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Abstract

Longitudinal instabilities in the CERN PS are an impor-
tant limitation to obtain the expected beam intensity and
longitudinal emittance at the PS extraction in the framework
of the LHC Injector Upgrade (LIU) project. The observed
coupled-bunch instabilities lead to dipolar and quadrupolar
oscillations, as well as to an uncontrolled longitudinal emit-
tance blow-up for proton beams. A microwave instability
observed with ion beams develops quickly at transition cross-
ing. To identify the potential impedance sources of these
instabilities, two strategies were adopted. Firstly, beam mea-
surements were performed for different impedance configu-
rations, i.e. by partially detuning the main RF cavities. Sec-
ondly, a thorough survey of the machine elements together
with the RF studies allowed to refine the PS impedance
model in order to find potentially missing contributions.
Measurements were compared with particle simulations us-
ing the updated impedance model of the PS. Although the
source of the dipolar coupled-bunch instability was already
identified in the past, this study led to an identification of
the impedance sources driving other types of longitudinal
instabilities.

INTRODUCTION

An important objective of the High Luminosity-LHC (HL-
LHC) project at CERN is to double the beam (and bunch)
intensity [1]. This target intensity is challenging for the
injectors, which are being upgraded in the framework of
the LHC Injector Upgrade (LIU) project [2]. The Proton
Synchrotron (PS) is the second synchrotron in the injector
chain and it accelerates the proton beam up to p = 26 GeV/c
before extraction to the Super Proton Synchrotron (SPS).
The present nominal intensity of LHC-type beams extracted
from the PSis N, = 1.3 X 10! protons per bunch (p/b),
and the LIU target is N, = 2.6 X 10'" p/b with the same
longitudinal emittance. Main limitations in the PS to reach
these parameters are longitudinal beam instabilities.

Before the LIU upgrades, the dipolar coupled-bunch insta-
bility was the most critical instability in the PS, with a thresh-
old close to the nominal LHC-beam intensity. Using ana-
lytical studies and particles simulations [3], its impedance
source was identified to be the fundamental impedance of
the main RF system (10 MHz ferrite-loaded cavities). In
the framework of the LIU project, a dipolar coupled-bunch
feedback was developed and successfully implemented as
mitigation measure, allowing to raise the beam intensity up
to N = 2.3x10!"! p/b. Although close to the target intensity,
the goal was not yet reached due to other intensity effects.
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The quadrupolar coupled-bunch instability, which is not
damped by the dipolar coupled-bunch feedback, limits the
beam from reaching the parameters required for the LIU
project. This instability was mitigated before, even without
understanding the driving impedance source, by using one of
the 40 MHz cavity as a Landau RF system [4]. This provided
the stability margin allowing to achieve beam parameters
beyond the LIU target. Although the required longitudinal
beam parameters were reached in the PS, the impedance
source driving the quadrupolar coupled-bunch instability
was yet to be identified. In this paper, we start from an
overview of the present PS impedance model including the
latest identified sources. Next, we describe the limitations
other than coupled-bunch instabilities for which the driving
impedance sources were already identified. Finally, the main
focus of this paper is to describe the methods used to iden-
tify the impedance source responsible for the quadrupolar
coupled-bunch instability.

PS BEAM-COUPLING IMPEDANCE
MODEL

The present PS impedance model, shown in Fig. 1, was
developed over the course of several years. The model is
based on electromagnetic simulations, as well as beam mea-
surements of the impedance [5] and includes [6]

* RF systems (with frequencies 2.8-10, 20, 40, 80,
200 MHz, and a broadband Finemet system);

* kicker magnets (injection/extraction, 6 elements);

e vacuum equipment (pumping manifolds, bellows, sec-
tor valves);

* longitudinal space charge and beam pipe resistive wall
impedance;

* single elements, such as internal beam dumps, beam
pick-ups.

Although not all different versions of the equipment are
included (e.g. all possible variations of the pumping mani-
folds), the most relevant elements are present in the model.
The principal impedance sources driving the instabilities are
therefore expected to be in the list of elements.

The impedance sources have different effects depend-
ing on their wavelength-to-bunch length ratio given by the
parameter f.7 where f, is the resonant frequency of the
impedance and 7 the bunch length. The contributions at low
frequencies, f,7 ~ 1 (< 40 MHz in Fig. 1), are expected
to drive dipole and quadrupole coupled-bunch instabilities,
while high frequency sources, f.7 > 1 (> 40 MHz), are
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Figure 1: Absolute value of impedance versus frequency for the present PS impedance model. The cavity impedances are
labeled with a ‘C’ followed by their resonant frequency. The equipment around the main magnet units (MU) consists of
bellows upstream and pumping manifolds downstream. These also house pick-ups of the trajectory measurement system.
The kicker magnets are not labeled but contribute to the broadband impedance. The beam spectrum is displayed in blue (in
arbitrary units) to illustrate which contributions are considered to be low frequency, f,7 ~ 1, and high frequency, f,.7 > 1.

expected to drive microwave instability leading to uncon-
trolled emittance blow-up. The broadband impedances can
also lead to loss of Landau damping.

IDENTIFIED LIMITATIONS

One of the limiting intensity effects in the PS was an un-
controlled emittance blow-up arising during the acceleration
ramp and the beam splittings at top energy. The source of
the instability was rapidly identified as the high frequency
RF system (80 MHz cavities). Three of these cavities are
installed in the ring, but only two are required for proton
operation (non-adiabatic bunch shortening before extrac-
tion to the SPS). When not in use, the cavity impedance
is shielded from the beam by closing the gap with a pneu-
matic short-circuit. The contribution to the uncontrolled
emittance blow-up of these cavities was brought to light by
comparing the longitudinal beam quality with the 80 MHz
cavity gaps opened and closed. Another applied technique
consisted in measuring the beam spectrum during the slow
debunching with RF off [7]. An example of measured beam
profile and spectrum is shown in Fig. 2. The uncontrolled
emittance blow-up was removed using a multi-harmonic RF
feedback to reduce the impedance of the high frequency
cavities, as demonstrated in [8], allowing to reach the LIU
beam intensity at the nominal longitudinal emittance.

Another potential source of uncontrolled emittance blow-
up is the microwave instability cause by the very high fre-
quency impedance sources. Presently it has no critical
impact on proton beam operation. However, for the ion
beam, the microwave instability occurs right after transition
crossing, as illustrated in Fig. 3. The frequency analysis
of the bunch profile allowed to have an indication of the
frequency of the driving impedance source [9]. However,
short bunches are not ideal for these measurements and
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Figure 2: Measurement of beam modulation by the 80 MHz
cavities impedance during adiabatic reduction of the RF
voltage. The profiles (top) are shown with the corresponding
projected spectrum (bottom, maximum spectral amplitude).

only provide poorly resolved information about the reso-
nant frequency of the impedance, in the frequency range
above 1 GHz. Empty pumping manifolds are the suspected
main impedance source at high frequency and were already
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considered in 1975 [10], when damping resistors were in-
stalled. Although not critical for proton beam operation,
these sources of impedance need to be carefully monitored
as they might be responsible for the generation of tails in the
longitudinal distribution. This could lead to losses during
PS-SPS transfer [11], as well as to high frequency structures
on the extracted bunch profile.
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Figure 3: Microwave instability at transition crossing with
ion beam (208Pb54+). The evolution of the bunch profile (top)
is shown together with the one right after the onset of the
instability (bottom), where the profile is modulated by beam
induced voltage due to high frequency impedance sources (>
1 GHz).

MEASUREMENTS AND ANALYSIS OF
THE QUADRUPOLAR COUPLED-BUNCH
INSTABILITY

The beam in the PS is accelerated using ferrite-loaded
cavities, tuneable from 2.8 MHz to 10 MHz. During the
acceleration ramp, the cavities are tuned at & = 21 (about
10 MHz) and follow the RF voltage program shown in Fig. 4.
For the nominal beam, n;, = 18 bunches are accelerated.
On the arrival to the flat top, the RF voltage is adiabatically
reduced to Vgr = 20 kV and the bunches are split four times
before being compressed and extracted to the SPS. The RF
voltage during the ramp is distributed over 10 cavities, each
of them being composed of 2 gaps. One extra cavity is

installed in the ring as a spare. The cavities are distributed
in 3 groups (A,B,C) sharing the same bias tuning current
and 4 voltage program groups (1,2,3,4, different shades of
purple in Fig. 4). Each RF gap of the cavities is equipped
with a relay to short-circuit the gap and to minimize the
beam-coupling impedance, when not in use, independently
for each voltage program group. Unused cavities can also
be ’parked’ by tuning them to a low, non-integer harmonic
number (e.g. & = 6.5). This slightly reduces the impedance
with closed gap relays, independently for each tuning group.
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Figure 4: Momentum (black) and RF voltage (purple) pro-
grams as a function of time during the acceleration ramp,
starting at transition crossing. During coupled-bunch insta-
bility studies, the beam splitting process at the flat-top is
disabled and the RF voltage is kept at Vgr = 20 kV till the

end of the cycle (dashed line).

The coupled-bunch instabilities (dipolar and quadrupo-
lar), usually occuring at top energy, can also be observed
during the ramp for high intensities or smaller longitudi-
nal emittances. An example of such instability is shown in
Fig. 5. In this particular example, a full ring with n;, = 21
bunches in # = 21 was accelerated for easier mode analysis.
Each bunch oscillates with an amplitude Ay, at the frequency
mws (where fi = ws/(2x) is the synchrotron frequency)
and a phase ¢;,. The coupling between the bunches can be
analyzed using the expression

Ay sin (mwgt + ¢ )
1 np—1

— Ap sin
45

2rwbu
mowst + ¢p — o

6]

where b is the bunch index, u is the mode number, A, is
the mode amplitude and ¢, the mode phase. The Eq. (1)
corresponds to the spectral analysis of the bunch oscilla-
tions based on a discrete Fourier transform, assuming that
all bunches oscillate with the same synchrotron frequency.
In practice, the bunch position oscillations are analyzed to
get the dipolar mode spectrum m = 1 and bunch length
oscillations for quadrupolar mode spectrum m = 2.
Results from measurements performed with n,
18 bunches at the LIU intensity of N, = 2.6 x 10! p/b
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Figure 5: Example of measured bunch profiles undergoing
quadrupolar coupled-bunch oscillations (top, color scale in
arbitrary units) with the corresponding mode spectrum of
the bunch length oscillations using Eq. (1). The dominant
mode is y,, =21 = 5 (i.e. every 5™ bunch oscillates in phase).

at extraction are shown in Fig. 6. In this set of measure-
ments, the longitudinal emittance was scanned by varying
the amplitude of the controlled emittance blow-up (phase
modulation of a very high harmonic RF system at 200 MHz,
6 cavities). The nominal blow-up setting 3x4.5 kV yields a
longitudinal emittance at extraction of £; = 0.35 eVs. Re-
ducing the blow-up setting down to 3x0.5 kV decreases the
longitudinal emittance by about 20%. The amplitude of the
oscillations stays reasonably small for the nominal longi-
tudinal emittance, but rapidly increases when reducing the
emittance by a few percents.

Systematic measurements of coupled-bunch instabilities
during the Run 2 (2013-2018) were conducted and lead to
reproducible results. One of the remarkable results is that
the dominant oscillation modes u always remained identical
with np = 18: y,, =13 = [1,2] during the acceleration ramp
and (1, —13 = [4, 5] at top energy, both for dipolar m = 1 and
quadrupolar m = 2 instabilities. This information is essential
to identify the impedance source driving the instability.

326

C2825
14 4 BN BU4-3x4.5kV - Av. BL 40: 43.1ns
B BU4-3x3.5kV - Av. BL 40: 41.9 ns
BN BU4-3x2.5kV - Av. BL40: 42.1ns
127 BN BU4-3x0.5kV - Av. BL 40: 47.2 ns

2) [ns]

10 1

Mode amplitude (m

125

0.0 25 5.0 7.5

Mode u

10.0 15.0 17.5

Figure 6: Mode spectrum of quadrupolar oscillations for
various longitudinal emittances. The emittance is set by the
controlled emittance blow-up (BU) during the ramp. The
error bars correspond to the maximum amplitude spread
measured over 10 cycles. The average bunch length is given
at extraction, and it is larger for the smallest blow-up setting
(red) due to the beam instability.

IDENTIFICATION AND EXPERIMENTAL
CONFIRMATION OF THE IMPEDANCE
SOURCE

First estimates of the characteristics of the impedance
responsible for quadrupolar coupled-bunch instabilities were
done analytically.

Unstable Synchrotron Frequency Side-bands

To drive the instability in the case of a ring filled with
equidistant bunches, an impedance source must cover a syn-
chrotron frequency side-band of the beam spectrum given
by

fn,y = (”h+/1)f0+mfs, (2)

where n € N is the revolution mode number. In the case
of the PS, where bunches are partially filling the ring, the
expression can be approximated by

foa = (nh . [u%]) fomf, 3

where | -] denotes the rounding to the nearest integer value,
and y is obtained from the mode analysis in Eq. (1) on the ac-
tual number of bunches n;,. For example, the mode u,, -1 =
5 obtained with n;, = 21 bunches (Fig. 5) corresponds to the
mode p,,-18 = 4 obtained with n;, = 18 bunches (Fig. 6)
and they both are excited by an impedance source at a fixed
frequency.

The first condition defines possible frequencies of the
impedance source responsible for the instabilities. For low
values of u = [1,2], the driving impedance source is ex-
pected to be not further than approximately 1 MHz above the
main RF harmonics (the revolution period is fy = 477 kHz
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at top energy in the PS). This is the case for the RF systems,
in particular the 10 MHz RF cavities with a bandwidth large
enough to cover modes f,,, =13 = [1,2] and it was shown to
be the source of dipolar coupled-bunch instability [3]. For
the larger values of u,, 13 = [4,5], the impedance is ex-
pected to be around 2.5 MHz above the main RF frequency
on its harmonic, which is beyond the bandwidth of the RF
cavities. Two assumptions can be made: Another source of
impedance should hence be suspected, or the resonant fre-
quency of the same impedance source is changing and drives
both instabilities during the ramp and at flat-top energy.

Threshold in Shunt Impedance vs. Frequency

A limitation of the criterion used above is that, due to the
sampling with the bunch frequency, the impedance source
is expected to be at a resonant frequency of f, ,, but for
any n. To further restrict the possible frequency range and
the amplitude of the impedance, another criterion can be
obtained from the shunt impedance threshold for coupled-
bunch instabilities given by [12]

R <

E

W E (AE\? Aws F
eloﬁz( ) o, forG(f’T)’ )

where n = yt‘rz — y72 is the slippage factor, E the beam
energy, e the elementary charge, I the average beam current,
B the relativistic velocity factor, AE/E the energy spread,
Aws/ws the synchrotron frequency spread, F ~ 0.3 a form
factor defined by the particle distribution and G is a form
factor defined as

G (x) = xmin {J,,? (nx)} . 3)

where J,,, is the Bessel function of the first kind and min
denotes the minimum value over all modes m.
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Figure 7: Shunt impedance threshold for coupled-bunch

instabilities according to Eq. (4) up to mode m = 10. The red

line corresponds to the minimum of all modes m considered.

Applying Eq. (4) to beam parameters on the PS flat top
provides the curves shown in Fig. 7. The instability thresh-
old depends on the wavelength-to-bunch length ratio f,.7.
For the dipolar mode m = 1, the required shunt impedance

is minimum in the region around 10 MHz (compatible with
the observation that the main RF system is responsible for
dipolar instabilities), while for the quadrupolar mode m =2
the required shunt impedance is minimum in the region
around 20 MHz. Combining both criteria, the most likely
impedance source for quadrupolar instabilities has a reso-
nant frequency of about 22.5 MHz and a minimum shunt
impedance, R of about 1 kQ.
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Figure 8: Impedance of the 10 MHz cavities (11 in total)
for different configurations. The frequency of the unsta-
ble modes according to Eq. (3) with n; = 21 bunches are
displayed as vertical lines.

Using the present PS impedance model, the closest
impedance source with the expected characteristics are there-
fore the 10 MHz cavities when the gap relay is closed. The
gap relay is not perfect and this contribution, which was
assumed negligible in the past, should be included in the
model. Indeed, the shunt impedance of the cavity with
closed gap is Ry ~ 70 Q per gap at a resonant frequency of
fr =23.1 MHz [13]. During the ramp, the voltage program
of all the cavities except one is reduced to zero, immedi-
ately followed by the closure of the gap relays and parking to
h = 6.5 (see Fig. 4). Although small, the residual impedance
of all cavities is summed up and amounts to an impedance of
R =~ 1.4 kQ, as shown in Fig. 8 (blue line during the ramp,
orange line at flat top). Note that changing the tuning current
of the cavity with the gap relay closed has no major influ-
ence on its impedance (green line in Fig. 8). A final point
is that the impedance of the 10 MHz cavities changes along
the ramp, which explains the observation that the mode u
changes from the acceleration ramp to the flat-top. Overall,
the impedance of the 10 MHz cavities, including their resid-
ual impedance when the gap relays are closed, fulfills all
the conditions to explain the behavior of both dipolar and
quadrupolar coupled-bunch instabilities.

Experimental Verification

Additional measurements were therefore conducted to
validate this hypothesis experimentally. The test consisted
of measuring the quadrupolar coupled-bunch instabilities
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Figure 9: Quadrupolar mode spectrum with n, =

18 bunches for different 10 MHz cavities impedance config-
urations (top). The bottom plots show the measured beam
profiles with the gap relays closed (middle) and opened with
the cavities parked to & = 6.5 (bottom).

with different configurations of the 10 MHz cavities. Note
that the longitudinal emittance was set to the lowest pos-
sible value (with the BU setting at 3x0.5 kV) in order to
provoke the instability. Furthermore, note that the dipo-
lar coupled-bunch feedback was kept enabled. To confirm
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the fact that the impedance at 23 MHz is responsible for
the quadrupolar instabilities, the gap relays of cavities were
blocked opened. Unused cavities belonging to the same har-
monic group were parked at 2 = 6.5 with their impedance
at the fundamental resonance affecting the beam. In this
case, all impedance contributions are far from the param-
eter region driving quadrupolar instabilities, as shown in
red in Fig. 8. Even though the overall impedance is much
larger with the gap relays opened, it is expected that in this
frequency range the impedance should drive dipolar insta-
bilities, which are damped by the coupled-bunch feedback.

The results are summarized in Fig. 9. The amplitude
of quadrupolar oscillations is drastically reduced by mov-
ing the impedance far away from the critical region around
20 MHz, confirming all hypotheses above. Note that the av-
erage bunch length at extraction is smaller for the case with
the gap relays open, which is an indication that the beam is
simply not stabilized by any other source of emittance blow-
up occurring before the quadrupolar instability could rise.
The residual impedance of the cavities with closed gap relays
can therefore be assumed responsible for the quadrupolar
coupled-bunch instabilities of modes y,,, =15 = [4,5]. An
immediate question is whether it is possible to profit from
this observation in operation. Unfortunately, detuning the
impedance to very low frequency triggers other effects, like
degradation of the RF manipulations due to transient beam
loading. An example of bunch-by-bunch variation with and
without the gap relays is shown in Fig. 10, where the first
bunch is too large to be extracted to the SPS without losses.
Possible improvements of the gap relay circuit or other mea-
sures to reduce the impedance of the spurious resonance at
23 MHz are therefore being considered.

%4.0 } ++* pi419
*%WWWW s ‘i

12 24 48 60 72

36
Bunch number, n;

Figure 10: The bunch length at PS extraction with opened
and closed gap relays. The case with the gap relays opened
was obtained with the cavities parked at 4 = 6.5. The source
of degradation of the longitudinal emittance of the first bunch
only remains to be identified.

CONCLUSIONS

The development of the PS longitudinal impedance model
makes progress by combining efforts of modeling the devices
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in the machine, but also by performing beam-based mea-
surements of the impedance. The main impedance sources
responsible for longitudinal instabilities are mostly identified
or have clear suspects:

* The 80 MHz cavities are responsible for uncontrolled
blow-up during splitting.

* High frequency impedance sources (e.g. pumping man-
ifolds, sector valves) are suspected to drive the mi-
crowave instability at transition crossing for ions.

* The 10 MHz cavities with closed gap relay have a reso-
nance at about 23 MHz responsible for the quadrupolar
coupled-bunch instability at flat top.

Further work will consist in improving the analytical esti-
mations in order to evaluate the evolution of the instability
threshold along the ramp, including the variations on bunch
length. Moreover, the criterion used in [12] provides pes-
simistic values and the criterion presented in [14] should
provide more accurate results. Progress in particle simula-
tions is also ongoing and will require an accurate modeling
of feedbacks to reproduce all measured instabilities.
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