic field
as a function of time of the cycle used for measurements at
25.48 GeV is shown in Fig. 1. Tune shift measurements are
acquired only on the flat top of the magnetic field at the
constant kinetic energy of 25.48 GeV.
The vertical tune shift ΔQy is more significant and easy

to observe than the horizontal tune shift ΔQx, since many
devices in the PS circumference have a large aspect ratio
and can be approximated with a parallel plates geometry
(i.e., kicker magnets). If we approximate the geometry of
the PS vacuum chamber with two conducting parallel
plates, the dipolar and quadrupolar components of the
impedance [13] exhibit the same sign in the vertical plane.
Instead, in the horizontal plane, the parallel plates model
exhibits zero total impedance due to the perfect compen-
sation of dipolar and quadrupolar components of the

TABLE I. Beam parameters for vertical tune shift measure-
ments at different energies.

Ekin [GeV] 25.48 13.09 7.25 2

γrel 27.77 14.95 8.72 3.13
Slip factor η 0.052 0.022 −0.013 −0.075
Harmonic number 8 8 8 16
4στ [ns] 45 55 55 80
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impedance [14]. It is then very difficult to estimate the
effective horizontal impedance from the slope of a tune
shift measurement. An example of a horizontal tune shift at
the energy of 25.48 GeV is shown in Fig. 2. The computed
horizontal effective impedance is 0.08� 0.05 MΩ=m.
The measured vertical tune shifts with beam intensity at

different energies are shown in Fig. 3. Several tunes have
been acquired for each energy and intensity value. The
dots represent the mean value of the acquired tunes for a
given intensity, while the error bars represent the standard
deviation of the measured tunes. With a plain FFT, the
uncertainty of the single measurements would be given by
1=Nturns. However, since the BBQ performs an interpolated
FFT, the uncertainties are lower than 1=Nturns, and are in the
shadow of the machine reproducibility, which defines the
measurement uncertainties. We processed 2048 turns at
2 and 13.09 GeV, 1024 turns at 7.25 GeV and 4096 at
25.48 GeV. For each plot, the vertical chromaticity has been
set to a value as close as possible to zero on the PS working
point. The tune is decreasing when the beam intensity
increases in the bunch: according to Eq. (1), the effective
impedance (including the indirect space charge) introduces
a defocusing effect. On the vertical plane, both the dipolar

and quadrupolar impedance components contribute to the
tune shift. All the tune shift measurements are acquired on
the flat top of the magnetic field, using dedicated magnetic
cycles. The three sets of measurement at 25.48, 13.09 and
7.25 GeV were performed injecting a TOF-type beam in
the PS from the PS Booster. TOF is a beam dedicated to the
n-TOF (neutron-Time Of Flight) facility, with very high
nominal beam intensity (7.5 × 1012 ppb). This type of
beam allows the study with a very broad range of intensity,
and a good harmonic tune signal. Only for the tune shift
measurement performed at 2 GeV, an LHCINDIV (LHC
individual bunch physics) beam was injected in the PS
from the PS Booster. This beam is required in the
commissioning filling patterns and MD for the LHC,
and allows smaller intensity ranges with respect to TOF.
The use of LHCINDIV drastically reduced the beam
intensity range (between 15 and 35 × 1010 ppb), but
allowed to work with a smaller beam emittance and a
cleaner, very peaked tune signal, decreasing the error in
the tune evaluation. Some examples of typical TOF and
LHCINDIV beam spectra can be found in [12].
Since at 2 GeV the PS machine is coupled in the

horizontal and vertical planes, an adjustment of the current
in the skew quadrupole was needed in order to correctly
perform the measurement. The current was changed from
the default value (used for the other three sets of meas-
urement at higher energies) of 0.35 A and −0.35 A [15] to
an optimum value of 0.39 A and −0.39 A, allowing to
decrease the coupling between the two planes and increase
the accuracy of the vertical tune measurement. Bunch
lengths have been monitored and measured during all
the tune shift acquisition with a dedicated tool. For each
energy considered, we measured a stable bunch length at
different intensities, and therefore we assumed it constant
during the intensity scan for each set of tune shift
measurement. In Table II the imaginary parts of the vertical
effective impedance measured at different energies and zero
chromaticity, assuming a constant bunch length and vertical
chromaticity as close as possible to zero, are summarized.
These values represent the vertical impedance budget of the
PS and will be directly compared with the theoretical
impedance model discussed in Sec. IV.

IV. TRANSVERSE IMPEDANCE MODEL
FROM SIMULATIONS

We computed the total transverse impedance as a
function of frequency with the help of numerical codes
and analytical expressions [16–18]. We calculated the
individual contribution of each machine element, summing
together the total transverse impedances as a function of
frequency. The total impedance is always considered as the
sum of the dipolar and the quadrupolar component of the
impedance. The imaginary part of the effective impedance
has been obtained using Eq. (3). This method allows us to
monitor and compare the numerical and analytical
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FIG. 1. Magnetic field as a function of time of the 25.48 GeV
beam cycle.
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FIG. 2. Horizontal tune shifts with beam intensity measured at
25.48 GeV.
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evaluation with the results of the measurements at different
energies summarized in Table II.

A. Indirect space charge and resistive wall

The observed difference in the effective impedance in the
vertical plane between tune shift measurements at different
energies summarized in Table II can be explained by the
effect of the coherent indirect space charge, induced by a
beam traveling inside a perfectly conducting infinitely
smooth beam pipe. To assess the contribution of indirect
space charge on the impedance budget, calculations were
performed with the code described in [19] for each energy
considered in beam based measurements. The code allows
us to describe the beam pipe geometry as a round chamber
or as parallel plates. The output of the code provides a
transverse impedance, as a function of frequency, that
includes the contribution of space charge and resistive
wall summed together for the entire machine length. Since

the main PS beam chamber has an elliptical cross-section of
vertical half-aperture of 35 mm and horizontal half-aperture
of 73 mm, a round chamber of 35 mm radius has been taken
into account as a first approximation. An equivalent radius
of 39 mm calculated according to [20], was also considered
for comparison.
We assumed a machine made of stainless steel [5]

316LN (about 70% of the total length) with resistivity of
75 × 10−08 Ωm, and of Inconel X750 alloy (about 20%)
with resistivity of 120 × 10−08 Ωm. Approximating the PS
elliptic vacuum chamber with a round geometry of radius
35 mm, the contribution to the imaginary part of the total
effective vertical impedance is 3.3 MΩ=m at 2 GeV and
decreases drastically to 0.22 MΩ=m at 25.48 GeV. If we
consider the equivalent radius of 39 mm, the contribution
is 2.58 MΩ=m at 2 GeV and 0.16 MΩ=m at 25.48 GeV.
In Table III the results of the indirect space charge and
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FIG. 3. Vertical tune shifts with beam intensity measured at different energies and the vertical chromaticity set to a value as close as
possible to zero.

TABLE II. Imaginary part of the vertical effective impedance
measured at different energies and zero chromaticity.

Ekin [GeV] Zeff
y [MΩ=m] 4στ [ns]

25.48 2.23� 0.05 45
13.09 3.06� 0.12 55
7.25 3.51� 0.13 55
2 5.50� 0.38 80

TABLE III. Indirect space charge and resistive wall vertical
effective impedance expressed in MΩ=m, calculated for different
kinetic energies for a round chamber of 35 mm radius and 39 mm
radius.

Ekin [GeV] 35 mm 39 mm

2 3.30 2.58
7.25 0.59 0.46
13.09 0.33 0.25
25.48 0.22 0.16
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resistive wall contributions are summarized for each energy
and the two pipe radius.
If we assume a round chamber with 35 mm radius, the

computed indirect space charge and resistive wall contri-
butions explain 60% of the vertical effective impedance
measured at 2 GeV, and about 10% of the effective
impedance measured at 25.48 GeV. Moreover, if we
subtract the space charge and resistive wall contribution
to the measured impedance budget summarized in Table II,
we can observe that the effective impedance generated by
the geometrical impedance in the machine, which should
not depend on energy, has a value between 2 and
2.9 MΩ=m. In the following section we evaluate the
contribution of the most important machine elements to
the total geometrical impedance.

B. Kicker magnets

Kicker magnets are generally considered a significant
source of transverse impedance in synchrotron machines.
To investigate the behaviour of the beam coupling imped-
ance with respect to frequency, CST Particle Studio [16]
and the Tsutsui theoretical formula [21], are considered
very reliable tools to be applied for different type of kickers
geometries.
A combination of six fast kickers and five lumped

magnets are used in the PS for beam injection and
extraction using several techniques.
Fast kickers in the PS are ferrite-loaded delay line

magnets, with a rectangular-shaped aperture and ferrite
split longitudinally in several cells. In each module there
are two conducting cables, that are independently grounded
or connected to the high voltage. To compute the transverse
impedance for these devices, we imported a full mechanical
3D model from CATIA [22] into CST Particle Studio. The
model has been cleaned from all the unnecessary details in
order to reduce the simulation time and improve the
discretization. An example of a simplified model of a
ferrite-loaded delay line kicker used for CST simulations is
shown in Fig. 4.
The lumped magnets are used for continuous transfer

(CT) extraction and ions injection; the ferrite is not split
longitudinally but a brick of aluminium is inserted in the
yoke in order to reduce the impedance seen by the beam.
Since 3D mechanical models were not available for this
type of magnet, the model for CST simulations has been
built considering the original drawings of the devices.
Simulations showed that the presence of the metallic insert
introduces an asymmetric perturbation in the electromag-
netic field acting on the beam. This field provokes a strong
monopolar component of the transverse impedance, that
makes the computation of the transverse impedance inac-
curate. For this reason we consider in the total machine
impedance calculation the contribution of the five PS
lumped kickers without the metallic insert. An example
of two lumped kickers models (with the metallic insert)

implemented in CST is shown in Fig. 5. As mentioned, to
calculate the kickers transverse impedance, we can apply
the Tsutsui formula, that allows to compute the transverse
impedance considering as input only the vertical and
horizontal semiaperture of the magnet, the width of the
ferrite and the total length of the ferrite. Even if this
method, in general, provides very good and reliable results
at high frequencies, due to the presence of segmentation
and of the metallic inserts, it seems to not evaluate correctly
the low frequency impedance of the PS kickers.
Nevertheless this method has been extensively used for
the PS kickers to cross-check results from simulations,
showing a very good agreement in the range of frequency
1–10 GHz. The kickers geometrical parameters considered
for Tsutsui computation are summarized in Table IV.
Kickers named with the prefix KFA are lumped or delay
line magnets designed with two conducting cables, while
kickers named with the prefix BFA are lumped magnets
designed with four conducting cables (suffix P/S refers to
the pedestal and staircase module). The number following
the prefix refers to the straight section number where the
kicker is installed. The transverse impedance of all the PS
kickers listed in Table IV has been computed with CST
Particle Studio. Each kicker was analyzed with dedicated
simulations, taking into account the different geometries
and configurations of the ferrite cells inside the tank. For
example, even if KFA79 and KFA13 are realized with the
same number of modules, made by ferrite cells of equal

FIG. 4. Transverse section view of a ferrite-loaded delay line
kicker model used for CST simulations of KFA13. The kicker is
made of three identical modules. In each module the ferrite (in
green) is split longitudinally in nine cells. Each cell is 24 mm long:
19 mm of ferrite and 5 mm of aluminium (in yellow). In each
module there are two conducting cables, modeled inCSTwith PEC
(perfectly conducting boundaries, in grey). Vacuum is represented
in light blue. This model has been discretized in CST with
7,588,152 mesh cells and simulated with a wake length of 25 m.
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dimensions, in KFA79 the three modules have a 180°
rotation from one to the next. Kicker KFA71 was built with
nine modules with the same configuration of KFA79, and it
is the longest kicker installed in the PS. Kicker BFA09P-
21P and BFA09S-21S were built with the same module
geometry, but with different dimension and shapes of the
conducting cables. Each kicker was discretized in CST
with hexahedral mesh cells. The number of mesh cells
depends, in general, on the size of the object and on the
bunch length adopted. A bunch length of 10 mm has been
chosen, in order to compute the impedance model in the
range 0–10 GHz. We adopted a wake length in the range
10–20 m, depending on the length of the kicker.
For each kicker we performed four different simulations

to compute the dipolar and quadrupolar component of the
impedance along the two axis. For dipolar impedance the
simulation was performed placing the wake integration in
the center of the kicker, with the source beam displaced
along x=y. For quadrupolar impedance the simulation was
performed placing the source beam in the center of the
kicker, and the integration path displaced along x=y. The

total horizontal impedance and the total vertical impedance
of the PS kickers as a function of frequency, obtained by
summing all the real and imaginary parts of the transverse
impedances (dipolar and quadrupolar components) com-
puted with CST, and weighted by the β function defined in
the 2 GeV lattice, are shown in Fig. 6. The sign of the
impedance is due to the CST notation. The real part of the

FIG. 5. Transverse section view of lumped kicker models used for CST simulations of PS kicker KFA28 (left) and BFA09S-21S
(right). The kickers are made of a single ferrite yoke (in green). A brick of aluminium is inserted in the yoke in order to reduce the
impedance seen by the beam. Kickers with the prefix KFA are designed with two conducting cables, while kickers with the prefix BFA
are designed with four conducting cables, modeled in CST as aluminium (in yellow). Vacuum is represented in light blue.

TABLE IV. PS kickers geometrical parameters: according with
Tsutsui’s nomenclature, a is the horizontal semiaperture of the
magnet (between the two conductors), b is the vertical semi-
aperture of the magnet, h is the width of the ferrite and L is the
total length of the ferrite (consider from the first cell to the last
cell for delay line magnets).

a [mm] b [mm] h [mm] L [m]

KFA04 56.5 37 40 0.570
KFA13 73.5 26.7 100 0.730
KFA21 73.5 26.7 100 0.730
KFA45 76 26.6 40 0.957
KFA71 73.5 26.7 100 2.190
KFA79 73.5 26.7 100 0.730
KFA28 78.5 35 15 0.900
BFA09S 79 26.25 20 0.540
BFA21S 79 26.25 20 0.540
BFA09P 79 26.25 20 0.540
BFA21P 79 26.25 20 0.540

0 2 4 6 8 10
−1

−0.5

0

0.5

1

1.5

2
x 10

6

Frequency [GHz]

Z
x [Ω

/m
]

 

 
Re(Z

x
)

Im(Z
x
)

0 2 4 6 8 10
−5

0

5

10

15

20
x 10

5

Frequency [GHz]

Z
y [Ω

/m
]

 

 
Re(Z

y
)

Im(Z
y
)

FIG. 6. Total horizontal and vertical impedance of the PS
kickers (sum of dipolar and quadrupolar components), weighted
for the β-function, computed with CST Particle Studio.

S. PERSICHELLI et al. PHYS. REV. ACCEL. BEAMS 19, 041001 (2016)

041001-6



vertical impedance shows a peak around 700 MHz that is
consistent with the frequency of the instability at transition
observed in [23]. The imaginary part of the vertical
impedance increases for frequencies lower than
700 MHz, and drastically drop at the resonance. This
behavior partially explains the measurements that are going
to be presented in Sec. VII. The kicker contribution to the
imaginary part of the vertical effective impedance of the PS
is about 1.3 MΩ=m, while the horizontal contribution is
almost zero due to the compensation of dipolar and
quadrupolar components of the impedance, as predicted
in Sec. III. Kickers magnets can explain about 25% of the
vertical effective impedance measured at 2 GeV, and about
60% of the vertical effective impedance measured at
25.48 GeV. The imaginary parts of the total effective
horizontal and vertical impedances introduced by each
kicker (sum of dipolar and quadrupolar components),
weighted by the β function defined in the 2 GeV lattice,
are summarized in Table V. It is worth noting that the most
significant contribution is due to the kicker located in
straight section 71 (KFA71): the vertical effective imped-
ance increases for kicker with the total length of the ferrite.
In Sec. V we are going to show that KFA71 can be
identified as one of the major source of transverse

geometrical impedance applying the impedance localiza-
tion measurement technique.

C. rf cavities

The contribution of the 10, 40, 80, and the 200 MHz
cavities, weighted by the β function defined in the lattice,
has been included in the PS transverse impedance model.
Simplified models of the 40 and 80 MHz cavity were first
implemented with the 2D code ABCI [17], starting from
the design described in [24]. At a later stage, 3D models
have been realized in CST Particle Studio. The models do
not include couplers and tuning system of the cavities.
Results from CSTand ABCI simulations were in very good
agreement, showing that rf cavities have a negligible impact
on the transverse impedance budget. Indeed, their contri-
bution explains less than 1% of the of the vertical effective
impedance measured at different energies.

D. Vacuum equipment

Vacuum equipment and devices like pumps, sector
valves, bellows, steps, and metallic flanges were included
in the transverse impedance model. All the mentioned
devices were simulated with CST Particle Studio. In Fig. 7,
3D models of a PS flange and a sector valve used for
simulations with CST, are shown. In Fig. 8, 3D models of a
PS vacuum pump and a bellow used for simulations with
CST, are shown. Since the vacuum equipments, in general,
are not localized in a single straight section but occur in
many locations inside the machine, they have been treated
in the computation as distributed elements and weighted by
the averaged β function defined in the lattice. The elements
included in the theoretical impedance model and their
effective horizontal and vertical impedances, computed
with CST Particle studio and scaled by the total number
of elements, are listed in Table VI.
Even if the impedance of the single element is predicted

to be negligible, the sum of many distributed elements
can become significant. Vacuum pumps and bellows, due to
the large number of elements installed in the machine, are
two of the major sources of impedance in the machine.

TABLE V. PS Kicker imaginary parts of effective horizontal
and vertical impedances weighted by the β function defined in the
2 GeV lattice.

Zeff
x [Ω=m] Zeff

y [Ω=m] βx βy

PI.KFA04 7.40e03 8.0e04 12.11 22.46
PE.KFA13 −4.15e04 1.05e05 20.68 12.53
PE.KFA21 −3.80e04 1.05e05 18.82 12.80
PI.KFA45 −4.01e04 1.23e05 22.99 11.60
PE.KFA71 −1.60e05 3.16e05 19.17 12.75
PE.KFA79 −6.43e04 1.04e05 23.59 12.56
PI.KFA28 1.27e04 1.22e05 14.64 20.33
PE.BFA09S 2.17e04 8.28e04 22.84 13.13
PE.BFA21S 1.86e04 8.00e04 19.27 12.74
PE.BFA09P 1.59e04 8.31e04 22.84 13.13
PE.BFA21P 1.86e04 8.03e04 19.27 12.74

FIG. 7. 3D model of a PS flange used for CST Particle Studio simulations (left); 3D model of a PS sector valve used for CST Particle
Studio simulations (right).
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Moreover, by summing together all the vertical effective
impedances listed in Table VI, we can explain about 10%
of the vertical effective impedance measured at 2 GeV, and
the 25% of the vertical effective impedance measured at
25.48 GeV.

V. IMPEDANCE LOCALIZATION
MEASUREMENTS

In order to confirm results from simulation and detect the
main sources of impedance in the PS with an experimental
approach, impedance localization measurements at the
energy of 13.09 GeV were performed. The impedance
localization method was proposed at CERN in 1995 [25],
when the impedance-induced betatron phase advance shift
as a function of intensity was measured in LEP for the
first time. Let us consider a transverse impedance source
localized in the position s ¼ sk along the accelerator
circumference. In case there is no significant cross-talk
between adjacent lumped impedances, the effective vertical
impedance can be described as

Zeff
t ðsÞ≃ Zeff

tk Lkδðs − skÞ; ð6Þ

where Lk is length of the impedance source in the machine
and δðsÞ is the Dirac function. If we substitute Eq. (6) in
Eq. (1), we can correlate the tune shift with the intensity to

the imaginary part of the transverse effective impedance for
a localized impedance source in the machine:

dQtk

dNb
¼ −

e2

8π3=2β2E0στ
β0t ðskÞIm½Zeff

tk �Lk; ð7Þ

where Nb is the number of particles in the bunch, and β0t ðsÞ
is the machine unperturbed beta function and E0 ¼ m0γc2.
Considering many impedance sources we have

dQttot

dNb
¼

X
k

dQtk

dNb
: ð8Þ

Let us consider now a tune shift provoked by a quadrupolar

error
dKtk
dNb

localized in sk. The quadrupolar error shift is
related to the tune shift with intensity by

dQtk

dNb
¼ β0t ðskÞ

4π

dKtk

dNb
Lk: ð9Þ

The variation of the quadrupolar error with intensity is
proportional to the imaginary part of a localized transverse
impedance by

dKtk

dNb
¼ −

e2

2
ffiffiffi
π

p
β2E0στ

Im½Zeff
tk �: ð10Þ

A β-beating and a phase advance beating wave along the
machine are associated with the quadrupolar error. In order
to calculate these contributions, we define μtðsÞ as the
phase advance from the reference BPM located in s ¼ 0
(reference position) to the s position in the machine, in
units of 2π. The phase advance slope as a function of beam
intensity intensity provoked by a quadrupolar error located
in s ¼ sk is given by [26,27]

dμtðsÞ
dNb

¼ dQtk

dNb

8<
:

1þ cðsÞþsðsÞþ
sinð2πQ0

t Þ for s ≥ sk
sðsÞ−cðsÞ−
sinð2πQ0

t Þ for s < sk;
ð11Þ

where

FIG. 8. 3D model of a PS vacuum pump used for CST Particle Studio simulations (left); 3D model of a PS bellow used for CST
Particle Studio simulations (right).

TABLE VI. Effective horizontal and vertical imaginary part of
the effective impedances (sum of dipolar and quadrupolar
components) for each type of vacuum equipment, computed
from CST Particle Studio simulations. The total impedance is
scaled by the total number of elements.

Elements Zeff
x [MΩ=m] Zeff

y [MΩ=m]

Vacuum pumps 100 0.003 0.232
Bellows 237 0.011 0.208
Step transitions 60 0.040 0.070
Sector valves 10 0.004 0.015
Metallic flanges 44 0.004 0.022
Total 0.052 0.55
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sðsÞ− ¼ sinð2πμ0t ðsÞÞ
cðsÞþ ¼ cosð4πμ0t ðskÞ − 2πμ0t ðsÞÞ
sðsÞþ ¼ sinð2πμ0t ðsÞ − 2πQ0

t Þ;
cðsÞ− ¼ cosð2πμ0t ðsÞ − 4πμ0t ðskÞ þ 2πQ0

t Þ; ð12Þ

and μ0t ðsÞ is the unperturbed phase advance. The phase

advance slope with intensity exhibits a step of
dQyk
dNb

at
s ¼ sk. Considering that the tune shifts related to effective
impedance are usually negative, this step will be also
negative. It is worth noting that a resistive wall impedance
could be treated (on average) as a smoothly distributed
quadrupole error provoking a smooth negative slope in the
phase advance slope [27].
Measuring the variation of phase advance as a function of

intensity along the machine allows us to compute the trans-
verse effective impedance of the devices installed in different
locations, and detect the main sources of impedance.
The CERN PS is equipped with 43 multi turn BPMs

distributed along the ring, which allow for impedance
localization measurements. The localized reactive machine
impedance distribution can be measured from the variation
of betatron phase advance with intensity between the
BPMs. Impedance localization measurements were per-
formed on the vertical plane at the energy of 13.05 GeV.
A single bunch was injected and accelerated, performing an
intensity scan between 6 × 1011 and 18 × 1011 ppb. An rms
bunch length of 14 ns has been measured with a dedicated
tool. We observed a negligible variation during the intensity
scan. The beam was excited for about 500 turns by the
transverse feedback, tuned at the betatron tune frequency,
in order to adiabatically excite the beam natural oscilla-
tions. The chromaticity was set as low as possible in order
to maintain coherent transverse oscillations for more than
5000 turns, that is the maximum storage limit for the PS
BPM system. At each intensity point, the phase advance is
measured for each of the machine BPMs with reference to
the BPM in section 0. As a consequence, the phase advance
in section 0 is coincident with the machine tune. The phase
advance variation with intensity is therefore calculated

and the impedance reconstruction method is applied: the
response of a thin defocusing lens on the machine phase
beating is calculated every 5 m in the machine. In order to
match the measured phase advance slope signal, a matrix of
dimensions 126 × 43 is built and pseudoinverted applying
a least squares minimization algorithm, with the following
constraints: 1. the impedance effect must be defocusing:
dKyk
dNb

< 0; 2. the sum of all the reconstructed impedances has
to match the total transverse impedance computed by the
tune shift measurements presented in Sec. III.
The accuracy of the phase advance measurement σΔμ

depends on the noise over signal ratio (NSR) in the BPM
signal, on the stored number of turns N and on the Fourier
transform method used FΔμ:

σΔμ ¼ FΔμ
NSRffiffiffiffi
N

p ; ð13Þ

with Ftot
Δμ ≃ 1=π for an FFT algorithm.

Considering a set of M phase advance measurements at
different intensities YM with negligible uncertainty in the
intensity measurement, assuming the same uncertainty in
phase advance for each measurement, as in Eq. (13), the
phase advance slope with intensity uncertainty σΔμ=ΔNb

is
given by [28]

σΔμ=ΔNb
¼ Ftot

Δμ
NSR

σY
ffiffiffiffiffi
M

p ffiffiffiffi
N

p ; ð14Þ

where σY is the standard deviation of the intensity scan Y.
This uncertainty should be compared with the impedance-
induced phase advance amplitude of Eq. (11):

Ak ¼
dQtk

dNb

1

sinð2πQ0
t Þ
: ð15Þ

It is worth noting that the strength needed to model the resis-
tive wall impedance associated to each reconstructing lens
would be too small to be accurate. It is therefore calculated
using the PS impedance model and the corresponding
impedance-induced phase advance signal is subtracted from
the measured one. Figure 9 shows the impedance induced
phase advance slope as a function of the BPM locations.
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FIG. 9. Comparison between measured and reconstructed phase advance slope as a function of the BPM position along the machine
circumference. The horizontal unit represents the straight section number in the PS ring.
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Figure 10 shows a comparison between the localization
measurement and the effective vertical impedance computed
with simulations. Considering the noise level in the BPMand
the achieved signal amplitude, a threshold for the lowest
impedance that can be localized, is deduced. Kickers located
in section 21, 28, 45, 71 and 79 have been detected, and the
correspondent impedance values are reasonably close, espe-
cially for kickers 28, 45 and 79. The other kicker positions
could only be approximately detected due to their small
impedance. These measurements confirm that the major
sources of geometrical impedance in the PS are located in
section 71 and in section 21,where three kickers are installed.
Measurements at 2 GeV have been described in [27], where
analogous conclusions could be drawn, while measurements
at 25.48 GeVare planned for the future as an increase in the
power of the transverse feedback amplifiers is required.

VI. COMPARISONS BETWEEN MEASUREMENT
AND SIMULATIONS

Figure 11 shows the imaginary part of the effec-
tive vertical impedance computed from tune shift

measurements at zero chromaticity, and the imaginary
part of the effective vertical impedance computed from
simulations, as a function of the energy. At zero chro-
maticity the measured vertical effective impedance is
5.5 MΩ=m at 2 GeV (injection energy) and 2.2 MΩ=m
at 25.48 GeV (extraction energy), as summarized in
Table II. The difference in the two sets of measurements
at injection and extraction energies is consistent with
the indirect space charge model that we took into account.
At injection energy, the space charge contribution is
dominant with respect to the contribution of geometrical
impedance, as shown in Table VII.
Summing the space charge contribution and the effective

impedance due to geometrical impedance introduced by
kickers, rf, and vacuum equipment, we obtain a total
impedance that explains about 95% of the measured imped-
ance at 2 and 25.48 GeV, and about 70% of the measured
impedance at 7.25 and 13.09 GeV. The theoretical total
transverse impedance, as a function of frequency, calculated
at 2 GeV is shown in Fig. 12. The figure has been obtained by
summing the impedances (dipolar and quadrupolar compo-
nents) of all the machine elements simulated with CST
Particle Studio, and the resistive wall and space charge
contributions. The impedance model that has been obtained
can be used to study transverse beam instabilities in the
machine, as the one observed at transition energy [23].

VII. TUNE SHIFT MEASUREMENTS
WITH CHROMATICITY SCAN

According to Eq. (1), the transverse effective imped-
ance does explicitly depend on chromaticity. During tune
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FIG. 10. Comparison between the localized measured and simulated effective vertical impedance, as a function of the impedance
reconstruction location along the machine circumference. Considering the noise level in the BPM and the achieved signal amplitude, a
threshold for the lowest localizable impedance is deduced.
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FIG. 11. Imaginary part of the effective vertical impedance
computed from tune shift measurements and from the impedance
model, as a function of energy.

TABLE VII. Contribution of the different machine elements to
the vertical effective impedance budget 2 GeV.

Zeff
y [MΩ=m] Contribution

Space charge 3 58.5%
Kickers 1.4 24.9%
Resistive wall 0.3 5.8%
Vacuum 0.55 10.7%
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shift measurements at different energies we observed that
the chromaticity plays a role in the effective impedance
determination. However, our theoretical model predicts a
negligible variation of the impedance with chromaticity.
To investigate this aspect, several MD sessions have
been dedicated to study the dependence of the vertical
effective impedance with the vertical chromaticity.
Measurements of the tune shift with beam intensity have
been acquired at four energies, setting different vertical
chromaticities on the machine working point. To change
the vertical chromaticity, we need to vary the current in
one of the pole face windings, keeping the current of the
other three coils and of the figure-of-eight loop to a fixed
value. With the use of five independent parameters, we
are able to modify only the vertical chromaticity value,
keeping constant the horizontal and vertical tunes, horizon-
tal chromaticity, and non linear chromaticity. A measure-
ment of the vertical chromaticity was performed with a
dedicated tool after each modification of the working point.
The measured value of vertical chromaticity, depending on

the current that was regulated on the machine coils, may
result slightly different from the desired value set on the PS
working point application. For instance, setting a vertical
chromaticity of −1 in the 2 GeV beam cycle, allows us to
measure an effective value of about −1.1. Four sets of
measurements were performed at the kinetic energies of 2,
7.25, 13.09 and 25.48 GeV. For each energy, several values
of vertical chromaticity have been set and measured. The
possibility of pushing the chromaticity to values far from
zero, as well as setting a negative chromaticity far below
transition energies, was limited by stability of the beam in
the specific cycle and by the beam losses in the machine.
After each chromaticity measurement, a tune shift scan with
intensity was performed in order to measure the effective
vertical impedance for the given chromaticity value. The
four sets of tune shifts measurements show the same
increasing trend of the vertical effective impedance with
chromaticity. This behavior could be explained, partially, by
the kickers impedance model that has been presented in
Sec. IV. In the low frequency vertical impedance of Fig. 6,
given by the sum of the vertical impedances of all the PS
kickers, we can observe a low frequency resonance, below
1 GHz, that can explain, partially, the growth of the
impedance with chromatic frequency. We also believe that
the presence of metallic inserts in the PS lumped kickers
introduce low frequency resonances in the vertical imped-
ance which could further explain the presented measure-
ments. Unfortunately, since we observed some difficulties in
processing this type of geometry in CST Particle Studio, we
are not able, at this stage, to include this contribution in the
model, and we had to account for a simplified geometry of
the five lumped kickers. Other possible explanations to
validate the presented measurements are still under inves-
tigation. In Fig. 13 we show the impedance scan with
chromatic frequency at different energies. We can also
identify the zero chromaticity impedances presented in
the previous section.
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(sum of dipolar and quadrupolar components) a 2 GeV. The
curves are obtained summing the contributions of space charge,
resistive wall, kickers, rf, and vacuum equipments.
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VIII. CONCLUSIONS

In this paper we presented the PS transverse effective
impedance obtained at different energies with beam based
measurements and numerical simulations. The effective
impedance has been computed measuring the betatron tune
shift as a function of beam intensity. Measurements have
been performed at injection and extraction energies, and at
intermediate energies to better understand the evolution of
indirect space charge. At zero chromaticity, the measured
vertical effective impedance is 5.5 MΩ=m at injection
energy and 2.2 MΩ=m at extraction energy. The difference
in the two sets of measurements at injection and extraction
energies is consistent with the indirect space charge model
that we took into account. The theoretical impedance,
evaluated by taking into account the contribution of many
machine devices, exhibits an agreement of 70%–95% with
the vertical effective impedance computed from tune shift
measurements at different energies. These results have also
been confirmed with the impedance localization measure-
ments. A scan of the imaginary part of the vertical effective
impedance with chromaticity has been performed,
revealing an increasing trend with chromaticity for all sets
of measurements at different energies. This behavior could
be explained, in part, by the kickers impedance model.
Other possible explanations to validate the measurements
are still under investigation. This impedance model,
together with the longitudinal model described in [5],
can be used to study collective effects which can play
an important role in the LHC injection chain due to the
higher beam intensity foreseen within the LHC Injector
Upgrade project (LIU). In addition, in the framework of the
same project, some important hardware changes will be
done in the PS in the next years [29,30,31]. Based on the
impedance model presented in this paper, it will be possible
to assess their impact on the total transverse effective
impedance of the machine.
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