
CERN Proceedings
Volume 2/2017

CERN-Proceedings-2017-002

Proceedings of the Injector MD Days 2017

Geneva, Switzerland
23 – 24 March 2017

Editors: H. Bartosik
G. Rumolo



CERN Proceedings
Published by CERN, CH-1211 Geneva 23, Switzerland

ISBN 978–92–9083–474–8 (paperback)
ISBN 978–92–9083–475–5 (PDF)
ISSN 2078-8835 (Print)
ISSN 2518-315X (Online)
DOI https://doi.org/10.23727/CERN-Proceedings-2017-002

Available online at http://publishing.cern.ch/ and http://cds.cern.ch/

Copyright c© the Authors, 2017
Creative Commons Attribution 4.0

Knowledge transfer is an integral part of CERN’s mission.
CERN publishes this volume Open Access under the Creative Commons Attribution 4.0 license
(http://creativecommons.org/licenses/by/4.0/) in order to permit its wide dissemination and use.
The submission of a contribution to CERN Proceedings shall be deemed to constitute the contributor’s
agreement to this copyright and license statement. Contributors are requested to obtain any clearances that
may be necessary for this purpose.

This volume is indexed in: CERN Document Server (CDS), INSPIRE.

This volume should be cited as:
Proceedings of the iNJECTOR md dAYS 2017, Geneva, Switzerland, 22 – 25 August 2016, edited by
H. Bartosik and G. Rumolo, CERN Proceedings, Vol. 2/2017, CERN-Proceedings-2017-002 (CERN, Geneva,
2017), https://doi.org/10.23727/CERN-Proceedings-2017-002

A contribution in this volume should be cited as:
[Author name(s)], in Proceedings of the Injector MD Days 2017, Geneva, Switzerland, 23 – 24 March 2017,
edited by H. Bartosik and G. Rumolo, CERN Proceedings, Vol. 2/2017, CERN-Proceedings-2017-002
(CERN, Geneva, 2017), pp. [first page]–[last page],
https://doi.org/10.23727/CERN-Proceedings-2017-002.[first page]

https://doi.org/10.23727/CERN-Proceedings-2017-002
http://publishing.cern.ch/
http://cds.cern.ch/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.23727/CERN-Proceedings-2017-002


Abstract

The Injector Machine Development (MD) days 2017 were held on 23-24 March, 2017, at CERN with the
following main goals:

• Give a chance to the MD users to present their results and show the relevant progress made in 2016 on
several fronts.

• Provide the MD users and the Operation (OP) crews with a general overview on the outcome and the
impact of all ongoing MD activities.

• Identify the open questions and consequently define - with priorities - a list of machine studies in the
injectors for 2017 (covering the operational beams, LHC Injectors Upgrade, High Luminosity LHC,
Physics Beyond Colliders, other projects).

• Create the opportunity to collect and document the highlights of the 2016 MDs and define the perspectives
for 2017.

• Discuss how to make best use of the MD time, in particular let the main MD user express their wishes
and see whether/how OP teams can contribute to their fulfilment.

iii





Contents

Introduction and welcome
INJECTOR MACHINE DEVELOPMENT DAYS 2017

H. Bartosik, G. Rumolo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

PSB
MACHINE DEVELOPMENT STUDIES FOR PSB EXTRACTION 160 MEV AND PSB TO PS BEAM
TRANSFER

V. Forte et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

PSB LLRF: NEW FEATURES FOR MACHINE STUDIES AND OPERATION IN THE PSB 2016 RUN
M. E. Angoletta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

LONGITUDINAL EMITTANCE BLOW-UP AND PRODUCTION OF FUTURE LHC BEAMS
S. Albright, E. Shaposhnikova, D. Quartullo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

HOLLOW BUNCHES PRODUCTION
S. Hancock, A. Oeftiger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

PSB-to-PS transfer and PS
SPACE CHARGE STUDIES IN THE PS

F. Asvesta et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

THE (7,7) OPTICS AT CERN PS
M. Serluca et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

PS ans PS-to-SPS transfer
INJECTION SEPTA POSITION AND ANGLE OPTIMISATION IN VIEW OF THE 2 GEV LIU UPGRADE
OF THE CERN PS

M. Serluca et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

LONGITUDINAL COUPLED-BUNCH INSTABILITY STUDIES IN THE PS
H. Damerau, L. Ventura . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

PS-to-SPS transfer and SPS
LOSSES ON SPS FLAT BOTTOM AND BEAM LOADING WITH LHC BEAMS

H. Bartosik et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

BEAM MEASUREMENTS OF THE SPS LONGITUDINAL IMPEDANCE
A. Lasheen, E. Shaposhnikova . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

FIXED TARGET BEAMS
V. Kain et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

v



SLOW EXTRACTION AT THE SPS: EXTRACTION EFFICIENCY AND LOSS REDUCTION STUDIES
M.A. Fraser et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

WIDEBAND FEEDBACK SYSTEM PROTOTYPE VALIDATION
K. Li et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

SPS
SPS BATCH SPACING OPTIMISATION

F.M. Velotti et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

EMITTANCE GROWTH IN COAST IN THE SPS
A. Alekou et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Ions (source, Linac3, LEIR)
SOURCE AND LINAC3 STUDIES

G. Bellodi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

SPACE CHARGE AND WORKING POINT STUDIES IN THE CERN LOW ENERGY ION RING
A. Huschauer et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

LEIR LONGITUDINAL STUDIES
S. Albright, S. Hancock, M. E. Angoletta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

LEIR IMPEDANCE MODEL AND COHERENT BEAM INSTABILITY OBSERVATIONS
N. Biancacci et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

100MS INJECTION INTO LEIR
R. Scrivens et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

Ions (PS, SPS)
YASP FOR LEIR TO PS INJECTION

V. Kain et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

BATCH COMPRESSION TO 50 NS SPACING AT PS FLAT-TOP
H. Damerau . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

TRANSVERSE STUDIES WITH IONS AT SPS FLAT BOTTOM
F. Antoniou et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

PB-IONS IN HARMONIC NUMBER 4653 AT SPS FLAT BOTTOM
H. Bartosik et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

SMOOTH B-TRAIN
T. Bohl, A. Pashnin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

vi



INJECTOR MACHINE DEVELOPMENT DAYS 2017
H. Bartosik and G. Rumolo∗, CERN, Geneva, Switzerland

Abstract
Following the important progress made in 2016 in the

Machine Development (MD) activities that took place in all
the accelerators of the LHC injector chain, the days 23-24
March, 2017, have been devoted to summarise the main out-
come from the MDs and lay out the plans for the next steps.
The event was also triggered by the following motivations
and goals:

• Give a chance to the MD users to present their results;

• Provide a platform in which MD users, MD coordina-
tors and operations crews meet and discuss openly the
optimisation of the MD time and procedures, taking
into account of the different perspectives;

• Provide an overview of all the ongoing activities to
better frame their impact in the broader picture of the
CERN short and long term projects;

• Identify the open questions, define and prioritise ma-
chine studies in the injectors for 2017;

• Create the opportunity to obtain and document written
reports from MD users.

Within this contribution, we just summarise the context and
the main points discussed at the event, which should be
retained in an effort to improve the MD logistics and or-
ganisation. Concerning the individual MD activities and
results, these are described in detail in the other papers of
these Proceedings.

THE CONTEXT
The MD organising web tool

Since 2015, in the CERN accelerator complex the MD re-
quests are made via the web interface [1] (see Fig. 1), which
has significantly simplified the procedures of MD requesting
for the users and planning for the coordinators. Starting from
the web interface, generic MD requests can be made through
the tab “New MD Request” (second from left). Once the
MD request is created, time slots for parallel MDs can be
directly requested by the MD users on a weekly basis, by
simply editing the existing MD request and providing the
number of the requested shifts as well as the user’s avail-
ability for the coming week. One cycle in the supercycle is
always reserved for parallel MDs in all machines (PSB, PS,
SPS) every working day during the working hours – but also
during nights and weekends, if MD users are available. On
the other hand, dedicated MDs are selected and assigned by
the MD coordinators (among the received requests) on the
days with 10 hours of dedicated injector MDs (usually on
∗ Giovanni.Rumolo@cern.ch

Wednesdays). To facilitate coordination and avoid overload-
ing the OP crews with requests, dedicated injector MDs do
not take place on the weeks of LHCMDs. During the weeks
of LHC Technical Stop (TS), however, dedicated injector
MD blocks are allocated, giving priority to those SPS MD
users which are incompatible with injection into LHC (e.g.
the COLDEX runs). Low intensity MDs (e.g. those using a
single bunch in coasting mode in the SPS) also usually take
place in the shadow of the machine cool-down over the 24
hours preceding an injector TS (leaving the last three hours
without beam for complete cool-down). When dedicated
MDs take place in PSB or PS, disrupting physics in these
machines more than on days of simple SPS dedicated MDs,
special announcements are made at Facility Operation Meet-
ings (FOMs) to warn specifically physics users.
Every week, all requests for parallel MDs for the following
week are collected by Friday and theMD program, generated
through a visually intuitive editing mode of the “Schedule”
tab, is then published late on Fridays. Since 2016, also
LEIR is included in the MD planning and the requests for
LEIR MDs can be made through the same interface as for
the other machines. While in previous years, the dedicated
Wednesday blocks were not scheduled during the LHC ion
run, since 2016 they are preserved also in this period mainly
to allow for dedicated SPS MDs with ions to take place in
the framework of the LHC Injectors Upgrade (LIU) [2] study
program.

The Injector MD program in 2016
Although there were important limitations in the SPS due

to a vacuum leak in the main internal dump block (TIDVG),
many machine studies could be performed in 2016, which
have led to:

• Improved performance of the currently operational
beams, with both a better beam quality for (proton
and ion) LHC and FT physics and an important loss
reduction in all the machines (and reduced machine
activation);

• A better understanding of the performance limitations
of future beams (e.g., within the LIU project) and study
of mitigation techniques for the expected bottlenecks.

In 2016, the ion program could greatly benefit from the early
start of the ion injector chain. This gave time to study in-
tensity limitations in the pre-injectors and notably resulted
in the delivery of ion beams to the LHC that are already
compliant with the final LIU/HL-LHC request in terms of
single bunch parameters [3]. Unfortunately, due to then
aforementioned problem with the SPS dump, all the SPS
MDs requiring acceleration of bunch trains could not be per-
formed in 2016 and will have to be postponed to 2017. This
includes for example all the MDs on longitudinal coupled
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Figure 1: Snapshot of the application (web tool) for the CERN MD management.

bunch instabilities along the ramp and at flat top, absolutely
instrumental for the LIU program.
The available MD time was anyway fully used in 2016 and
at least the same level of MD time should be allocated in
2017 to progress on the various fronts and accommodate ad-
ditional requests from the different projects. These include
e.g. all the LIU MDs that could not be carried out in 2016,
the HL-LHC MDs on crab cavities preparation and the new
studies on the limitations of the Fixed Target beams in all
machines, relevant for the Physics Beyond Collider program.

SOME POINTS OF DISCUSSION
At the Injector MD days 2017, two types of presentations

were requested (and provided). Basically at the opening of
each session, representatives of the OP crews for the different
machines made an attempt to address the questions whether
the present setting of MD coordination and execution works,
and what remains to be improved for the general satisfaction
and efficiency. Then, there were the talks from the MD users,
which were required to cover

• Context and goals of each MD

• Results, lesson learnt and outlook for 2017

• Comments on number of MD hours used vs. requested,
efficiency of the MD time, level of satisfaction, main
issues encountered (e.g. in terms of beam preparation,
machine support or required instrumentation).

The following points emerged during the discussions and
have been retained for future action:

• The new tool for MD scheduling and viewing has been
widely appreciated, however there is room for improve-
ment both in its function and in the way it is used.

• The option to associate a beam to an MD is not suffi-
ciently used. In many cases, the beam for the planned
MD is either not declared or just declared in terms of
LSA cycle (probably also not matching the actual beam
parameter request). The absent, or erroneous, beam
declaration makes it difficult for the OP crews to pre-
pare the MD in advance and may generate frustration
in the first part of the MD, when the beam has to be set
up in the middle of several other concurrent activities.

• The generation of LSA cycles forMDs seems to be quite
wild, with possibly multiple LSA cycles generated for
the same MD at different times of the year. While at
the beginning of the 2015 run a naming convention had
been encouraged when generating an LSA cycle for an
MD (i.e. MD_MDIdentifier_BeamType), the applied
naming conventions turn out in practice to be neither
respected nor intuitive. This not only creates a plethora
of useless cycles that nobody can easily identify, but
also makes it difficult, at the clean-up time, to assess
whether the various “orphan” cycles should be kept or
deleted.

• More reminders of MD program and beam require-
ments should be sent out other than the Friday email
announcing the next week’s program. For instance, a
reminder on Tuesdays before the dedicated MD would
be welcome.

• It is desirable to relax the MD program during the time
of beam set up and commissioning, to avoid unneces-
sarily increasing the workload on the OP crews at an
already busy time. In particular, parallel MDs could
be limited in these weeks, while “exotic” MDs should
be avoided at all. In 2017, it could be advisable to
move all the scheduled dedicated MD blocks of the first
three weeks to a certain point later on in the year, when

H. BARTOSIK, G. RUMOLO
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e.g. a dedicated high intensity run in the SPS could be
organised.

• On many fronts, the communication between MD users
and OP crews could be also improved. For example,
MD users who give up their slots although they are in
the official planning should notify the operators that
their MD is not taking place. MD users should also no-
tify the operators when their MD ends and the console
can be cleaned up. They should also leave instructions
for night time MDs, when they want some acquisition
to keep on running.

• On the side of the MD users, no complaint was raised
concerning MD request tool, allocated (and available)
MD time and execution of the MD (e.g., beam prepa-
ration, instrumentation, support). Conversely, it was
noted that at PSB and PS the main problem is not the
available but rather the availability of resources to carry
out MDs on a certain subject.

• Clear follow up plans for 2017 were presented in most
of the MD specific presentations. Given the high num-
ber, it seems that dedicated MD requests in SPS will
be challenging to accommodate in 2017. Besides, in
collaboration with the restricted Machine Protection
Panel (rMPP), some of the MDs in SPS will need to be
assessed in terms of safety and machine protection.

• The MDs that took place in 2016 can mostly be classi-
fied in: MDs of preparation, modeling and understand-
ing; MDs for (or in view of) future modes of operation;
and finally, the great majority, performance improving
MDs. Concerning this last category, the importance
was recognised to assess as quickly as possible the per-
formance improving potential of certain MDs and use
it in operation. In the future, to better close the loop
between performance improving MD outcome and op-
erational deployment, a path can be set, based on a
relatively fast Machine Study Working Group (MSWG)

recommendation, followed by LHC Injector and Exper-
imental Facilities Committee (IEFC) presentation and
approval in the case of changes with hardware implica-
tions.

• Many good results appeared to be obtained in the last
phases of the MD execution or run, which sometimes is
normal due to the fact that MD requests and ideas natu-
rally evolve during the year steered by the obtained MD
results. However, it is important to work on mitigating
the usual MD rush at the end of the year, especially in
view on the critical 2018 end-of-run, by proposing a
strong prioritisation of the MDs at beginning of run
and a check-point in the middle of the run.
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MACHINE DEVELOPMENT STUDIES FOR PSB EXTRACTION AT
160 MEV AND PSB TO PS BEAM TRANSFER

V. Forte∗, M.A. Fraser, S. Albright, W. Bartmann, J. Borburgh, L.M. Coralejo Feliciano, H. Damerau,
A. Ferrero Colomo, D. Gamba, G. P. Di Giovanni, B. Mikulec, A. Guerrero Ollacarizqueta,

M. Serluca, L. Sermeus, G. Sterbini,
CERN, Geneva, Switzerland

Abstract
This paper collects the machine development (MD) activ-

ities for the beam transfer studies in 2016 concerning the
PSB extraction and the PSB-to-PS transfer. Many topics
are covered: from the 160 MeV extraction from the PSB,
useful for the future commissioning activities after the con-
nection with Linac4, to new methodologies for measuring
the magnetic waveforms of kickers and dispersion reduction
schemes at PS injection, which are of great interest for the
LHC Injectors Upgrade (LIU) [1] project.

INTRODUCTION
Several MDs have been performed for the PSB-to-PS

transfer and PSB extraction in 2016. The outcome of the
studies has provided useful input for the hardware and beam
study activities related to the LIU project. An exhaustive list
is reported in Tab. 1:

Table 1: List of 2016 MDs
MD number Description Duration

88 PSB extraction at 160 MeV 2 days
1366 Recombination kickers waveforms measurements >70 hours
1939 PS injection kicker (KFA45) waveform measurements 1 week
1904 PSB-BTi-BT-BTP-PS dispersion measurements few slots

1829, 1893 LHC "long bunches" transfer and emittance evaluation 3 days
1928 Sanity tests of sem-grids after PS injection 5 hours
1769 Automatic alignment in the BTi-BT-BTP at PS injection 2 days
1740 Septum SMH42 new position and angle 0.5 days

MD88: PSB EXTRACTION AT 160 MEV
The extraction of the beam at 160 MeV is foreseen dur-

ing the commissioning activities after the connection with
Linac4. The intent is to inject and extract the beam to the
dump in the beam transfer measurement (BTM) line and
to avoid losing it all in the PSB during the commissioning
phases. This possibility will facilitate initial injection checks
and procedures at low energy, before the energy ramping
phase [2]. For this reason it was important to prove the feas-
ibility of such an extraction.
The MD was executed in 2 non-consecutive days in dedic-
ated mode, as the power supplies of extraction septum and
quadrupoles in the transfer lines cannot switch between 160
MeV and 1.4 GeV operations. The MD required coordina-
tion of experts between different groups, in order to relax
the hardware and software interlock settings to operate the
extraction at 160 MeV.

Initial setup and beam preparation
Initial optics simulations have been performed byW. Bart-

mann [3]. The cycle at 160 MeV up to extraction was pre-
pared in advance and is shown in Fig. 1. The radio-frequency
(RF) settings from LHC25 on PSB Ring 3 were used.
∗ vincenzo.forte@cern.ch

Many experts were involved and coordinated to perform
modifications in the transfer line for the 160 MeV extraction
(∼ 27 % of the nominal magnetic beam rigidity at 1.4 GeV).
In particular, they had to: modify the tolerances in the power
supply, modify tolerances on the controls side and reduce
limits for the extraction kicker (to 7 kV) and of the extraction
bumpers (to +100 A), go locally to modify the limit for
the extraction bumpers and change the interlock level for
the extraction kicker (7 kV). The beam position monitors

Figure 1: The PSB magnetic cycle at 160 MeV up to extrac-
tion (time marker “BEX.SEJ”, at ∼ 805 ms).

sum signals along the beam transfer (BT-BTM) line to the
dump (sketched in Fig. 2) were used to monitor step-by-step
the beam threading in the line, while the evaluation of the
transmission efficiency was performed through beam current
transformers (BCTs) in the PSB ring (just before extraction)
and at the end of the line (BTM.BCT10).

Conclusions of the MD
The final configuration was obtained by extending orbit

correction functions to extraction, rescaling angle/position
correctors, extraction bumpers (to 140 A, only in local
mode), kicker (12 kV) and septum (1862 A), and by re-
steering the line through the trajectory corrections. A trans-
mission efficiency of ∼ 80% to the dump was finally reached
with a bunch of 60×1010 p, (δp/p)rms=1.6×10−3 and 474 ns
total bunch length, as shown in Fig. 3.
The longitudinal beam profiles, trajectories and losses

through beam loss monitors (BLMs) along the extraction
line are shown in Fig. 4. Some issues remain to be invest-
igated, like observed jitter on the synchronisation between
the extraction kicker and beam, leading occasionally the
beam to be extracted in two turns, and the losses in transfer
line, probably related to limited acceptance and non-optimal
trajectories (especially at higher intensities). These issues
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Figure 2: The transfer line (BT-BTM) from the PSB Ring 3 to the beam dump. The BPMs and BCTs are labelled with
larger fonts (edited from [4]).

Figure 3: The tomographic reconstruction of the longitudinal
phase space for the extracted bunch at 160 MeV.
should deserve more attention in order to try and achieve
more than 80% transmission efficiency. However, the lim-
ited commissioning phase of extraction at 160 MeV foreseen
during the PSB-Linac4 connection has steered the repetition
of this dedicated MD in 2017 toward a lower priority.

MD1366: NEW BEAM-BASED
MEASUREMENTS OF PSB-TO-PS
VERTICAL RECOMBINATION

KICKERS [5]
The increased bunch length demanded by the LIU project

to mitigate emittance growth from space-charge on the PS
injection plateau puts strong constraints on the rise-times of
the recombination kickers in the transfer lines between the
CERN Proton Synchrotron Booster (PSB) and the Proton
Synchrotron (PS). A beam-based technique has been de-
veloped to validate the waveforms of the recombination kick-
ers. High-resolution measurements are presented by extract-
ing the intra-bunch deflection along bunches with lengths
comparable to or longer than the rise-time of the kicker being

Figure 4: Longitudinal beam profiles (top), ejection traject-
ories (centre) and BLM levels (bottom).
probed. The methodology has been successfully applied to
the three vertical recombination kickers named BT1.KFA10,
BT4.KFA10 and BT2.KFA20, and benchmarked with direct
measurements of the kicker field made using a magnetic
field probe. This paper describes the beam-based technique,
summarises the main characteristics of the measured wave-
forms, such as rise-time and flat-top ripple, and estimates
their impact on beam brightness.
The BT1.KFA10, BT4.KFA10 and BT2.KFA20 kicker

magnets are used to recombine the bunches coming from the
four vertically-stacked rings of the PSB. The batch, consti-
tuted by several bunches, can then be directed to the dump at
the end of the beam transfer measurement (BTM) line, or to
the ISOLDE experiment, or to the PS through the BTP line.
The single bunches going to the PS for the LHC (Standard
production) are of interest for this paper. To preserve the
brightness of the LHC bunches it is very important that the
recombination does not disturb the vertical distribution of
particles of the bunches.

The present LHC baseline (standard production) is consti-
tuted by 180 ns long bunches, spaced by 327 ns, at 1.4 GeV.
The bunches, coming from different PSB rings, are labeled
as "Rx", where x is the PSB ring number fromwhich they are
ejected. The LHC injections into the PS are performed with
two batches separated by 1.2 s, i.e. the PSB basic period. In
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the first PS injection four bunches are extracted from each
ring in the following sequence: R3→ R4→ R2→ R1. The
second injection is composed of two bunches: R3→ R4.

BT4.KFA10 recombines R3 (un-kicked) and R4 (kicked),
BT1.KFA10 recombines R2 (un-kicked) and R1 (kicked),
and finally, BT2.KFA20 recombines R3-R4 (un-kicked) and
R2-R1 (kicked), as shown in Fig. 5.

BT2.KFA20R4

R3

R2

R1

BT2.BPM20

BT3.BPM20

BT1.KFA10

BT4.KFA10

BT.BPM40

DUMP / ISOLDE / PS

Timeearlier later

Figure 5: A simplified sketch (edited from [4]) of the recom-
bination kickers in the BT-BTP line (lateral view) and the
sequence of PSB bunches before being recombined.

The recombination kickers are triggered in the time
between two adjacent bunches. A relatively short rise-time
is important to avoid that the transient of the magnetic field
perturbs the tail of the first bunch and/or the head of the
second one. In order to obtain a clean transfer for the longer
220 ns LIU bunches, the specification [6] requires the 2-98%
rise-time ≤ 105 ns.
The flat-top ripple of the kicker waveforms must be con-

trolled to avoid the detrimental effects of vertical intra-bunch
motion that will result in vertical emittance growth and fila-
mentation in the PS. The specification requires ≤ 2% flat-top
ripple for each recombination kicker.
These limits have to be considered without any further

margin and are directly related to the emittance blow-up,
which is expected from simulations [7] to be in the order of
2%.

Measurement set-up
The reconstruction of the kicker waveform was obtained

from themeasured displacement of the beam after it is kicked.
In fact, the displacement δ at any beam position monitor
(BPM) is directly proportional to the integrated magnetic
field seen by the beam, such that the deflection angle θ at
the kicker can be written as shown in Eq. 2:

δx,y ∝ θx,y = e
p

∫ L

0
By,xdz (1)

where p is the momentum, e is the electric charge, B is
the magnetic field, L is the magnetic length and x, y, z are
the horizontal, vertical and longitudinal coordinates respect-
ively.
The first downstream BPM after each kicker was used

to retrieve the beam displacement information in time, by
taking the ratio between the vertical difference (∆y) and the
sum (Σ) signals in a defined gating time window around the
peak current location of the bunch. The BPM signals were
monitored on an OASIS scope [8] in the control room and
recorded as a function of the delay imposed on the kicker
trigger.
Figure 6 shows an example of the sum and difference

signals of BT.BPM40, which is the first downstream of
BT2.KFA20. It is possible to distinguish different cases
in the figure where (left) the first bunch (R4) is partially
affected by the kick and R2 is fully kicked, the nominal case

(centre) where R4 is un-kicked and R2 is fully kicked and
(right) the case where the second bunch (R2) is partially
kicked and R4 stays un-kicked.

Figure 6 also shows the magnet input current signal of the
BT2.KFA20 kicker on OASIS. It should be stressed that this
last signal represents the input current for the magnet and is
not representative of the magnetic waveform of the kicker.
Moreover the current signal appears low-pass filtered due to
the attenuation in its transmission to the OASIS scope and
thus is only useful to determine and verify the delay applied
to the trigger of the kicker.
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Figure 6: The BPM ∆y (orange) and Σ (blue) signals, to-
gether with the current signal (yellow) for three different
values of the BT2.KFA20 delay. The grey error-band is the
chosen gating window around the peak current.

Measurement procedure
Calibration It is important to perform a beam-based

calibration of the BPM with respect to the kicker voltage
at the beginning of every measurement, as shown in Fig. 7.
The calibration has to be performed in a nominal regime, i.e.
with the first bunch completely un-kicked and the second
one fully kicked, as in Fig. 6 (centre). Due to trajectory
differences in the transfer line, the BPM signals of the two
bunches have to be vertically shifted by an offset in order to
be both aligned to the same reference. As shown in Fig. 6
(centre), the offset corresponds, for the fully kicked bunch,
to the constant term of the linear regression of the measured
deflection per kicker voltage, and, for the un-kicked bunch,
to the average value.
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Figure 7: The calibration plot for the BT2.KFA20 kicker vs
BT.BPM40 (the offsets are in the red ellipses).
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Reconstruction The measurement was performed by
scanning the fine delay of the recombination kicker and
acquiring BPMs signals of the two consecutive bunches. The
measured signal is shown in Fig. 8 (left). The reconstruction
was then completed through the vertical shift of the two
waveforms determined in the aforementioned calibration
process. After further statistical processing the waveform
is shown in Fig. 3 (right) plotted with 1 standard deviation
(SD) significance bounds. As the BPM responses are more
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Figure 8: The magnetic waveform reconstruction process.

precise at high currents [7], the bunch population at the
exit of the PSB was chosen at ∼ 200 × 1010 protons and,
owing to the length of the bunches (180 or 220 ns), multiple
intra-bunch measurement samples could be taken within
individual bunches. This allowed high granularity in the
measurements.

The characteristics of the waveform were only measured
at the relevant locations where the bunches sit, very close to,
and either side of, the rising edge. For the BT1(4).KFA10
the flat-top ripple is relevant during only the first 220 ns
before and after the rising edge as single bunches are recom-
bined. For BT2.KFA20 up to ∼550 ns (from one 220 ns
bunch length plus 327 ns bunch spacing) is important, as it
recombines doublets (R3-R4 and R2-R1).
The beam-based reconstructions were performed at the

present operational voltages for an extraction energy of
1.4 GeV from the PSB, corresponding to: 43 kV for
BT1(4).KFA10 and 27 kV for BT2.KFA20. At the future
2 GeV extraction energy (+30% magnetic rigidity) the kick-
ers will require 56 kV for BT1(4).KFA10 and 35 kV for
BT2.KFA20.

The magnetic field measurements using a magnetic meas-
urement coil for the KFA20 kickers were performed at 27 kV
on the magnets installed in the machine during a technical
stop, while the others were done at 50 kV for BT1.KFA10 (in
the machine) and 56 kV for BT4.KFA10 (in the lab). These
measurements were then scaled-up to be compared with
the beam-based measurements. This comparison is valid in
the assumption of an ideal "linear" response of the kicker
system, which was demonstrated in dedicated beam-based
measurements [7].

Measurement results
The raw measurement data was filtered using a (low-pass)

median filter with a time window of 10 ns. This choice was
made to smooth the signal whilst at the same time keeping a
large enough bandwidth to observe any significant frequency
components. The beam-based measurements could be com-
pared with the magnetic measurements from fast magnetic
measurement coils, in the machine and/or in the lab.

BT1.KFA10 The beam based measurements, shown in
Fig. 9, indicate the presence of ripple and an initial over-
shoot that is filtered by the field measurement probe whose
characteristics are unknown. The measurement results from
the probe appear low-pass filtered and do not present the
initial overshoot.
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Figure 9: BT4.KFA10 waveform vs. probe in the machine.

BT4.KFA10 The comparison between the beam-based
and lab-based measurements are shown in Fig. 10. A slight
disagreement is visible in the amplitude of the flat-top ripple
and might be induced by the fact that only one of the two
modules of the kicker was probed and the system was not
exactly equal to the one installed in the machine.
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Figure 10: BT4.KFA10 waveform vs. probe in lab.

BT2.KFA20 The beam-based measurements were com-
pared with the measurements from a fast and more reliable
magnetic field probe, which was inserted directly inside the
magnet in the machine. The results, in Fig. 11, show an
excellent agreement. The flat-top peak ripple is confined
inside ±2%, except for a reflection inside the black dashed
ellipse. The ripple induced from this reflection creates some
undesired vertical emittance blow-up, and the KFA20 sys-
tem will be recabled into the same configuration as KFA10
as part of the LIU project to remove this reflection.

Rise-times, flat-top ripples, frequency responses
The rise-time and flat-top ripples estimated from the beam-
based measurements, which are summarised in Tab. 3, are
just in specification.
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Figure 11: The BT2.KFA20 beam-based magnetic wave-
form.
After considering all the error sources such as the BPM

sensitivity to current, the calibration technique, the beam
reproducibility, the jitter of the firing trigger of the kicker,
etc., the tolerance on the final rise-time measurements was
conservatively set to ±10 ns and the lab-based field meas-
urements validated.

Table 2: The rise-times and flat-top ripples

2-98% rise-time [± 10 ns] Flat-top ripple B̂/B̄ [%]
BT1.KFA10 109 2
BT4.KFA10 104 2
BT2.KFA20 105 2

In order to have high resolution needed for a fast Fourier
transform (FFT), a detailed flat-top measurement was ne-
cessary. From the measurements in Fig. 12 the frequency
components that need correction by the PS transverse feed-
back could be assessed: there is no significant component
measured over 20 MHz (-3 dB bandwidth of the feedback).
Moreover, the applied median filtering reproduced well the
main frequency components of the raw signal.
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Figure 12: The measured frequency spectra of the flat-
top ripple for BT1.KFA10 (left), BT4.KFA10 (centre) and
BT2.KFA20 (right).

Conclusions of the MD
A new method to measure the magnetic waveform of the

recombination kickers BT1(4).KFA10 and BT2.KFA20 was
introduced. This method is valid for measurements in trans-
fer lines where the waveform transients are comparable to
the bunch length of the beam being used as a probe. The
waveforms have been benchmarked with direct magnetic
probe measurements, showing excellent agreement for all
the kickers measured. The measured rise-times and flat-top
ripples appear just within specification. The frequency com-
ponents of the kickers are within the PS transverse feedback
-3 dB bandwidth specification. Simulations of the incurred

emittance growth using the measured waveforms show a
blow-up per ring up to 2.3% (summing in quadrature the
contribution of each kicker) for 220 ns bunch lengths and
327 ns bunch spacing at 1.4 GeV [7]. Hardware modifica-
tions are on-going inside the framework of the LIU project to
reduce the BT2.KFA20 ripple and increase the operational
voltage margin at 2 GeV by recabling it as the KFA10.

MD1939: BEAM-BASEDWAVEFORM
MEASUREMENTS OF THE CERN PS

INJECTION KICKER [9]
The KFA45 is the horizontal PS injection kicker used to

transfer bunches from the BTP transfer line into the PS ring.
During a PS cycle for the LHC, the kicker is fired at two
instances in time spaced by 1.2 s, in order to fill the machine
with a double-batch injection at 1.4 GeV from the PSB.

The four kicker modules have two modes of operation,
linked with the termination impedance: terminated mode
(TM), i.e. with a matched non-zero load impedance, and
short-circuit mode (SC). Before 2017, the kicker was usu-
ally operated in TM and the SC mode was used only to
compensate the missing current in case of module failures.
The SC allows the doubling of the current going through
the magnet and thus providing twice the kick. Since 2017
the KFA45 has been permanently configured in SC. In order
to guarantee a clean transfer to the PS, the 2-98% rise and
fall times and the 2% flat-top ripple of the KFA45 waveform
must respect the specification [6], i.e. ≤ 105 ns and ≤ 2%
respectively.
Beam-based measurements of the KFA45 waveform are

necessary because they represent the only way to retrieve
the magnetic waveform of the installed system, required to
confirm the kicker performance for LIU. A direct measure-
ment with a field probe is very complicated to perform as it
would require the movement of two main bending units in
the PS.

Experimental method
The reconstruction of the kicker waveform is obtained

from the displacement δ of the beam once it is kicked. In
fact, δ at any subsequent beam position monitor (BPM) is
directly proportional to the integrated magnetic field seen
by the beam and to the deflection angle θ imposed by the
kicker, as shown in Eq. 2:

δx,y ∝ θx,y = e
p

∫ L

0
By,xdz (2)

where p is the momentum, e is the electric charge, B is the
magnetic field, L is the magnetic length and x, y, z are the
horizontal, vertical and longitudinal coordinates respectively.
A fast BPM, in section 02 (BPM02) [10], was used to re-
trieve the beam displacement information, by taking the ratio
between the difference and the sum signal at the peak current
location of the bunch. The kicker and the BPM signals were
monitored and recorded from an OASIS scope [8].

The waveform measurements were made using the second
instance of the kicker (∼1 µs pulse length), which was
delayed from the injection plateau to the extraction flat-top
at 26 GeV. The increased rigidity of the circulating beam
permitted measurements to be made and the beam extracted
to an external dump without significant beam losses.
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The measurement method is based on the observation
of the beam’s displacement at a given time after it fires.
A large number of cycles (occurrences) containing a single
bunch were analysed to probe the entire waveform by shifting
the delay between the circulating beam and kicker trigger,
covering the whole revolution period in the PS.
A challenging issue was the asynchronous triggering of

the kicker with respect to the circulating beam at flat-top
energy; the injection kicker timing is only designed to be
synchronous with the beam at injection energy. The asyn-
chonrous triggering induced a pseudo-randomisation of the
shift in time of the beam with respect to the kicker delay.
Figure 13 (left) shows the large amount of cycle occurrences
that were required in order to cover uniformly the 2.1 µs
revolution period in the PS. By imposing an initial shift on
the KFA45 trigger of 5 ns/occurrence, and repeated at finer
steps of 2 ns/occurrence, inside a span of 340 ns, the beam
jittered with respect to the KFA45 trigger, which led to an
uncontrollable granularity of the occurrences for a defined
sampling time. The kicker trigger reference was also os-
cillating in the absolute reference of the OASIS scope: the
jittering of the magnet input current signals with a defined
signal threshold for every occurrence is shown in Fig. 13
(right).

The synchronisation issue is being solved for future meas-
urements by adding another timing from which the injection
kicker can be triggered synchronously with the beam at all
energies.
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Experimental results
A nominal single LHC bunch (∼ 10×1010 p) was used as

a probe for the measurement, because it represented a good
compromise between signal readability (for the BPM) and
reduced losses at extraction.
Measurements were performed for TM and SC modes.

The kicker total voltage was set equivalent to 270 kV. In
TM all the four modules of the kicker were on, sharing the
voltage, while in SC modules 1 and 2 were switched off,
leaving modules 3 and 4 to work in short-circuit in order to
compensate the missing current.

For every cycle, the closed orbit (CO) was approximated
through a sinusoidal fit of the turn-by-turn position before
the kick (through Eq. 3) and used to correct the baseline from
the raw signal, as shown in Fig. 14. The residual signal from
this difference was then considered for the reconstruction.

CO f it (t) = A0 + |A1 | sin(2π f t + φ0) (3)

The following parameters, shown in red in Eq. 3, are the
free ones of the fit: A0 is the measurement offset, A1 is the

closed orbit amplitude, f is the horizontal frequency of the
beam correlated to the horizontal betatron tune and φ0 is
the initial phase in the constant gating window around the
kicker trigger. Systematic changes are observed in Fig. 15
where changes to the cycling of the machine during the
long measurement campaign of many hours are evident and
cannot be attributed to random errors. The signal recon-
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the measured occurrences in SC (blue) and TM (red).

struction, obtained by combining the occurrences, produces
a waveform whose amplitude oscillates for nine times in the
observation window at the horizontal betatron frequency of
the machine, as shown in Fig. 16. The following analysis is
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Figure 16: The numbered oscillations of the kicker wave-
form.

performed on the oscillation No. 2, as it presents the highest
signal-to-noise ratio. The non-linearity of the BPM is being
investigated, and the initial offset in the BPM before the kick
appears to make oscillation No. 4 quite noisy.
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Low-pass filtering and comparisonwith currentmeas-
urements One can distinguish the measurements per-
formed in TM and SC modes, as shown in Fig. 17. The
signal has been low-pass filtered to smooth the measurement
noise. Filtering was needed due to the poor granularity of
the measurements. A moving average filter was applied with
window sizes of 10 ns and 25 ns.
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Figure 17: The (low-pass filtered) reconstructed waveforms.

Figure 18 shows the sum of the currents of modules 3 and
4, compared with the measured magnetic field waveforms.

The integrated magnetic field has a low-pass behaviour
(both in SC and TM modes), not showing the ∼20 MHz
damped ripples shown in the current, related to the overshoot
at the end of the rise time and to the reflection after ∼600 ns
of flat-top.
In SC mode the current rise and fall times are sharper

than the measured magnetic field because of the the location
of the current measurement point at the short circuit node
downstream the magnet [11]. The rising and falling edges
of the measured magnetic waveforms show an inflection:
faster at the beginning of the rise and slower at the end.
This phenomenon is related to the filling time of the magnet,
which, in SC mode, is typically almost doubled due to the
reflection of the current [11].
In TM mode, the excellent agreement between the cur-

rent and beam-based magnetic measurements for both time
constants confirms a good choice of the filtering.

Rise and fall times, flat-top ripple The evaluations of
rise and falling times and flat-top ripple are shown in Fig. 19.
2-98% levels were computed with 25 ns time window fil-
tering for TM, while, due to the more noisy data, a smaller
interval, precisely 2.7-97.3%, has been considered for the
SC. The values of rise and falling times correspond to the
distances between two consecutive intersections at the bot-
tom (top) and the top (bottom) edges of the waveform. The
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Figure 18: Reconstructed waveforms vs. currents.
values of flat-top ripple correspond to the maximum deflec-
tion, all along the flat-top, with respect to the flat-top average
amplitude. Due to the filtering process and to the precision
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Figure 19: The rise and falling times evaluations.

level of the measurements, a ± 10 ns tolerance is considered
on top of the reported values, as an educated guess. The
results are summarised in Tab. 3.

Table 3: The rise and fall times and the flat-top ripple values
for filter window sizes of 10 ns (and 25 ns in round brackets).
Some values could not be determined (n.d.). *2.7-97.3%
evaluation
KFA45 mode Rise time [± 10 ns] Fall time [± 10ns] Flat-top ripple (%)

5-95% 2-98% 95-5% 98-2%
SC 89 (92) n.d. (104*) 93 (98) n.d. (110*) 4.6 (2.7)
TM 46 (53) n.d. (63) 96 (102) n.d. (134) 3.3 (2.1)

Conclusions of the MD
An extensive MD campaign has been carried out to per-

form beam-based measurements of the magnetic waveform
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of the PS injection kicker KFA45. These measurements were
necessary to assess today’s performance and that required
by LIU in the future, and represent the only way to by LIU
and present to date, the only way to probe the waveform of
the magnet without moving other PS elements.
Measurements have been performed both in terminated

(TM) and in short-circuit (SC) modes, which is the baseline
configuration from 2017. The measurements in bunched
mode showed rise times just consistent with specifications
for SC mode. More measurements are, nevertheless, needed
to investigate the flat-top ripple and improve precision. For
this purpose, a new beam synchronous trigger will be used
to improve the sampling. These new measurements will
be performed in MD in 2017, profiting from the hardware
improvements [12].

MD1904: PSB-BT-BTP-PS DISPERSION
MEASUREMENTS AND RE-MATCHING
One of the main priorities of the transfer between PSB

and PS for the LIU project is to have a matched optics in
order to preserve the brightness between the PSB extraction
and PS injection. In particular, the dispersion mismatch
at PS injection is important. Analytical calculations [13]
show that the dispersion mismatch can cause for standard
(long) LHC bunches an horizontal emittance blow-up up to
10 (30)% for LHC25 and 20 (65)% for BCMS beams. The
betatron mismatch is up to 5%.
A matched optics from the 4 PSB rings is foreseen after LS2
with the installation of a new quadrupole in the BTP line:
this will allow to obtain a negligible horizontal blow-up due
to dispersion mismatch, while the vertical blow-up will be up
to 15% for long BCMS bunches. In the future the betatron
mismatch is supposed to be negligible.
The dispersion was measured in the PSB ring, in the ex-

traction line and in the PS ring (1st turn).
As an example of in the PSB Ring 3, a dispersion meas-

urement is shown in Fig. 20 (other measurements in the PSB
rings can be found in [14]). The dispersion at the PSB hori-
zontal wirescanner measurements showed a value of -1.38 m,
i.e. 5% less than the operational value of -1.46 m. This is
an important indication for measurements on beams like
BCMS, where the dispersive component on the emittance is
particularly relevant.

The dispersion in the extraction lines showed an excellent
agreement with the model [16] for the PSB outer rings (1
and 4), while for the inner ones (2 and 3) a difference up to
0.5 m was present, as shown in Fig. 21.
Present measurements of emittance growth at PS injec-

tion [15] show more than 20% emittance growth for BCMS
beams. A new optics was calculated using MadX [17] in or-
der to reduce the dispersive mismatch at PS injection and dis-
entangle the contribution of the horizontal dispersion on the
emittance growth at PS injection from other possible causes
(e.g. space charge). The re-matching was performed by
using the quadrupoles in the BT line, as they can be changed
for every PSB user in parallel operation. The strengths for
the present and re-matched optics are represented in Tab. 4.
The new optics was tried in operation at the 1st turn in the
PS ring.
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Figure 20: PSB Ring 3 dispersion in the horizontal (top)
and vertical (bottom) planes (measurements - circle marker,
model - solid lines). The measured horizontal wirescanner
dispersion is represented by a magenta star on top.
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Figure 21: Dispersion in the BTi-BT-BTP lines (i represents
the related PSB ring): measurements (circles) vs. MadX
model (solid line) for the horizontal (top) and vertical (bot-
tom) planes.
Conclusions of the MD

The PS first-turn horizontal dispersion was reduced from
5 m to ∼ 2.5 m peak-to-peak, as shown in Fig. 22. This
improvement, to date, did not affect the measured horizontal
emittance at PS injection. Further efforts are on-going to
better match the optics model of PSB-BT-BTP-PS with the
measurements and validate its operational deployment for
the 4 PSB rings, starting from ring 3.

MD1829 AND MD1893: TRANSFER OF
LONG BUNCHES AND EMITTANCE

EVALUATION
LHC “long” bunches (220 ns total bunch length,

(δp/p)rms=1.9×10−3 and 3 eVs longitudinal emittance)
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Table 4: Strengths of BT quadrupoles (operational and re-
matched optics)
BT quadrupole Operational strength [m-2] Scaling factor for re-matching
kBTQNO10 -0.66749 0.98
kBTQNO20 0.63160 1.02
kBTQNO30 -0.28709 0.94
kBTQNO40 0.92347 1.08
kBTQNO50 -0.73445 1.05
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Figure 22: The measured horizontal dispersion (PS 1st turn
from PSB ring 3) before (red) and after (blue) the correction.
were produced in the PSB and extracted to the PS [18].
The advantage of these bunches, with respect to the nom-
inal 180 ns LHC bunches, is the increment of longitudinal
emittance which leads to a 10% higher bunching factor at
injection in the PS and, thus, a reduced transverse space
charge tune spread.
The purpose of the MDs was to evaluate the transmis-

sion from PSB extraction to PS injection (MD1829) and the
emittance growth at PS injection (MD1893).
The length of the bunches required a fine tuning of the

recombination kickers fine delays, as the time margins were
drastically reduced because of the new bunch lengths and
same bunch spacings with respect to the 180 ns bunches [7].

The transmission, shown in Fig. 23, was optimised. Slow
losses are still present along the flat-bottom, probably due
to interaction with magnetic resonances.

Figure 23: Single “long” bunch transmission in the PS.

The emittance evaluation was performed, in the horizontal
plane, with the two wirescanners 65H and 54H. Unfortu-
nately, probably due to the large momentum spread, the two
instruments gave completely different values, as shown in
Fig. 24. For this reason the topic needs further investigations
in 2017.
During this MD, a peak line density increase was identi-

fied and correlated to a transverse space charge tune spread
enhancement and consecutive vertical emittance growth
during the transition from flat-bottom to intermediate flat-
bottom (at around 1380 ms). Figure 25 shows the identified
increase.

This finding was fundamental to improve the RF program
and reduced the vertical emittance growth at flat-bottom of
around 15% [15].

Figure 24: Different horizontal emittance evaluations from
two PS wirescanners.

Figure 25: Longitudinal waterfall plot around the peak line
density increase (in the red ellipse). Longitudinal dens-
ity color-code: yellow - low particle density; black - high
particle density.
Conclusions of the MD

The transfer of “long" bunches for LHC Standard pro-
duction was performed successfully. Slow losses at PS flat-
bottom energy have to be further investigated.

The emittance growth evaluation was stopped by the ob-
servation of different measurements from two horizontal PS
wirescanners which also require further investigations.

A very important finding was the identification of the peak
line density increase during the passage from flat-bottom
to intermediate flat-bottom, which led to a 15% vertical
emittance growth reduction for LHC beams.
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MD1928: PS SEM-GRIDS AFTER
INJECTION

The three SEM-grids in the PS sections 48, 52, 54 are
named, respectively, PI.BSF48, PI.BSF52 and PI.BSF54.
They are located after PS injection and represent import-
ant instruments in order to verify the LHC beams optics
matching. These SEM-grids were unused for many years, so
first purpose of the MD was their revival and functionality
checks. A low intensity beam (LHCINDIV) was used.
The SEM-grids were used during a dedicated MD time.

Parallel operation is not possible as they are moved by slow
motors and need towork together with a device, called “ralen-
tisseur”, which grants the single-passage of the beam, stop-
ping it after it crosses the three SEM-grids. Multi-passage
could, in fact, cause grid damage, especially for high intens-
ity beams.
The SEM-grids have been verified and working. Disper-

sion measurements were performed. Further measurements
will follow in 2017 in order to verify the transfer line with
the 3-screens method [19].

MD1769: Automatic bunch alignment at PS injec-
tion
The 4 bunches coming from the PSB to the PS must be

aligned in order to enter in the PS with the same trajectory.
This process is usually performed by the operators in con-
trol room through the YASP program [20] and empirical
approach.

An automatic tool developed by D. Gamba, called “linear
feedback” [21], was adapted to try and align the 4 bunches
to the beam dump in a semi-automatic way. The tool is cap-
able of calculating on-line the response matrix and impose,
in feedback, the right correction to the steerers in order to
minimise the error in the alingment. The tool showed im-
pressive potential, being capable of aligning the 4 bunches
in the order of 0.5 mm. Further investigations switching the
beam toward the PS are necessary in 2017.

MD1740: Septum SMH42 position and angle up-
grade for LIU
This important MD was performed in order to verify if

the new position and angle of the injection septum proposed
to reduce injection losses of high intensity beams to the PS
are feasible and do not disturb operation. The results were
successful. More details are presented in [22].

CONCLUSIONS AND OUTLOOK
Many MD studies were carried out in 2016 for the beam

transfer from the PSB to the PS, covering a wide amount
of topics. The main ones concerned the PSB extraction at
160 MeV, the introduction of new methodologies for mag-
netic waveform measurements of kickers, dispersion meas-
urement and re-matching between the PSB and the PS, trans-
mission of long bunches and identification of a peak line
density increase during the PS cycle, which was directly con-
nected to a vertical emittance blow-up due to the transverse
space charge tune shift enhancement.

Further investigations are planned for 2017. In particular:

• Improve re-matching of BT line optics (for Ring 3) in
order to provide a matched optics and assess the impact
of dispersion mismatch on emittance growth;

• evaluation of PS injection oscillations and injection
bump non-closure with the aim to understand the shot-
by-shot stability;

• quantification of the betatron mismatch at PS injection
and analyse impact on emittance growth;

• repetition of KFA45 waveform measurements with the
new hardware;

• improvement of the automatic steering technique to the
PS;

• turn-by-turn SEM-grid measurements (when fast elec-
tronics is ready) in order to disentangle optics-related
effects (faster) and space charge effects (slower) in emit-
tance growth.
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PSB LLRF: NEW FEATURES FOR MACHINE STUDIES AND OPERATION
IN THE PSB 2016 RUN

M. E. Angoletta†, CERN, Geneva, Switzerland

Abstract
A new digital Low-Level RF (LLRF) system has been

successfully deployed on the four PS Booster (PSB) rings
in June 2014, after the Long-Shutdown 1 (LS1). Although
only recently deployed, several new features for machine
studies and operation have already been required and im-
plemented. This note provides an overview of the main fea-
tures deployed for the 2016 PSB run and of their results.

SYSTEM OVERVIEW
Introduction

A new digital PSB LLRF system has been successfully
deployed in June 2014 in the four PSB Booster rings. The
system represents the new standard foreseen for many ma-
chines in CERN’s Meyrin site and it has already been de-
ployed in CERN’s Low Energy Ion Ring (LEIR) and Extra
Low ENergy Antiproton Ring (ELENA) machines. It is
also operational in the medical machine MedAustron [1].

Four separate LLRF systems control respectively PSB
Rings 1 to 4. A fifth LLRF system, called “Ring 0” LLRF,
allows to control the beam of the physical PSB Ring 4 in
PPM with its operational LLRF system. The Ring 0 LLRF
system is dedicated to machine studies and in particular it
controls the Finemet-based High-Level RF (HLRF) system
installed for test purposes in PSB Ring 0. To do this it in-
cludes additional hardware and software with respect to the
operational rings.

Figure 1 shows the four operational LLRF systems for
the PSB rings together with the “Ring 0” LLRF system.

Figure 1: The PSB LLRF systems.

The total  PSB downtime due  to  LLRF faults  in  the  39
week long 2016 run was of 34 minutes, thus proving the
high reliability of the LLRF system and its positive impact
on the machine operation. The system provides additional
diagnostics as well as PPM controls with respect to previ-
ous PSB LLRF systems, in particular for the synchronisa-
tion at extraction process. Last but not least, the system is
very powerful and flexible, and can be upgraded to new
features often with a reasonable effort. More on this last
point is detailed in the next section.

New Features
The PSB LLRF systems are under exploitation, fully op-

erational and satisfied the current PSB operational needs.
However, new features have been required in the past and
are required to:
a) Study and understand old problems. An example of

this  is  the  effect  of  the  extraction  bump  on  the  syn-
chronisation process, observed since 2008 in PSB
Ring 4 by using a first generation LLRF system [2], at
that time deployed operationally in LEIR.

b) Implement new capabilities and allow studies for fu-
ture beams/operational modes. An example of this are
the features required for generating hollow bunches:
this was done sporadically in the past but it was much
more complex than with the new, powerful LLRF. An-
other example is the novel scheme of beam blowup at
h=1 that will be studied within the framework of the
PSB LIU project. Finally, interfacing with the new,
white-rabbit based B-train distribution scheme will
have to be validated.

c) Validate implementations and prepare for the HLRF
renovation which will take place after the injectors’
Long Shutdown 2 (LS2). In particular, suitable
schemes to control the Finemet voltage on several (10
or more) harmonics per HLRF system, to split the
voltage at a certain harmonic amongst different cavi-
ties and to align these components over the PSB cycle
will be devised and if possible partially validated. Fur-
thermore, features required for future beams, such as
the phase noise at harmonic h = 1, should be validated
for Finemet operation, too. Finally, inputs for simula-
tions will be provided, and simulation results will be
validated against beam and system measurements.

As a summary, after LS2 the PSB will restart with sub-
stantial changes, such as: new HLRF, adapted LLRF, new
B-train system, new injection scheme and new extraction
energy. To have a smooth (or at least not too complex) re-
start after LS2, it is therefore essential to profit from the
beam on the two last proton runs, in 2017 and in 2018, for
schemes/approaches development and validation.

 ________________________________________
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NEW FEATURES DEPLOYED IN THE
2016 RUN

This section details new PSB LLRF features partially
commissioned or deployed in the 2016 run. They are the
following:
a) Improved extraction synchronisation process.
b) Improved longitudinal beam blowup with the C16

HLRF system.
c) B-train and frequency program studies.
d) Operation with Linac4.
e) Finemet operation.

Improved extraction synchronisation process
The synchronisation process is a very delicate and cru-

cial RF gymnastic. Its aim is to modify the frequency and
phase of the bunch(es) to be extracted in order to match an
external reference, whose frequency and phase might vary
during the extraction process itself. Jitters in the position
of the extracted bunch(es) are present if the extraction syn-
chronisation process does not perform well. If the process
is too violent or fast, a beam carefully crafted with the RF
gymnastics carried out during the cycle will be ruined.

The synchronisation algorithm implemented by the new
PSB LLRF system has been from the very beginning much
more performant than what was previously available. All
control parameters such as gain, loop correctors transfer
function, beating frequency etc. can be changed as PPM,
thus allowing to adapt the extraction process to the beam
characteristics. More diagnostics signals are available,
such as the beam-to-extraction reference phase which has
allowed to spot the effect of the extraction bump described
below. These diagnostic signals are visible remotely on a
standard Oasis Virtual Scope and can be saved for refer-
ence.

This section describes further improvements to the ex-
traction synchronisation process carried out and deployed
during the 2016 PSB run.

Optimised extraction synchronisation algorithm
The synchronisation process has been upgraded in No-

vember 2015 [3] to a new algorithm which minimises
beam shaking and its potential blowup. The upgraded pro-
cess was then deployed on all users in 2016.

Figure 2 shows the beam-to-extraction reference phase
for the optimised (blue trace, Ring 4) and non-optimised
(pink trace, Ring 3) algorithms, after reaching a beating re-
lation.

Figure 2: Beam-to-extraction reference phase signals dur-
ing the extraction synchronisation phase loop. Violet trace:
non-optimised algorithm in Ring 3. Blue trace: optimised
algorithm in Ring 4. The perturbation on the Ring 4 phase
signal is also visible.

Figure 3 shows the waterfall plot of the beam during the
extraction synchronisation process, before (left picture)
and after (right picture) the algorithm optimisation. The
perturbation on the beam given by the non-optimised algo-
rithm on the left hand-side is visible.

Figure 3: Waterfall plot of the beam during the extraction
synchronisation process, before (left picture) and after
(right picture) the algorithm optimisation.

Study of extraction bump effect on the synchronisation
process

The measurement of beam-to-extraction reference phase
showed a perturbation of the extraction process linked to
the extraction bump fired during the last 5 ms of each cy-
cle. The perturbation affected only the PSB outer rings.
This bump was visible also in measurements carried out in
2008 with the prototype LLRF system on PSB Ring 4, as
showed in Figure 4 and detailed elsewhere [2].
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Figure 4: Plot of the beam-to-extraction reference signal
phase measured in 2008 by the prototype LLRF system on
PSB Ring 4 [2].

The improvements gained with the optimised algorithm
described in the previous section were partially lost on the
outer rings owing to the extraction bump-related perturba-
tion.  As  shown  in  Figure  3,  the  perturbation  shifted  the
beam radially; moreover, the amount of this shift varied
from shot to shot, thus the beam was deposited at different
radial positions at extraction.

Several debug features were then added to the LLRF in
order to understand the source of the problem.

A measurement & logging of the beam-to-extraction ref-
erence phase synchro phase at a user-selectable time (snap-
shot feature) was deployed in April 2016 [4]. Figure 5
shows the operational knob used to enable the measure-
ment, to decide its ctime and to read the measured phase.

Figure 5: Operational knob allowing to measure and log
the extraction reference-to-beam phase during the extrac-
tion synchronisation loop.

The capability to freeze the synchronisation loop opera-
tion or to end/freeze the phase & radial loops was also im-
plemented [5].

The capability to use in PPM the LLRF input normally
dedicated to the injection synchronisation reference for ac-
quiring the signal from a second phase pick-up was de-
ployed in March 2016. This feature was used later on in the
year to operate the phase loop with the spare pick-ups lo-
cated in sections 5L1 and 8L1, which are located far from
the BSW. It was observed that the synchronisation re-
sponse was not perturbed when these phase pick-ups. This
prompted the installation of magnetic shielding plates in
Ring 1 around the operational phase PU, which cured the

problem for that ring. The same shielding will be installed
on the Ring4 phase pick-up during the 2017 run.

Improved longitudinal blowup by using the C16
HLRF system

Several improvements were devised, implemented and
deployed in the 2016 PSB run.

First, a lack of phase lock between the C16 and the C02
HLRF drive signals was identified and a fix was deployed
[6] in April 2016.

An improved version of the C16 blowup firmware was
then deployed on all rings in June 2016 [7]. This not only
definitely fixed the lock between the C16 and the C02
HLRF systems, but also insured a reproducible (although
still harmonic-dependent) phase in the C16 HLRF system
after the harmonic change ramp.

Finally, in September 2016 a new firmware was de-
ployed in the Ring 0 LLRF system for tests and validation
[8]. This included an automatic delay compensation after
the harmonic change ramp, thus allowing changing the op-
erational harmonics (as required for instance for the hol-
low-bunches operation) whilst obtaining the same phase at
the end of the process. This firmware required a re-setup
of the blowup parameters on all users and was not deployed
on operational rings owing to the pressure to deliver the
beams after the technical stop.

It should be underlined that most of the work invested
on the C16 blowup improvement was addressed to cope
with the C16 operational frequency range limitations,
namely the need to change operational harmonics during
the cycle. Whilst this is essential for the pre-LS2 operation,
it will not profit the future (post-LS2) operation as the new
Finemet-based HLRF system does not present the same
frequency limitations.

B-train and frequency program studies
Two  kinds  of  studies  related  to  the  B-train  and  to  the

generation of the frequency program have been carried out
in 2016. More studies are planned for the 2017 run.

New transition method from fixed to B-train derived fre-
quency

A new transition method from fixed injection frequency
to B-train has been implemented in May 2016 [9]. The new
algorithm, provided by S. Hancock, minimises the beam
phase oscillations due to the transition, thus avoiding keep-
ing an artificially high phase loop gain. Figure 6 shows the
frequency program behaviour before (left picture) and after
(right picture) the deployment of the new transition
method. The phase loop contribution measured in Hertz is
also shown for the two cases.
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Figure 6: Transition from fixed injection frequency to B-
train with the old (left picture) and with the new (right pic-
ture) transition methods. The contribution of the beam
phase loop measured in Hz is also shown.

Programmable delay to simulate the effects of new B-
train distribution scheme

After LS2 the B-train information will be generated and
distributed digitally. This will present several advantages
but will include an additional delay with respect to the cur-
rent implementation. A programmable delay to the B-train
value received by the LLRF was then added to evaluate the
effect of this delay on the beam and how the LLRF would
correct for it with its beam-related loops.

Initial tests [10] carried out in May 2016 have shown that
the radial loop still manages to compensate for the incor-
rect frequency program generated from a strongly delayed
B-train. Figure 7 shows the comparison in the radial loop
contribution for an operational cycle and for a cycle where
the B-train information is delayed by 100 µs. The maxi-
mum contribution of the radial loop is increased by 450 Hz
and no substantial beam losses were observed, although no
specific observation on the longitudinal plane were done.

Figure 7: Upper window: radial loop contributions for op-
eration with the operational B-train and with a B-train de-
layed by 100 µs. Lower window: PSB measured magnetic
field.

Operation with Linac4
Upgrades are needed in the PSB LLRF system to receive

beam from Linac4. In particular, three tasks have to be de-
ployed and commissioned. First, all rings must be synchro-
nised in frequency and phase to an external injection refer-
ence shared with Linac4. Second, the RF interlock system
must be commissioned with the PSB LLRF systems. Fi-

nally, the longitudinal paining scheme must be overall fi-
nalised, which represents a common effort of the ABP, OP
and RF groups.

Good progress was made in 2016 on all these tasks,
which are however not yet completed. The plan is to have
the rings synchronisation commissioned and validated in
2017, as well as the RF interlock system operation with the
LLRF. An application is needed to control the RF interlock
system, and discussions on its specifications and develop-
ment steps are under way.

Finemet operation
The month of September 2016 was devoted to restart the

Finemet operation in view of the reliability run (6 to 29
September [11]). During this time the Ring 0 LLRF code
was upgraded to the various improvements deployed on
other rings in 2016. Once done that however the DSP code
had to be optimised to allow a reliable operation with
beam. In fact, the additional processing time required to
deal with the fourth HLRF system (Finemet-based) in PSB
Ring 4 was too long and did not allow to complete the syn-
chronisation process.

An additional feature added in September 2016 to the
Ring 0 LLRF system was the possibility to control in volt-
age and phase the third harmonic of the Finemet system
[12], rather than simply servoing it to zero voltage to coun-
teract the effects of the beam loading. This capability was
required to contribute to future longitudinal painting and
allows operation with harmonics h=1+2+3 [13].

PLANS FOR THE 2017 RUN
This sections gives an overview of the upgrades planned

for the PSB LLRF in 2017. The new features should be de-
ployed before the PSB spring startup if possible. Unfortu-
nately, the PSB restart has been very demanding owing to
several hardware- and cables-related problems originated
by works around the rings, and in particular the switch-
board installation. Figure 8 shows some of the hardware
damages suffered by the PSB LLRF systems, which took a
sizeable amount of time to be discovered.

Figure 8: Some hardware damages collateral to the switch-
board installation.

The main features to be deployed in the operational rings
are the following:
a) To deploy on all rings the firmware for improved beam

blowup with the C16 HLRF system.
b) To develop, deploy and commission the noise genera-

tion at the h=1 harmonic. This noise will be inserted in

M. E. ANGOLETTA

20



the  phase  loop as  well  as  in  the  C02 HLRF drive  in
order to study the replacement of the C16 blowup at a
much lower frequency. An initial scheme will be de-
ployed and additional improvements might be needed.

c) To finalise and validate the tasks needed for injection
from Linac4 and described by the “Operation with
Linac4” section of this note.

d) To prepare for tests with the White Rabbit-based dis-
tribution of the B-train values. If possible the tests will
be carried out in late 2017. Upgrades of the firmware
as  well  as  of  the  DSP  code  and  FESA  classes  are
needed to acquire the B-train value from the new dis-
tribution medium. Comparison with the performance
of the current B-train distribution scheme should be
done, thus expanding the tests shown in the “Program-
mable delay to simulate the effects of new B-train dis-
tribution scheme” section of this document. The expe-
rience gained with the ELENA LLRF and machine,
where the LLRF already received the B-train value via
White Rabbit, will therefore be extremely useful.

e) To upgrade a certain number of FESA classes to the
FESA3 version.

The main features to be deployed in the Ring 0 LLRF
are the following:
a) To develop, deploy and commission the noise genera-

tion at the h=1 harmonic. This noise will be inserted in
the phase loop as well as in the Finemet HLRF servo-
loop at h=1. Further improvements of this scheme
might be needed, depending on the experimental re-
sults obtained.

b) To upgrade the whole Ring 0 LLRF from the current
sweeping to a fixed-frequency clock operation. This
operational mode is already deployed in ELENA and
will  be  the  operational  one  for  all  CERN  machines
equipped with the same LLRF after LS2. From a beam
performance viewpoint this upgrade will be transpar-
ent, i.e. it will bring no new capabilities apart from a
better signal-to-noise ratio. It will be however an im-
portant step allowing the beam validation of existing
features with the new scheme.

c) To provide the “Beams and RF Studies” section of the
RF group with data on LLRF and HLRF behaviours
for studies. An example is the phase measurement of
the Finemet HLRF when the LLRF servoloops are ac-
tive.

CONCLUSION
The PSB LLRF systems are fully operational, provide a

higher performance than ever before as well as a very high
reliability. New features are however required for beam
studies and to prepare for operating the future PSB HLRF
and with injection from Linac4.

After LS2 the PSB will restart as a very different ma-
chine, equipped with a new, H- injection scheme, HLRF,
LLRF, extraction energy, B-train system. Moreover, some
key people  in  the  LLRF,  HLRF and studies  sections  will
likely have retired by then.

It is therefore essential that we profit as much as possible
from the beam before LS2 to validate new approaches and
to define the future LLRF system.
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LONGITUDINAL EMITTANCE BLOW-UP AND PRODUCTION OF
FUTURE LHC BEAMS

S. Albright, E. Shaposhnikova, D. Quartullo, CERN, Geneva, Switzerland

Abstract
During Long Shutdown 2 the RF systems of the PSB will

be replaced with broadband Finemet systems, there will also
be an energy increase and many other modifications. This
note summarises studies that were done to investigate how to
meet the emittance requirements for the LIU-PSB baseline
and a possible use of the broadband cavities to improve the
capture process.
The LIU-PSB baseline requires longitudinal emittance

blow-up to 3 eVs with 205 ns bunch length at extraction. The
current ferrite RF systems were used, with phase modulation
of a high harmonic, to produce 2.8 eVs bunches with 220
ns bunch length, as this is the largest that can currently
be transferred to the PS. Larger emittances were possible,
demonstrating the ability to reach the LIU-PSB baseline in
the future, which is confirmed in simulation.
The broadband impedance of the Finemet was exploited

to allow RF voltage to be supplied on three harmonics (h=1,
h=2, h=3), as opposed to the usual 2. For high intensity
beams this lead to an improved capture efficiency for the
same total voltage, and future studies are planned to demon-
strate if there is an effect on extracted transverse emittance.

INTRODUCTION
This paper describes two sets ofMDs, the first is dedicated

to the production of high emittance bunches for the LIU-
PSB [1] program, the second is an investigation into the use
of three harmonics at capture to produce longer and flatter
bunches than otherwise possible.

At current extraction kinetic energy of 1.4 GeV the longest
bunch that can be delivered from the PSB to the PS is 220 ns.
On the flat top with both C02 (h=1) and C04 (h=2) operating
at 8 kV in bunch shortening mode this gives a longitudinal
emittance of 2.8 eVs.
Losses early in the cycle are partially due to the large

transverse tune spread at low energies. Since the transverse
tune spread is proportional to the longitudinal line density
it follows that a reduction in the line density will reduce
the losses. The new HLRF Finemet systems that will be
installed over LS2 allow the possibility to arbitrarily divide
voltage across multiple harmonics, therefore allowing three
harmonics to be used during capture, rather than two as used
in current operations [2, 3].

2016 MDS
This section summarises the two MDs carried out dur-

ing 2016, the first related to production of large emittance
bunches, the second to demonstration of triple harmonic
capture using the Finemet test cavity in ring 4.

Longitudinal Emittance Blowup

The objective of these MDs was to demonstrate the po-
tential for a more optimised application of operational emit-
tance blow-up to reach the LIU-PSB baseline of 2.8 eVs with
nominal LHC intensities. Phase modulation of a high har-
monic is used operationally in the PSB for either emittance
blow-up, as in nominal LHC cycles, or longitudinal shav-
ing, as in LHCINDIV type cycles. Phase modulation works
by producing resonances between the high harmonic and
the synchrotron motion of particles within the bunch. The
induced resonances cause particles to move towards larger
synchrotron amplitudes, therefore increasing the emittance
of the bunch.
The ratio of synchrotron frequency distribution within

the bunch (ωs) and the modulation frequency of the high
harmonic (Ω) determines the strength and positon of reso-
nances. Since there is no flat portion in the PSB cycle the
emittance blowup is done on the fly, leading to a constant
change in ωs . Under these conditions relating the small am-
plitude synchrotron frequency (ωs0) toΩ through a constant
multiplier (M) is beneficial, and the condition Ω = Mωs0 is
imposed.

For a fixed voltage in the PSB the bucket area continually
grows during acceleration, therefore the relative spread of
synchrotron frequencies is reduced, as shown in figure 1a.
Under these conditions the number of resonances for a given
M will decrease during acceleration. For these MDs the
constant voltage was replaced with a constant bucket area
during emittance blowup. By applying a constant bucket
area the relative spread ωs0

ωs
is maintained (figure 1b), there-

fore induced resonances will persist allowing more effective
blowup.

Due to the presently available voltage in the machine the
bucket area does not become sufficient to contain 2.8 eVs
until near the end of the cycle. Therefore for these studies
blowup was performed in three steps, with bucket areas set
to 3 eVs, 4 eVs and 5 eVs, giving both time and sufficient
acceptance for blowup.
Figure 2 shows the voltage functions used for the three

RF systems (C02, C04 and C16) during emittance blowup
and up to extraction. The 1st harmonic (C02) shows three
sections where the voltage is reduced through time, these
are the fixed bucket area sections. The 2nd harmonic (C04)
is ramped down during blowup to remove the effect it has
on ωs , before being ramped up in bunch shortening mode
for extraction. The high harmonic (C16) is maintained at
a fixed multiple of the C02 voltage during blowup, before
being ramped up afterwards to help improve filamentation
of the bunch.
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(b) Fixed bucket area

Figure 1: Relative synchrotron frequency distribution ( ωs

ωs0
)

with constant 8 kV vs constant bucket area during accelera-
tion.

Figure 2: Voltage functions used for the three RF systems
during and after longitudinal emittance blowup.

As all three fixed bucket area sections are independent
from each other the modulation frequency and amplitude is
different for all three. Due to the current LLRF operational
conditions the optimum value of M in each section cannot
be pre-calculated, instead an empirical scan was used to
achieve desired effects.
The blowup was set up in each ring in a series of MDs,

demonstrating the efficacy of the principle and the ability
to achieve required similarity between the rings. Figure 3
shows the tomographic reconstruction of phase space prior

to extraction in ring 1. The other rings were similar in both
appearance and numbers, however further work is needed to
achieve uniform characteristics.

Figure 3: Phase space at extraction of the 2.8 eVs bunch in
ring 1.

Triple Harmonic Capture
Due to a hardware fault the MD described in this section

was limited to approximately 1 hour in length. However,
it demonstrated the ability to use three harmonics during
capture with minimal difficulty, and also showed that it may
enable reduced losses in the early part of the PSB cycle.
Large transverse space charge forces in the first tens of ms
of the ramp lead to significant tune spreads, and correspond-
ingly large losses. To reduce this effect the longitudinal
line density can be reduced, increasing the bunching factor
and decreasing the tune spread. For high intensity bunches
the current operational condition is to use the 1st and 2nd
harmonic in bunch lengthening mode, with 8 kV on both
harmonics. The voltages and phases used provide maximum
bucket area, and also reduce the line density of the beam.
From simulations it was seen that maintaining the 16 kV
total voltage, but including a third harmonic could reduce
the line density by approximately 20% as shown in figure 4.

Using the ring 0 LLRF beam control, which controls the
ring 4 HLRF systems, the beam was captured first with
the standard 8 kV + 8 kV on C02 and C04, after which
the Finemet system was enabled and the voltage was re-
distributed to 6.4 kV + 6.4 kV + 3.2 kV on C02, C04 and
Finemet h=3 respectively. After carefully aligning the phases
to give the standard profile with two harmonics and the flat-
test bunches possible with three harmonics the tomoscope
waterfall plots shown in figure 5 were obtained. Figure 5a
shows the standard double peaked structure assosciated with
a phase space distribution like that in figure 4a, whereas
figure 5b shows a significantly flatter profile, as would be
caused by the distribution in figure 4b.
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(a) Double harmonic

(b) Triple harmonic

(c) Line densities

Figure 4: Simulated phase space with two harmonics, three
harmonics, and corresponding line densities.

After setting up the voltages and phases correctly in each
case the BCT traces for a series of shots were recorded. Fig-
ure 6 shows the recorded intensities with two (red) and three
(blue) harmonics. As can be seen the use of three harmonics
enabled reliably higher intensities with approximately 10%
difference on average. Whilst the difference here is small
it should be stressed that approximately one hour of beam
time was used, and further improvements are expected to be
possible.

(a) Double harmonic

(b) Triple harmonic

Figure 5: Waterfall plots of capture and the early part of the
cycle with 2 and 3 harmonics.

PLANS FOR 2017
Both the longitudinal emittance blow-up and triple har-

monic studies discussed have significant room for further
research. This section discusses some of the work that is
intended to be carried out during the 2017 run.

Longitudinal Emittance Blowup
In most current operational cycles blow-up is performed

with voltage on both h=1 and h=2, as well as the high har-
monic, with h=2 in bunch lengthening mode. The disadvan-
tage of using h=2 in bunch lengthening mode is that both
ωs and ωs0 are extremely sensitive to small changes in rela-
tive phase. However, if bunch shortening mode is used the
sensitivity is greatly reduced, and is concentrated at large
synchrotron amplitudes. Repeating the 2016 studies but with
h=2 in bunch shortening mode is therefore planned for 2017,
it is hoped that this will allow blowup to happen faster than
with only h=1.

An alternative to phase modulation of a high harmonic is
to use phase noise. Band limited white noise injected onto
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Figure 6: Recorded BCT traces for capture with two har-
monics (red) and three harmonics (blue).

the main harmonic is currently used in both the SPS and
LHC for emittance blowup to great effect [4]. The hardware
capability exists to do this in the PSB, but it has not yet been
tested. Simulations show that it should be effective after LS2,
but machine measurements are needed for validation [5].

Triple Harmonic Capture
As a continuation of the first validation of triple harmonic

capture further studies are intended to quantify the effect on
the tune spread in two ways. First the transverse emittance
can be measured at the end of the cycle, since the emittance
growth appears to be driven by space charge effects lower
values are expected. Alternatively the working point can be
moved towards resonances that are known to be damaging,
it would be expected that incoherent losses will be reduced
with triple harmonics compared to double harmonics as the
footprint should be smaller.
These tests should be performed with a variety of com-

binations of voltages on the three harmonics. Equal bucket
area and equal total voltage between Vh1 = Vh2, Vh1 = 2Vh2
and Vh1 = Vh2 = 2Vh3, which will allow comparison be-
tween the standard double lobed structure used in operation
now, a flat double harmonic profile and the flattened triple
harmonic profile.

CONCLUSION
Two sets of MDs from 2016 have been discussed. Lon-

gitudinal emittance blowup studies have demonstrated an
optimisation of operational norms, which demonstrated the
ability to reach the LIU-PSB baseline for the first time. The
blow-up was applied in all four rings to confirm efficacy and
reproducibility, and whilst improvements are still possible
the system was shown to be effective. Secondly the use of
three harmonics, rather than the standard two, during capture
and early in the cycle was shown. Using three harmonics
allows longer and flatter bunches than otherwise possible,
and it was shown that this can give better transmission than
otherwise possible.
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HOLLOW BUNCHES PRODUCTION
S. Hancock, A. Oeftiger

Abstract
Hollow bunches address the issue of high-brightness

beams suffering from transverse emittance growth in a strong
space charge regime. During the Proton Synchrotron (PS)
injection plateau, the negative space charge tune shift can
push the beam onto the Qy = 6 integer resonance. Modify-
ing the longitudinal bunch profile in order to reduce the peak
line charge density alleviates the detrimental impact of space
charge. To this end we first produce longitudinally hollow
phase space distributions in the PS Booster by exciting a
parametric resonance with the phase loop feedback system.
These inherently flat bunches are then transferred to the PS,
where the beam becomes less prone to the emittance growth
caused by the integer resonance.
During the late 2016 machine development sessions in

the PS Booster we profited from solved issues from 2015
and managed to reliably extract hollow bunches of 1.3 eV s
matched longitudinal area. Furthermore, first results to cre-
ate hollow bunches with larger longitudinal emittances to-
wards the LHC Injector Upgrade project goals proved suc-
cessful. Here, we present the ingredients to the established
hollow bunch procedure, showing the few involved changes
to the PS Booster cycle for nominal LHC beam produc-
tion. We also discuss challenges related to the competing
phase loop and radial loop feedback systems: their mutual
responses can effectively inhibit the excitation of the paramet-
ric resonance which should deplete the core of the initially
parabolic bunches.

INTRODUCTION
The impact of transverse space charge can be mitigated by

flattening the usually parabolic longitudinal bunch profile.
Consequently, the peak beam self-field around the longitu-
dinal peak line density decreases. The direct space charge
tune spread for bunched beams can thus be reduced, which
helps to find good machine tunes minimising the interaction
with betatron resonances. The latter can result in transverse
emittance growth as well as beam losses, which is detrimen-
tal to beam quality. The most common approach to achieve
a flat bunch profile is to use a second RF system in bunch
lengthening mode.
In view of the LHC Injectors Upgrade (LIU), the inten-

sity of the nominal Large Hadron Collider (LHC) beams
is to be increased twice while keeping the same transverse
emittances [1]. These high-brightness beams are expected
to encounter a strong space charge regime during the Pro-
ton Synchrotron (PS) injection plateau. Transverse space
charge inflicts a negative tune shift on the beam, which in
the case of the PS can shift the beam into the vertical integer
betatron resonance stop-band Qy = 6. At the same time,
the PS structure resonance 8Qy = 50 puts an upper limit to
the bare machine tune in this tune diagram quadrant: peri-

odic trapping of halo particles [2] leads to intolerable beam
losses [3]. Thus, the machine tune should remain slightly
below Qy = 6.25 while emittance growth due to the integer
stop-band needs to be minimised. Hollow Bunches provide
a solution to this problem by shrinking the overall space
charge tune spread at PS injection.

This paper summarises the current status of MDs 210 and
211. Section I explains the theoretical considerations behind
hollow bunches. In section II we outline the 2015 proof of
concept experiments: (i.) production of εz,100% ≈ 1.3 eV s
hollow bunches in the PS Booster with a minimalistic set
of changes to the presently operational nominal LHC beam
production scheme and (ii.) first experimental quantification
of the improved emittance preservation in the PS. Section
III then reports on the 2016 advances on the study with
improved reproducibility of the delivered hollow bunches
in terms of longitudinal parameters, since some machine
issues found in 2015 have been resolved in the meantime.
First results to produce larger hollow bunches towards the
εz,100% = 3 eV s LIU goal are reviewed. Section IV finally
discusses the necessary ingredients to reach this goal, in
particular how to avoid beam-induced voltage in the high
frequency RF cavities as well as the mutual response of the
radial and phase loop feedback systems which may affect
the longitudinal parametric resonance excitation to create
hollow bunches.

I. THEORETICAL CONSIDERATIONS
The transverse incoherent space charge tune spread along

a transversely Gaussian distributed bunch reads

∆QSC
u (z) = − rp λ̂(z)

2π β2γ3

∮
ds

βu (s)

σu (s)
(
σx (s) + σy (s)

) (1)

with u = x for the horizontal and u = y for the vertical
plane. z denotes the longitudinal position with respect to
the RF bucket centre, rp the classic proton radius, q the
elementary charge, λ̂(z) the line density in m−1, β the beam
speed in units of c, γ the relativistic Lorentz factor, s the
position around the accelerator, βx,y (s) the local betatron
functions, and σx,y (s) the local transverse root mean square
(RMS) beam sizes. In presence of dispersion Dx (s) , 0, the
momentum distribution contributes to the horizontal beam
size,

σx =

√
βxε x/(βγ) + D2

xδ
2
RMS , (2)

where ε x,y denotes the normalised transverse RMS emit-
tances and δRMS � 〈(p − p0)/p0〉 the RMS momentum
deviation.
Since ∆QSC

x,y ∝ 1/(βγ2), it is foreseen to step up the PS
injection energy from Ekin = 1.4 GeV to 2GeV as the major
measure to mitigate space charge. The total bunch length BL
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already exploits the time window given by the rise time of
the PS Booster recombination kicker magnet and cannot be
further increased to reduce λ̂max. Bunch reshaping is hence
a good option to support the raise in injection energy to
decrease ∆QSC

x,y while fixing ε x,y , BL and intensity N . This
is where the concept of hollow bunches comes in, offering a
few advantages over usual double-harmonic flattening:

1. By producing an inherently flat longitudinal phase
space distribution upstream in the PS Booster, the PS
can profit directly starting from injection instead of first
having to adiabatically ramp up the double harmonic
in bunch lengthening mode. Double-harmonic shaped
bunches can in principle also be transferred directly.
However, this requires precise relative phase alignments
of the additional RF systems in both PS Booster and
PS to avoid longitudinal mismatch. In contrast, hollow
bunches can be transferred in a single-harmonic RF
bucket between the machines without further adapta-
tion.

2. The unused second harmonic voltage is available for
bunch shortening instead which hence allows for larger
longitudinal emittances at the same BL . NB: the LIU
goal is to reach a matched 100% emittance of εz,100% =
3 eV s (the present LHC beams feature 1.3 eV s at PS
injection).

3. In addition to reducing λ̂max, hollow bunches feature
a larger momentum spread δRMS. Due to Eq. (2) the
horizontal beam size enlarges which provides another
knob to reduce ∆QSC

x,y .

Starting from 2015, MD 210 has set up hollow bunch pro-
duction in the PS Booster and MD 211 has demonstrated the
subsequent benefit in terms of transverse emittance preser-
vation throughout the PS injection plateau. The present
approach to create hollow phase space distributions goes
back to an idea of Ref. [4]. The idea is to deliberately excite a
longitudinal dipolar parametric resonance. For this purpose
the phase loop feedback system can be used, which aligns
the RF reference phase φRF with the longitudinal centre-of-
gravity of the bunch. The dipole mode of the longitudinal
parametric resonance can be excited by phase modulation
[5]. The initially parabolic bunch has its centre depleted as
the core particles are excited to higher synchrotron ampli-
tudes during a few synchrotron periods. We modulate the
phase loop offset around the synchronous phase φs:

φRF(t) = φs + φ̂drive sin (2π fdrive t) . (3)

To excite the beam core, the driving frequency needs to
satisfy the resonance condition

m fdrive ≈ n fs,0 (4)

with fs,0 denoting the linear synchrotron frequency. In re-
ality, longitudinal space charge will reduce the RF phase
focusing below transition. The synchrotron motion in the

RF bucket centre slows down correspondingly, which trans-
lates to lower resonant driving frequencies around fdrive /
0.95 fs,0 in our case. The integer numbers m and n char-
acterise the m : n parametric resonance, where for us
m = 1, n = 1 proves to be most useful as only a single
filament is excited. This bunchlet wraps around the emptied
centre and would filament for a too long time before it effec-
tively forms a smooth ring in phase space, given the time to
extraction. The filamentation process can be enhanced by
smoothing by high frequency phase modulation to achieve a
stationary distribution within the PS Booster cycle, which
features the aforementioned lower λ̂max and larger δRMS. In
contrast to many other hollow bunch creation techniques
(cf. chapter 5 in Ref. [6] for an overview), our approach can
be implemented during the acceleration ramp rendering it
a versatile tool to mitigate the impact of transverse space
charge.

II. PROOF OF CONCEPT IN 2015
Production of Hollow Bunches

In August 2015, the radial loop feedback system has been
used in a first attempt to drive a dipolar longitudinal para-
metric resonance [7]. The new digital low-level RF (LLRF)
system of the PS Booster allowed to program a sinusoidal
offset vector in the radial feedback. At this point the phase
loop steering system only supported a fixed register value
for the phase offset, i.e. exciting the resonance directly with
the phase loop was not yet feasible. Nonetheless, one may
control the longitudinal phase indirectly via the radial po-
sition: in order for the radial loop to steer the radial beam
position, the feedback corrects the RF frequency programme.
Non-adiabatic changes of the RF frequency affect the beam
phase. Therefore, a sinusoidal radial steering at about the
synchrotron frequency translates to a sinusoidal phase steer-
ing. We used this mechanism to excite the dipolar longitudi-
nal parametric resonance as the waterfall plot in Fig. 1 shows.
The bunch centre indeed depleted within a few synchrotron
periods, hence demonstrating the conceptual feasibility of
producing hollow phase space distributions in this manner.

However, the indirect approach via the radial loop proved
to be rather ineffective: the phase loop acted against the
excitation and limited the finally reached full longitudinal
emittances (the “matched area” in tomoscope terms). For
further details on the experiment results with the radial loop
we refer the interested reader to Ref. [7]. The close link of
radial and phase loop feedback systems and their mutually
damping effect should play a role again at a later stage in
2016, as explained below and in section IV.

Later, the phase loop control system was extended to sup-
port offset vectors as well. This enabled us to directly pro-
gram a sinusoidal beam phase steering in order to excite the
resonance. In October and November 2015, a procedure
was established to create hollow bunches via the dipolar
resonance in the PS Booster [6, appendix A]. The goal was
to involve a minimalistic set of changes to the conventional
LHC nominal beam production scheme in the PS Booster
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Figure 1: Waterfall view showing the profile evolution of an
excited longitudinal phase space distribution. Turns increase
towards the top and the colour range from black via red to
white indicates decreasing line charge density. The initially
parabolic profile in the lower part is excited during four
synchrotron periods and then begins to filament in the upper
half of the plot (to eventually become a hollow bunch).

in order to ease possible operational implementation. The
following changes enabled a continuous delivery of hollow
bunches to the PS:

1. adiabatic powering down of the second harmonic
RF system C04 to provide single-harmonic parabolic
bunches at c-time C575 (the double-harmonic RF
bucket is required to reduce transverse space charge
impact during the first part of the PS Booster cycle);

2. sinusoidal beam phase steering during 6 synchrotron pe-
riods (i.e. 9ms) to excite bunch core particles to higher
synchrotron amplitudes during the dipolar parametric
resonance, thus depleting the RF bucket centre;

3. low phase loop gain during the resonance excitation
and high gain afterwards; and

4. two further subsequent phases of high frequency phase
modulation with the C16 RF systems at h = 9 in order
to smooth the filamenting phase space distribution.

In contrast to the previous experiment with the radial
loop, the phase loop approach provided highly reproducible
results at a fixed time instant directly after the parametric
resonance. Consecutive shots exhibited the same filamenting
phase space distribution at c-time C591. Furthermore, the
measured tomograms closely resembled simulations for the
exact same time span including the resonance excitation and
subsequent filamentation [8, Fig. 3d vs. Fig. 5b].

However, the outcome of the smoothing process varied on
a shot-to-shot basis due to the fluctuating effectiveness of the
high frequency C16 RF systems (problem 1). Later, during
2016 it has been found that the initial phase of the C16 wave
has been randomly distributed for subsequent pulses [9–11].
Varying this initial phase changes the resonance conditions
for the phase modulation [12]. Thus, the extracted hollow
bunches in 2015 had fluctuating longitudinal parameters in
terms of the matched 100% emittance as well as the RMS
emittance (as the finally achieved thickness of the hollow
phase space ring varied).
Moreover, hollow bunches proved to be more sensitive

to the extraction synchronisation loop action. The synchro-
nisation loop settings (including its gain) at the time have
had quite a strong impact on the beam (problem 2). In par-
ticular, the sudden RF phase synchronisation disrupted the
longitudinal phase space distribution: the centre-of-gravity
was relocated, which is much more visible in a hollow dis-
tribution than compared to a usual parabolic distribution
(although both are affected in the same way). Consequently
the filamenting phase space density in the bucket centre in-
creased resulting in non-flat-topped bunch shapes. Weaker
synchronisation loop gain (as a first remedy) and a lower
phase loop gain improved the situation in 2015 for the time
being.

Space Charge Mitigation
Towards the end of beam time in 2015 we injected into

the PS hollow bunches created as described above with mod-
erately stable longitudinal parameters. The goal of the ex-
periment was to assess how much hollow bunches improve
the transmitted beam quality through the 1.2 s long PS injec-
tion plateau of the nominal LHC beam production scheme.
We compared the transverse emittance growth of standard
parabolic bunches to hollow bunches for given injected ε x,y ,
N and BL . The results have been thoroughly discussed in
Ref. [6, chapter 5] and presented in Refs. [8, 13]. Here we
shall briefly outline relevant outcomes of the experiment.
Two measured examples of these bunch shapes are pre-

sented in Fig. 2a. A Gaussian and a rectangular bunch profile
are plotted as ideal upper and lower limits of the peak line
density. A rectangular profile of 4σz length correspondingly
allows for a factor

√
2π/4 ≈ 0.63 smaller λ̂max than the Gaus-

sian profile. NB: a rectangular profile is an extreme case
which can only be implemented in a double-harmonic bucket
in bunch lengthening mode. In a single-harmonic bucket ge-
ometry one necessarily ends up with a finitely inclined flank
of the profile. Here, the goal is to receive single-harmonic
bunches in the PS, which is why the effective lower limit in
the peak line density lies above the rectangular factor 0.63.

In order to vary the space charge strength, we compressed
the injected bunches to bunch lengths between 130 ns ≤
BL ≤ 220 ns. Fig. 2b plots the measured peak line densities
of the prepared parabolic and hollow bunches. The 1σ con-
fidence band of the hyperbolic fit of the hollow bunch peak
line densities is about twice as wide as in the parabolic case,
which comes from the shot-to-shot fluctuating efficiency of
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(a) Bunch shape comparison for equal BL : measured
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(b) Measured peak line densities over total bunch
length (with 1σ confidence bands and limit cases).

Figure 2: Comparison between peak line densities of parabolic and hollow bunches.

the high frequency phase modulation (cf. problem 1). The
fits indicate 10% lower peak line densities for the flat-topped
bunches compared to the parabolic ones.

The essential goal is to compare the impact of space charge
for both beam types. The vertical space charge detuning is
stronger due to the smaller beam size (as Dy = 0 while the
transverse emittances are the same), which explains why the
vertical (and not the horizontal) integer resonance stop-band
is the limiting factor. In order to assess the expected improve-
ment of the eventually transmitted transverse emittances, we
can refer to the maximal tune spread via Eq. (1) which uni-
fies the initial BL , N and ε x,y in one quantity. BL remained
constant during the injection plateau and there were only
marginal losses (constant N) but ε x,y would grow due to the
integer stop-band. To evaluate the reference Gaussian tune
spread ∆QSC

y
���max,Gauss

, we fixed a peak line density of

λ̂max =
N√

2πBL/4
. (5)

In reality, the direct space charge tune spread of the hollow
bunches is around 0.88 ∆QSC

y
���max,Gauss

due to the larger mo-
mentum spread δRMS and the lower peak line density λmax.
On the contrary, the parabolic bunches are represented quite
well by the Gaussian formula with a factor 0.97 lower real
tune spread. The Gaussian tune spread therefore serves as a
reference to evaluate how much transmission improves by
using hollow bunches instead of parabolic bunches.

The measured final vertical emittances at the end of the
injection plateau are presented in Fig. 3 along with empiri-
cal fits and their 1σ confidence bands. We concluded that
for the same injected intensity, transverse emittances and
(compressed) bunch length, hollow bunches indeed lead to
lower final vertical emittances than parabolic bunches. Thus,
hollow bunches provide a viable means to mitigate bunch
core emittance growth coming from the integer resonance
stop-band.
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Figure 3: Transmitted vertical emittance at the end of the
injection plateau over reference Gaussian space charge tune
spread via Eqs. (1), (5) (for the legend cf. Fig. 2).

III. RELIABLE PRODUCTION IN 2016
During the first half of 2016, problem 1 and 2 as described

in section II have been solved by the RF team:

1. The phase of the C16 RF systems can be reset to the
same value at the start of each pulse (even for chang-
ing harmonics, this has been implemented with a new
firmware upgrade on June 7), which renders the high
frequency phase modulation reproducible.

2. The extraction synchronisation loop (in particular the
phase synchronisation) has been optimised to avoid
disruption of the longitudinal phase distribution.

This enabled us to reliably extract well-defined longitudi-
nal parameters from the PS Booster: implementing the set-
tings of the previous year stably produced hollow bunches at
εz,100% = 1.3 eV s equivalent to nominal LHC-type beams.

In the following subsection we list the exact changes to the
operational LHC1A cycle (at the end of 2016) to obtain these
hollow bunches. We continue using ring 3 (implementing
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the concept on all four rings should be straightforward). In
a next step we present the εz,100% = 2 eV s approach.

Optimal Settings for ε z,100% = 1.3 eV s
The last beam modification during nominal LHC beam

production in the PS Booster cycle is the longitudinal blow-
up at c-time C500 by high frequency phase modulation. To
this end, the C16 RF systems pulse during 50ms at a voltage
of VC16 = 1.3 kV at harmonic h = 9. The phase modulation
uses φ̂ = 180° modulation depth. Furthermore, the modu-
lation frequency follows the decreasing linear synchrotron
frequency by 1.75 fs,0 (taking into account only the funda-
mental voltage of the C02 RF systems).
The starting point for the hollowing is again a single-

harmonic RF bucket, i.e., after the longitudinal blow-up at c-
time C550 we adiabatically ramp down the C04 RF systems
to 0.5 kV during 20ms. The fundamental C02 RF systems
remain at 8 kV throughout the cycle. The initial longitudinal
phase space distribution should exhibit as large a central
black patch of constant phase space density as possible in
the tomogram at c-time C573 directly before the parametric
resonance (cf. Fig. 5a). This ensures a well-defined ring
in longitudinal phase space afterwards, making the flanks
of the flat-topped bunch profile as steep as possible. The
above blow-up settings yield a parabolic bunch of εz,100% =
1.1 eV s. At c-time C575, when the resonance excitation
starts, the available RF bucket area is 1.8 eV s.

The ingredients to turn the parabolic bunch into a hollow
one comprise [14]:

• phase loop gain at 0.4 throughout the cycle;

• 6 synchrotron periods of phase loop excitation starting
at c-time C575 and ending 8.7ms later (cf. Fig. 4) with

→ modulation depth of around φ̂drive ≈ 17°,
→ modulation frequency of fdrive = 690 Hz,
→ phase loop gain of 0.2 during the excitation; and

• smoothing of the filament with a second 50ms long
C16 pulse of high frequency modulation at c-time C600
with

→ voltage of 1 kV,
→ modulation depth of φ̂ = 180°, and
→ modulation frequency of 0.65 fs,0 (1.35 fs,0 also

works).

Fig. 5 presents tomographic reconstructions of the longitu-
dinal phase space at important points during the cycle. The
lower right sub-plot (obtained with the “specialist” tomog-
raphy setting) shows the synchrotron amplitude projection
for the phase space distribution in Figs. 5b and 5c. Towards
the bucket centre, the phase space density clearly decreases.
Especially for the non-stationary filament in Fig. 5b, the
synchrotron amplitude projection provides a good tool to
optimise for the resulting hollow bunches at the end of the
cycle. The final bunch profile in Fig. 5c should feature steep

flanks and a steady flat top. The thickness of the excited fila-
ment and the minimal amount of particles left in the bucket
centre have to be carefully adjusted to obtain an optimal
bunch shape.
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Figure 4: 6 synchrotron periods of phase modulation.

The third smoothing C16 pulse (at C700) from the 2015
set-up is not needed any more, as the blow-up works more
reliably now due to the fixed initial relative phase of the C16
to C02. In general we found that, the more concise and well-
defined the smoothing, the less the resulting longitudinal
parameters seem to fluctuate. Fig. 5d shows an example of a
hollow bunch with εz,100% = 1.3 eV s at c-time C795 10ms
before extraction [15].

Settings for ε z,100% = 2 eV s
The energy acceptance (∆E/E0)max in an accelerating

single-harmonic RF bucket is given by [16, Eq. (65)]:

(
∆E
E0

)

max
= ± β

√
− eV
πhηE0

× √
2 cos(φs) + (2φs − π) sin(φs) ,

(6)

where η = γ−2
t − γ−2 denotes the slippage factor with the

transition energy γt and E0 = γmpc2 the total beam energy.
For a fixed synchronous phase φs, the energy acceptance
hence monotonically increases on the interval 1 ≤ γ <
γt. This entails that the RF bucket area grows towards the
end of the PS Booster cycle while, at the same time, the
already blown-up longitudinal emittance remains constant.
Therefore, the larger available RF bucket area at later c-times
offers more space for the dipolar parametric resonance to
excite the filament to larger synchrotron amplitudes. The
achieved hollow bunches after smoothing should thus reach
larger longitudinal emittances if the excitation is shifted
towards the end of the PS Booster cycle.

The parametric resonance should be followed by 50ms of
high frequency modulation for smoothing. The latter should
finish before the radial loop may move the beam from the
fixed radial position at 0mm to the final −2mm during some
20ms before the synchronisation loop sets in. The first step
of the synchronisation loop, the frequency steering, starts at
c-time C775. Just as a remark, the second step is the phase
alignment to the PS, which happens 7ms to 10ms after the
revolution frequency of the PS Booster has been adapted to
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(a) The initial parabolic phase space distribution in a single-
harmonic RF bucket at C573.

(b) The filamenting phase space distribution at C590 after 6
synchrotron periods of parametric resonance excitation.

(c) The smoothed final hollow phase space distribution at C795
after subsequent C16 pulses (10ms to extraction).

(d) The received hollow bunch in the PS at C185 (15ms after
injection).

Figure 5: Snapshots of the longitudinal phase space distribution during creation of hollow bunches with the 2016 set-up.
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the PS. Subtracting the 20ms radial steering and the 50ms
C16 pulse from c-time C775 hence requires the parametric
resonance excitation to finish at the latest at c-time C705. To
extract larger longitudinal emittance, we also need to set up
the second harmonic in bunch shortening mode at the end
of the cycle in order to avoid beam loss of too long bunches
interfering with the recombination kicker rise time window.
Following the same set-up (canonical blow-up, single-

harmonic RF bucket) as for the excitation starting at c-time
C575, we have achieved first good results starting at C675:
the synchrotron frequency in the single-harmonic RF bucket
with Vh=1 = 8 kV amounts to f0 = 504 Hz at this point. It is
crucial to remove the interference of the radial loop feedback
system (see section IV) to avoid complete suppression of
the dipolar resonance excitation. A scan to determine the
window of resonant frequencies fdrive reveals sharp edges
(clearly defined to 1Hz [17]):

408 Hz < fdrive < 440 Hz . (7)

Promising and reproducible first results from the excita-
tion at this late point of the cycle have been achieved with
fdrive = 420 Hz, φ̂drive = 45 deg and 5 synchrotron peri-
ods duration (i.e. 12ms) [18]. At the end of the 2016 run
we were hence in a position to produce excited filaments
at 0.5 eV s RMS longitudinal emittance (twice the nominal
LHC beam-type value), while the matched 100% longitudi-
nal emittance reached 2 eV s. Fig. 6 demonstrates an example
tomogram with the reconstructed longitudinal phase space.
The effective blow-up due to the hollowing from the initial
1.1 eV s to 2 eV s is a step towards the LIU goal of injecting
3 eV s bunches into the PS.

Figure 6: Longitudinal phase space after late resonance
excitation starting at C675, showing a large excited filament
(matched 100% emittance of 2 eV s).

IV. LESSONS LEARNED
C16 Induced Voltage and its Harmonic Setting

The C16 RF systems are used to smooth the excited bunch
filament in a second pulse (the first one provides the canon-
ical longitudinal blow-up for LHC beam production). It is
important to control the high frequency modulation well in
order to obtain well-defined longitudinal bunch parameters
(RMS and 100% emittances as well as momentum spread).
We have noted a significant impact on reproducibility if
the C16 cavities are left in a resonant state from the first
blow-up onwards, i.e. when the programmed harmonic is an
integer of the revolution frequency (which is the presently
employed setting in operation). Fig. 7a shows the measured
beam induced voltage in the C16 RF systems rising up to
some 0.2 kV after the second pulse when the harmonic is
left on h = 9.

Tuning the C16 to some non-integer multiple of the revo-
lution frequency makes the cavities transparent to the beam.
Unwanted further resonance effects distorting the longitu-
dinal distribution can thus be suppressed. The higher the
non-integer harmonic, the better the suppression seems to
work. However, the C16 high frequency RF systems natu-
rally have an upper limit: we find significant induced voltage
by the beam passage when the frequency programme exceeds
a certain frequency at around 17MHz when programming
h = 10.5. We achieved the best results at h = 9.5 in between
the two first C16 pulses and again after the second one as
shown in Figs. 7b and 7c.

Cross-dependency of Radial and Phase Loop Feed-
back

The action-reaction coupling between the phase loop and
radial loop feedback systems becomes more and more pro-
nounced towards the end of the cycle. While the damping
reaction of the radial loop to the excitation of the parametric
resonance is present but limited around c-time C575, it effec-
tively inhibits the resonance driving at later c-times around
C675. The excitation works fine if we switch off the radial
loop altogether, however, switching it back on afterwards
may result in beam losses.
Simply reducing the radial loop gain directly (up to 2

orders of magnitude) unfortunately did not suffice to avoid
the damping. Instead, we found that the radial loop biquad
corrector has a strong influence on the immediate reaction
of the radial loop. By reducing the biquad corrector gain
(from the previous setting of 2.2 to 0.15), the coupling be-
tween the two feedback systems could finally be significantly
reduced. Together with a half of the radial loop gain (1.5
instead of the canonical 3), this eventually enabled the exci-
tation of the parametric resonance to deplete the phase space
distribution [18]. At the same time, the radial loop steering
behaved much smoother with less fluctuations across the
entire cycle than before, which suggests that the radial loop
in the canonical setting for LHC beam production acts overly
strong.
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(a) Measured C16 voltage while remaining on h = 9 after second
smoothing pulse, clear sign of induced voltage after C650.

(b) Frequency programme avoiding induced voltage by setting a
non-resonant h = 9.5 after C650.

(c) Measured C16 voltage without induced voltage after C650.

Figure 7: How to minimise induced voltage in the high
frequency RF system.

Fig. 8 shows the feedback loops’ final steering on the
scope for the optimal gain settings found to produce the
large emittance hollow bunches (cf. Fig. 6).

Figure 8: The final steering inputs for the phase loop (yellow)
and the radial loop (green) along with the measured radial
beam position (magenta) during the parametric resonance
excitation around c-time C675.

The yellow curve for the phase loop clearly exhibits the 5
synchrotron periods long sinusoidal offset to drive the para-
metric resonance. At the sudden end of the excitation, the
phase loop’s own feedback input makes it recapture the os-
cillating bunch, resulting in the last 180° shifted oscillation
before it fluctuates around the programmed default phase
offset of zero. The magenta curve marks the measured radial
position of the beam, which shows the sinusoidal radial off-
set due to the RF frequency change caused by the phase loop
steering. Note the 90° shift between the radial position and
the phase loop curves: the phase loop provides the external
driving and we expect the actual bunch phase to be shifted
by 90° in case of resonant beam reaction to the driving fre-
quency. This translates to the radial position oscillation in
phase with the longitudinal bunch centre-of-gravity. The
green curve represents the radial loop steering with negli-
gible reaction to the phase loop’s oscillating steering. Our
weak corrector gain settings indeed work as the radial loop
does not inhibit the excitation process any more.

CONCLUSION
During MD 210, hollow bunches have been successfully

produced in the PS Booster by means of exciting a longitu-
dinal dipolar parametric resonance with the aid of the phase
loop feedback system. We have presented the minimalistic
set of changes to the LHC1A cycle for nominal LHC beam
production which allows to extract hollow bunches with a
matched longitudinal emittance of εz,100% = 1.3 eV s. The
space charge mitigating effect of hollow bunches during the
PS injection plateau has been demonstrated in the context
of MD 211. We have outlined a strategy to produce larger
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longitudinal emittances with first results featuring a matched
area of 2 eV s.

Crucial ingredients for the larger longitudinal emittances
is to remove the response of the radial loop to the sinusoidal
phase loop steering. The corresponding lower radial biquad
corrector gain also led to a much smoother action of the
phase loop compared to the fluctuating reaction under the
strong setting of the nominal LHC1A cycle. Furthermore, the
C16 needs to be set to a non-integer harmonic during the
later part of the cycle to avoid a back reaction on the beam.
Next steps include implementing the smoothing of the

large emittance hollow bunches. To this end, the second
harmonic in bunch shortening mode might already be used
during the resonance excitation: the correspondingly larger
synchrotron frequency gradient across RF bucket should pro-
vide quicker filamentation. Furthermore, exciting the bunch
core by a frequency band of phase loop noise instead of a
single frequency might provide a more smooth hollowing
procedure, which could avoid the radial loop interference
as the bunch centre-of-gravity would not be as strongly af-
fected.
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SPACE CHARGE STUDIES IN THE PS
F. Asvesta∗, H. Bartosik, H. Damerau, A. Huschauer, Y. Papaphilippou,

M. Serluca, G. Sterbini, P. Zisopoulos

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

∗ foteini.asvesta@cern.ch

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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(a) (b)

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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THE (7,7) OPTICS AT CERN PS
M. Serluca∗, S. Aumon, I. Efthymiopoulos, F. Sperati,

G. Sterbini, F. Tecker, P. Zisopoulos CERN, Geneva, Switzerland

Abstract
The PS lattice is composed by one hundred combined

function magnets, which set the bare tune of the machine
to (Qh , Qv) = (6.25, 6.28). Low energy quadrupoles are
used at injection to move the tune in a limited working point
area. In particular the vertical tune is moved below 6.25 to
avoid the structural resonance 8 Qv = 50 coupled with space
charge, which leads to strong losses. In view of the high
demands in terms of beam brightness for LIU and HL-LHC
projects, the interest of exploring different integer tune work-
ing area started during last years. During 2016, for the first
time, it has been possible to explore the (7,7) tune working
area at injection using the auxiliary circuits of the combined
function magnets. A finite-element magnetic model, under
development, has been used to predict the required currents
in order to get the desired optical parameters. In this pa-
per we present the results and issues encountered during
the Machine Development (MD) studies about the injection
in the (7,7) area along with optics and beam parameters
measurements.

INTRODUCTION
The CERN PS has been working reliably for the past 60

years, during its long history it has been upgraded several
times to cope with the increasing demands of the down-
streams accelerators and experiments. In view of LIU and
HL-LHC projects, the injection kinetic energy of the PS will
be increased from 1.4 to 2 GeV to mitigate the space charge
tune spread of the increased brightness beams. The com-
bined function magnet unit is composed of a focusing and a
defocusing half-unit. So called "Pole FaceWindings" (PFW)
are placed on the pole faces and "Figure of eight Loop" (F8L)
are mounted around each half unit. PFWs are used at high
field level to compensate the quadrupolar saturation and leak-
age field, whereas F8L increases the quadrupolar field in
one half-unit, while decreasing it on the other half without
affecting the integrated bending field. The bare tunes of
the machine are (Qh , Qv) = (6.25, 6.28). At injection Low
Energy Quadrupoles (LEQ) are used to set the tunes in a
small area around the bare tune.
A structural resonance coupled with space charge limits

the vertical exploitable area between 6.25 and the integer
resonance 6 [1]. Injecting the beam above 6.25 lead to strong
losses while pushing the tune close to the integer leads to
emittance blow-up. In the effort of studying alternative sce-
nario to exploit the full potential of the accelerator, the pos-
sibility of changing the integer tune was considered. While
it is relatively simple to move the tunes in the (5,7) and (7,5)
area using the F8L, which has almost a linear effect, it is
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much more difficult to move the tunes in the (7,7) area us-
ing the non-linear PFWs. Indeed, in normal operation the
working point is programmed by relative variations because
the relationship between absolute value of the working point
and currents in the auxiliary circuits is not known. The last
point has also stimulated the collaboration with the magnet
group at CERN to continue the development of the magnetic
model of the PS in order to predict tunes and chromaticities
for a given set of auxiliary currents. In the following section
we present details of the PS main magnet and the magnetic
cycle of LHC-type beams. Then we introduce the PS injec-
tion scheme and the experimental results of the MD1905 for
the (7,7) optics.

THE CERN PS MAIN MAGNET
The PS ring is made by one hundred combined function

magnets. A picture of the magnet is presented in Fig. 1 and
the cross-section of the PFW plate with auxiliary circuits
is illustrated in Fig. 2. Each magnet unit is divided into a
focusing and a defocusing half unit, half units are composed
of five consecutive blocks. The PFWs are divided into four
independent circuits, named DN, DW, FN, FW. "F" and "D"
represent the focusing and defocusing part where they are
mounted, "N" and "W" stand for narrow and wide type of cir-
cuit. Wide circuits cover the whole magnetic pole whereas
the narrow circuits only cover the part where the iron gap
is narrow (smaller aperture). F8L is a winding describing a
figure of eight around the focusing and defocusing poles of
the magnet. The possibility to power the circuits indepen-
dently gives control on the tunes, linear chromaticities and
one additional parameter, usually Q′′

h
or Q′′v . An effective

model is constructed with the measurements of the variation
of betatron parameters in response of the PFWs and F8L
currents at different momentum of the beam.

Figure 1: Picture of the PS combined function magnet unit.
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Figure 2: Cross-section of pole-face windings plate. Narrow
circuits pole conductors are from 11 to 20 (light green) with
return conductors 1-4 and 21-26 (green). Wide circuits are
from 8 to 10 (orange) with return conductors 5-7 (red). The
small black points are passive circuits that correct the eddy
current effects.

Magnetic cycle of LHC-type beams in the PS
The role of the PS in the LHC injection chain (in addition

to the acceleration) is to preserve the brightness of the beam
and generate the final longitudinal structure of LHC-type
beams. The beams are injected at 1.4 GeV kinetic energy and
accelerated up to a momentum of 26 GeV/c. The magnetic
cycle for the double batch injection scheme for LHC-type
beam is presented in Fig. 3, the entire cycle is composed
of three basic periods (1.2 s per period), the first batch is
injected at 170 ms and the second batch at 1370 ms. After
the injection of the two batches, the beam is accelerated on a
second plateau for RF splitting. During the second accelera-
tion the PS beam crosses the transition energy around 6 GeV
and at top energy the beam is manipulated longitudinally to
get the desired bunch spacing before extraction.
LHC-type beams can be produced using the classic

scheme of double batch injection (4+2 bunches) in harmonic
7 (h7) followed by triple splitting on the intermediate en-
ergy plateau at 2.5 GeV and a double-double splitting at top
energy to get the final 72 bunches with 25 ns bunch spac-
ing. An alternative method is the Bunch Compression and
Merging Scheme (BCMS) which is characterized by (4+4)
bunches injected in h9, the bunches merge in four on the sec-
ond plateau before triple splitting and a final double-double
splitting at top energy to get 48 final bunches.

Figure 3: Magnetic cycle of CERN with double batch injec-
tion scheme for LHC-type beams.

WORKING POINT OF THE PS
The combined function magnets of the PS set the bare

tune to (Qh , Qv) = (6.25, 6.28) and natural chromaticities
to (ξh ,ξv) = (-0.8,-1). Figure 4 shows the frequency space
of the PS, the bare tune is represented by a black point. The
blue area around the bare tune is the reachable area of LEQs
with currents within ± 10 A. The plot also shows first (full
black lines) and second (dashed blue lines) order resonances.
The 8th order structural resonances are shown in red and can
be written as aQh + bQv = 50 with a + b = 8. Several MDs
have been performed during last years to characterise the
resonances [2, 3], in particular the 8Qv = 50 is one of the
limiting factor to increase the beam brightness. The outcome
of the studies has shown that the structural resonance is
coupled with space charge, i.e. intensity dependent, and
it leads to strong losses during the long flat bottom if the
beam is injected above Qv = 6.25. This resonance limits the
exploitable tune area to accommodate the expected Laslett
tune spread of about -0.31 or more for LIU and HL-LHC.
Figure 4 shows that the (7,7) area is free from structural
resonances and, in principle, the area between the integer
7 and the third order resonance Qv = 7.33 could be fully
exploitable to place the high brightness LHC-type beam and
keep the emittance growth and losses within LIU budget.
F8L is linear circuit and can be used to move the tunes in
the (5,7) or (7,5) area [1]. These particular cases are not
discussed in this paper. PFWs are non-linear elements and
not used at injection for regular operation. A basic approach
to move the working point would be to ramp the PFWs
currents along the flat bottom while measuring the tune in
order to approach the working point space towards the (7,7)
area. Unfortunately the beam does not survive to several
resonances that are present in the machine and are excited by
the ramping fields of the PFWs. In particular the resonance
Qv = 6.75 leads to a complete loss of the beam.
A finite-element magnetic model has been prepared in

OPERA during last years to predict the required currents in
the auxiliary circuits [4]. The model successfully reproduce
the tune of the bare machine within 1% and chromaticity
within 30%. When PFW currents are added to the model,
the errors in tune and chromaticity increase. This magnetic
model has some limitations: it uses a straight magnet (the
real is bent), there is a clear dependence of the multipolar
fields on the radius of expansion and therefore the conversion
of the integrated fields to multipoles in MADX.

INJECTION IN THE (7,7) WORKING
POINT AREA

The PS injection scheme for proton (Fig. 5) is performed
with a four bumpers scheme to control the orbit displacement
and the slope of the bumped orbit. The septum bends the
beam from BT-BTP line by 55 mrad (nominal value) and
then it goes through the bumper 43 and 44, a kicker in SS45
operated in terminated mode gives the final 4.3 mrad kick to
place the beam on the closed orbit. For a given position and
angle of the injected beam at the septum flange the bumpers
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Figure 4: Tune area of the CERN PS. The black point repre-
sents the bare tunes of the machine (Qh , Qv) = (6.25, 6.28),
resonances: integers (black lines), second order (blue dashed
lines), 8th order structural (red lines). The blue area around
the bare tune represents the reachable area of the low energy
quadrupoles at 1.4 GeV.

43, 44 are matched to steer the injected beam with zero
horizontal orbit displacement and -4.3 mrad angle in the
kicker 45. The bumpers 40 and 42 are then matched to close
the bump for the circulating beam. Operationally the strength
of the septum, kicker and bumpers are optimized for each
different beam to minimize losses and close the bump. An
injection steering program is used in operation to minimize
injection oscillations and, as consequence, the emittance
blow-up due to errors. SEM grids are also used in dedicated
MDs to check the betatron and dispersion mismatches of the
incoming beam with respect to the periodic optics solutions
of the ring at the exit of the septum flange.

Figure 5: Injection scheme of the CERN PS at 1.4GeV
with bumpers, septum and kicker (not to scale). The in-
jected beam trajectory from the transfer line in green and
the bumped orbit in red.

The (7,7) optics changes the phase advances in the ma-
chine elements and it is not possible to use, in the standard
way, the control room tools to adjust injection and orbit.

During 2015 several tests were performed to inject the beam
using different settings of the PFWs currents calculated with
the magnetic model. In most of the cases the beam did not
survive injection, for one set with about 70A in the wide
circuits and 20A in the narrow circuits of the PFWs, it was
possible to observe part of the beam going through injection
and survive for few ms (∼ 1k turns). Figure 6 shows the
magnetic cycle of LHC-type beam and the intensity of the
injected beam. The beam used for this experiment is a clone
of the BCMS operational beam, using a single bunch from
ring 3 of the Booster with low intensity (25 1010 ppb).

The intensity of the beam at injection, presented in Fig. 6,
shows that half of the beam is lost at injection and the re-
maining half is lost after few ms. The orbits, measured in
43 BPMs per plane, are presented in Fig. 7. Each line in the
plot is an average over 200 turns after the end of the bump.
It was not possible to measure the tunes in a clean way but it
is possible to have an indirect measure of the integer part of
the tune by counting the number of orbit oscillations around
the machine in Fig. 7. This indirect measurement indicates
that the tune is close to seven but it is not possible to get the
fractional part of it or to understand if it is below or above
seven.

Figure 6: LHC-type beam magnetic cycle (blue line) and
intensity evolution of the beam in green. The bunch intensity
from the Booster is 25 1010 ppb indicating that half of the
beam is lost at injection. The beam survives for few ms (∼
1k turns).

Figure 7: Vertical and horizontal orbit of the beam after
injection. Each line is an average over 200 turns after the
end of the injection bump which lasts about 500 turns.
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In 2016 we continued the MD trying to improve the in-
jection and measuring the optics and beam parameters. The
orbits and the signals in the BPMs clearly show that the
bump is not closed and the orbit needs to be corrected. As
first attempt to correct the injection and orbit of the beam,
we measured the response matrices of all injection elements:
bumpers, kicker and septum, and the matrices from all or-
bit correctors in both planes. After applying the calculated
corrections we did not observe any improvement in the be-
haviour of the beam. Several tests on other possible sources
of the problem were not successful until we switched off the
radial loop of the B-TRAIN, which measures the integrated
bending field, seen by the beam. Even with strong losses,
part of the beam was surviving along the injection plateau.
This effect indicated that the use of the B-TRAIN for this
configuration needed to be reconsidered. A further check
on the timing of the PFWs currents led us to discover that
the fields generated by the PFWs were changing the reading
of the magnetic marker (around 60ms ctime) used to set the
B-TRAIN field. Delaying the start time of the PFWs after
the magnetic marker solved the problem.

After optimizing the currents in the injection elements and
correctors, we were able to inject properly the beam in the
PS. An example of intensity along the injection flat bottom
for the corrected case is presented in Fig. 8. The beam is
dumped on the internal dump at the end of the flat bottom
since the ramp and the extraction was not commissioned.
The intensity in this case shows that almost no losses occur
at injection, the 25 1010 ppb from the PSB are transmitted
to the PS, some losses are still observed during the injection
plateau. The corresponding orbits of the beam are presented
in Fig. 9, the plot clearly shows a strong reduction of the
peak-to-peak orbit distortion with an oscillation amplitude
similar to what is measured with the operational beams in
the (6,6) tune area. The setting of the injection elements and
PFWs used in the (6,6) operational area and in the new (7,7)
area are reported in Table 1.
It is important to note that the maximum PFWs current

is limited to 250 A. This means that the beam cannot be
accelerated while keeping the PFWs proportional to energy,
same argument regards the RMS currents during the cycle
(80 A over the supercycle). The highest energy achievable
in this condition is about 9GeV. Even if it is not possible to
extract the beam at top energy, the studies of the newworking
tune area are interesting because they improve our knowledge
of the magnetic model and non-linear fields generated by the
PFWs. We have also gained experience with the injection
optics and the related tools in control room in view of the
commissioning of the new injection at 2GeV.

TUNE AND CHROMATICITY
MEASUREMENTS

Themeasurement of the fractional part of the tune is based
on an excitation of the beam and consecutive measurement
of the beam response in a fast pick-up over a finite number
of turns. The Q-meter software tool in the control room

Table 1: PFWs, septum (SMH42), bumpers (BSW) and
kicker (KFA45) settings at injection for the (6,6) and (7,7)
WP area.

Element I [A] ((6,6) area) I [A] ((7,7) area)
FW 0.0 70.0
DW 0.0 70.0
FN 0.0 19.0
DN 0.0 15.0
BSW40 1030.2 1196.1
BSW42 3773.4 3780.8
BSW43 3090.7 3027.7
BSW44 1142.1 1124.85
KFA45 337.1 [KV] 356.6 [KV]
SMH42 31272.9 31739.2

Figure 8: LHC-type beam magnetic cycle (blue line) and
intensity evolution of the beam in green. The bunch intensity
from the Booster is 25 1010 ppb indicating that no losses
occur at injection. The beam is dumped on the internal dump
at the end of the injection plateau to avoid irradiation of the
full ring.

Figure 9: Vertical and horizontal orbit of the beam after
injection. Each line is an average over 200 turns after the
end of the injection bump which lasts about 500 turns.

calculates the fractional part of the tunes by Fourier analysis
of the data. Using the PFW settings in Table1, the Q-meter
calculates (qh , qv) = (0.27, 0.16). For the following MDs
we moved the fractional part of the tunes with LEQs to
(qh , qv) = (0.24, 0.22). To measure also the integer part of
the tune and compare the results of the Q-meter, an advanced
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method based onmultiple BPMdata analysis with Numerical
Analysis of Fundamental Frequencies (NAFF) algorithm
was applied to the transverse data [5, 6]. The method does
not need to excite the beam, it is very fast and allows to
get turn-by-turn tune measurements with also the integer
part. The orbit data during the injection bump are chosen
due to the largest betatron oscillations. An example of tune
measurement with this technique is presented in Fig. 10.
The upper plot shows the turn-by-turn evolution of the tunes
while the plot below shows the relative errors. In about 40
turns the measurements converge to the values obtained by
the Q-meter with a perfect agreement in the horizontal plane
and a small deviation of 0.02 in the vertical tune.

A chromaticity measurement was also performed to eval-
uate the effects of the non-linear PFWs. Indeed the mea-
surements in Fig. 11 show that the horizontal chromaticity
has a parabolic shape, the effect is less strong on the vertical
plane. The linear chromaticities are comparable to the val-
ues measured in the (6,6) area. It should be noted that the
Q-meter in the control room does not measure the integer
part of the tune and the reported values by the software GUI
in Fig. 11 are with the integer 6 by default.

Figure 10: Tunes measurement with advanced multiple
BPMs data and NAFF algorithm during the firsts 70 turns.

Figure 11: Chromaticity measurement snapshot using the
Q-meter in the control room. Note that the tool does not
measure the integer tune so it displays 6 by default.

DISPERSION MEASUREMENTS AND
INJECTION STEERING PROGRAM

To continue the characterisation of the new optics we mea-
sured the dispersion, presented in Fig. 12. We continued
our studies using LHCINDIV beam (∼ 1210 ppb) to reduce
irradiation due to the heavy use of the internal dump. The
measured points in the plot are in a reasonable agreement
with the MADX model at (7,7) (blue line in the plot). The
MADX optics model was implemented in the injection steer-
ing tool of the PS, named YASP [7], to correct the injection
orbit and minimize the oscillations. Apart from some issues
uploading the model in YASP due to different naming con-
vention in the element database, the implementation was
successful and led to orbit correction at the very first try.
The output of YASP showing the orbits in both planes for
the first and second turn after correction are presented in
Fig. 13, the superposition of the two orbits indicates that the
injection steering program works correctly.
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Figure 12: Dispersion measurement in the horizontal plane
shows a good agreement with the MADX model.

Figure 13: First and second turn orbit from the injection
steering program YASP shows an excellent injection oscilla-
tion correction.

THE (7,7) OPTICS AT CERN PS

47



EMITTANCE MEASUREMENTS AND
EFFECT OF THE Qv = 7.25 LINE ON THE

BEAM

To complete the beam characterisation with the new work-
ing point in the (7,7) area we measured the emittances at
PSB extraction and PS injection to get some indications
about the beam mismatch with the new optics. The transfer
line is not fully PPM and the only way to inject without mis-
match would have been to perform dedicated MDs. Given
the complexity of the operation and few MD slots left at the
end of last year operation, we decided to leave the transfer
line mismatched. The results of the emittance measure-
ments in the horizontal and vertical plane are reported in
Fig. 14 and 15, respectively. The vertical axis represents the
measurements at PSB extraction while the horizontal one
represents measurements at PS injection; the colour scale
indicates the bunch intensity. The results indicate a blow-up
in the horizontal plane of about 10% and 40% in the vertical.
Given the low intensity of the beam, the observed blow-ups
are assumed to be mainly from the betatron and dispersion
mismatches at injection.
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Figure 14: Horizontal emittance measurements at PSB ex-
traction and PS injection. The colour scale indicates the
bunch intensity.

An interesting study carried out is the effect of the line
Qv = 7.25. Frequency Map Analysis (FMA) do not show
any 8th order resonance but the 4th order with the formation
of the 4 islands in the transverse space [8]. To analyse the
line we moved the vertical tune just below and above 7.25
(Qv = 7.245 and 7.255) while measuring the losses between
injection and the end of the flat bottom. The results are pre-
sented in Fig. 16, for each set of data it is clear a correlation
between intensity of the beam and observed losses. In addi-
tion the result for Qv = 7.255 indicates that losses increase
above 7.25. Most likely the new observed resonance is a
lattice resonance excited by the PFWs currents. A possible
way to study the real nature of the Qv = 7.25 resonance
would be to move the tune in the (5,7) area using the lin-
ear F8L, and repeat the study for working points above and
below 7.25.
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Figure 15: Vertical emittance measurements at PSB extrac-
tion and PS injection. The colour scale indicates the bunch
intensity.

To complete the study we measured the response matrices
of the system. A scan of the tune and chromaticity, adding 2
A on each PFW circuit to the nominal value listed in Table 1,
has been performed. The results presented in Fig. 17 show
that increasing the current in the defocusing circuits the
tunes approach to a common value, while the chomaticity
has almost the same values for the wide circuit and inverted
values for the narrow circuit. The effects of focusing circuits
on the tunes are the opposite; the tunes diverge while the
effect on chromaticity is similar, almost same value for wide
circuit and inverted values for the narrow one. From these
results it is possible to construct a matrix to move tunes and
chromaticities in the (7,7) tune area.
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Figure 16: Losses as function of injected intensity for work-
ing point above and below Qv = 7.25.

CONCLUSION
For the first time the injection of LHC-type beam in the

(7,7) tune area of the PS has been achieved. The injection
issues encountered during the MDs have been useful to un-
derstand the procedures to follow in case of operation with
the auxiliary circuits at injection. Even if it is not possi-
ble to accelerate the beam at top energy, the exploration of
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Figure 17: Tune and chromaticity scan adding (individually)
2 A on each PFW circuit to the nominal value listed in
Table 1.

the new tune area gives us the opportunity to improve the
non-linear model of the PS and the possibility to test the
magnetic model over a wide range of currents in the auxil-
iary circuits. The line Qv = 7.25 is probably a new lattice
resonance excited by PFW fields, further studies using the
F8L in the (5,7) area could confirm this result.
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INJECTION SEPTA POSITION AND ANGLE OPTIMISATION IN VIEW
OF THE 2 GEV LIU UPGRADE OF THE CERN PS

M. Serluca∗, W. Bartmann, V. Forte, M. Fraser, G. Sterbini CERN, Geneva, Switzerland

Abstract
In the framework of the LHC Injector Upgrade (LIU)

project the CERN PS injection kinetic energy will be up-
graded from 1.4 to 2 GeV. The injection equipment, which
is already operating close to its limit, is being redesigned to
cope with 30% increase in the beam rigidity. In this paper we
present the experimental results fromMachine Development
(MD) studies on the present septum to explore its operational
hardware limits with respect to aperture restrictions, beam
losses and kick strengths in view of the LIU upgrade.

INTRODUCTION
As part of the LIU project the injection kinetic energy

of the CERN PS will be upgraded from 1.4 to 2 GeV to
double the beams brightness. The BT-BTP transfer line and
the PS injection scheme have been redesigned to have more
flexibility and allow the injection at 2 GeV. Nevertheless
PPM compatibility with beams at 1.4 GeV has to be ensured.
The present layout of the injection region is presented in
Fig. 1 which shows the bumper 42 and the septum between
the main unit 41 and 42. The main features of the new
injection system are: a five bumpers scheme, instead of the
present four bumpers scheme, which gives a better control on
the beam displacement in the injection area, and a low beta
insertion for High Intensity (HI) beams with quadrupoles
installed in SS33 and 49 to reduce the beam envelopes in the
injection region and hence losses and hardware irradiation.
The duration of the bump will be also halved from 2 to 1 ms.
A new eddy current septum has been designed [1] and it will
installed in SS42, the physical length of new septum is 940
mm whereas the present septum is 620 mm. The bumper 42
will be a septum-like magnet and it will be hosted in the same
vacuum vessel due to reduced longitudinal space availability.
The new layout of the straight section 42 is presented in
Fig. 2. Optics simulations on the beam envelopes of 2 GeV
HI beams during injection [2] have shown that to minimise
losses on the septum blade for the injected and circulating
beams the optimal position of the future septum is 1 cm
closer to the ring orbit with respect to the actual position
(from 64 to 54 cm). These results triggered the interest to
study the performance of the present septum position and
angle and their relation with the observed losses due to the
injection area aperture restrictions for HI beams and to verify
that the LIU septum position is compatible with the more
stringent requirements of HI beams at 1.4 GeV.

PS INJECTION BUMP AT 1.4 GEV
The PS injection scheme for proton (Fig. 3) is performed

with a four bumpers scheme to control the orbit displacement
∗ maurizio.serluca@cern.ch

Figure 1: Present layout of SS42. From left to right: the
MU41, the bumper 42, the septum 42 and the MU42.

Figure 2: Layout of the SS 42 for the 2 GeV injection, the
new eddy current septum in the centre and the main magnet
unit 41 (on the left) and 42 (on the right).

and the slope of the bumped orbit. The septum bends the
beam from BT-BTP line by 55 mrad (nominal value) and
then it goes through the bumper 43 and 44, a kicker in SS45
operated in terminated mode gives the final 4.3 mrad kick
to place the beam on the closed orbit. For a given position
and angle of the injected beam at the septum flange the
bumpers 43, 44 are matched to steer the injected beam with
zero horizontal orbit displacement in the kicker 45. The
bumpers 40 and 42 are then matched to close the bump
for the circulating beam. Operationally the strength of the
septum, kicker and bumpers are optimised for each different
beam to minimise losses, injection oscillations and the bump
closure. The present injection septum design has operated
reliably since last PS injection energy upgrade from 1 to 1.4
GeV in 1999. The designed position of the septum was 56
mm from the ring closed orbit but it was moved to 64 mm in
the following years to reduce losses during injection of HI
beams [3]. For the experiment we used a TOF beam with
currents and kick angles of the injection bumpers reported
in Table 1.
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Table 1: Currents and relative kick angles of the bumpers
for TOF beam.

Element BSW40) BSW42 BSW43 BSW44
I [A] 846.52 3500.9 3131.75 1384.69
Θ [mrad] 3.32 13.72 12.27 5.43

Figure 3: A schematic of the four bumpers injection at 1.4
GeV with π/2 phase advance between BSW40 and BWS44
[not to scale]. The injected beam trajectory from the transfer
line in green and the bumped orbit in red.

THE MD: SETUP AND MEASUREMENTS

To study the effect of the septum position and angle on the
beam passage through the injection apertures a dedicated
MD has been performed on July 13th 2016. A TOF beam
with an intensity of 800 1010 ppb was chosen to explore
the highest emittances and intensity which impose the most
stringent requirements regarding aperture restrictions. The
intensity evolution during the magnetic cycle is shown in
Fig. 4 where the cyan line represents the intensity. The initial
slope of the curve represents the injection losses, about 5%
for HI beams. The measurements of the longitudinal phase
space with the tomoscope and the horizontal emittance with
the wirescanner are presented in Fig. 5 and 6, respectively.
The longitudinal emittance is 2.75 eV s and the horizontal
emittance is 17.4 mm mrad. The MD strategy has been
to move the septum position and angle while adjusting the
injection bump and recording the losses measured by the
BLM42 due to the transverse beam tails scraped by the sep-
tum blade. A fast diamond BLM installed on the main unit
42 was also connected to an OASIS channel to record the fast
losses generated by the injected beam on the inside part of
the septum blade. The position of the fast BLM on the main
unit 42 is shown in Fig. 7. An optimisation of the strength
of the septum and kicker 45 was done by using the YASP
injection steering tool in order to minimise the amplitude
oscillation in the BPMs and, hence, to improve the bump
closure. An example of orbit acquisition of the BPMs during
injection after optimisation is shown in Fig. 8. The large
oscillation signal is due to a malfunctioning pickup whereas
the green line starting from -30 mm is the pickup signal in
the SS43, which shows the amplitude-varying bump.

Figure 4: Intensity evolution (cyan line) during the magnetic
cycle (yellow line) for TOF beam.

Figure 5: Longitudinal phase space for TOF beam as recon-
structed by the tomoscope. The longitudinal emittance is
2.75 eV s.

Figure 6: Wirescanner emittance measurement for TOF
beam. The horizontal emittance is 17.44 mm mrad.

RATIONALE, PROCEDURE AND
MEASUREMENT RESULTS

The rationale of the MD was to produce a map of losses
as function of the position and angle of the septum after op-
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Figure 7: The white arrow in the picture indicates the posi-
tion of the fast BLM on the top of main unit 42.

Figure 8: Example of horizontal turn-by-turn trajectory ac-
quisition for TOF beam. Each line represents the acquisition
of different pickups along the ring. The large oscillation
signal is due to a malfunctioning pickup whereas the green
line starting from -30 mm is the pickup signal in the SS43,
which shows the amplitude-varying bump.

timization of the injection. The procedure was to move the
septum from the original horizontal position of 64 mm to-
wards the minimal value of 53 mm from the beam axis while
recording the BLMs signal along the ring and the fast dia-
mond BLM42 connected to an OASIS channel (e.g. Fig. 9).
Then the trajectory of the injected beam was optimised with
the septum and kicker to minimise losses. At the same time
we lowered the bump height to reduce losses of the circu-
lating beam. The measured scanned position and angle of
the septum during the MD are presented in Fig. 10, the cur-
rents in the bumpers, kicker and septum in Fig. 11 and the
recorded signal in the BLMs in Fig. 12 . A total of about
3 thousand acquisitions were recorded in the 5 hours MD.
The acquisitions are divided in 9 areas: (1) The first tens
of acquisitions were done for the nominal setting of 64 mm
and 10 mrad position and angle of the septum. The average
signal in the BLM 42 was 23 ADC bits. (2) The angle of the
septum was moved to its minimum value of 1 mrad, higher
losses were recorded while decreasing the angle indicating
that the beam was scraped on the inside part of the septum
blade. (3) After that the angle was set to 13 mrad and the
position was reduced to 54 mm with 1 mm step. During

the scan the BLM42 signal reduced down to 10 ADC bits
and then it increased again at a position of 54 mm and an
angle of 10 mrad. (4) At this point the fast diamond BLM
was connected to the OASIS channel and we tested it by
using the PS internal dump to disentangle the losses from
the injected beam. (5) The acquisitions with the internal
dump can be identified in Fig. 12 as the places where the
BLM42 signal goes to zero and the signal from BLM 47
increases. An example of the OASIS signal acquisition is
shown in Fig. 9, where the green line indicates the fast di-
amond BLM signal whereas the yellow line indicates the
BLM 42 signal. (6) At 9:30 we reduced the bump height
by lowering the strength of the bumpers and optimising the
septum and kicker 45 currents. The bumper strength was
reduced by 25% and the septum strength was increased by
4.2% while the kicker 45 was increased by 10%. The reduc-
tion of losses in the BLM42 is visible around 10:30 indeed
for an angle of 10 mrad and the position varied from 54 to
60 mm the BLM42 indicates a constant value of 8 ADC bits.
(7) For position higher then 60 mm the BLM42 signal starts
to increase up to 40 ADC bits. (8) Acquisitions between
10:50 and 11:50 were done to see the effects on the BLM42
with the optimised bumpers, kicker and septum strengths.
(9) We performed an automatized scan on septum position
and angle. In Fig. 13 we present the results of the scan using
the entire range of the BLM42. It shows that positions be-
tween 55 and 60 mm give the lowest BLM values. The same
results with the data filtered to values below 8 ADC bits are
presented in Fig. 14. The plot indicates that for positions
between 57 and 59 mm and angles between 8 and 11 mrad
we get the lowest BLM read of about 6 ADC bits. The same
analysis has been done with the fast diamond BLM and the
integrated signal in OASIS. The results shown in Fig. 15
and 16 confirm that losses are reduced for a lower position
of the septum.

Figure 9: Acquisition example of Oasis slow BLM42 signal
(yellow line) and diamond fast BLM42 (green line).
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Figure 10: Acquisition of the septum position and angle variations during the MD for TOF beam.

Figure 11: Bumpers, kicker and septum currents during the MD for TOF beam.

Figure 12: Measured losses in the BLMs downstream the injection section 42 for TOF beam.
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Figure 13: Results of the scan in position and angle for TOF
beam. The colour scale is the BLM42 signal.

Figure 14: Results of the scan in position and angle for TOF
beam. The colour scale is the BLM42 signal. The data have
been filtered between 5 and 8 ADC bits.

Figure 15: Results of the scan in position and angle for TOF
beam. The colour scale is the Diamond BLM42 signal.

EFFECTS ON OTHER BEAMS IN THE PS:
SFTPRO AND AD TYPE BEAMS

During the dedicated MD we decided to keep all the pro-
duction beams in the cycle and measure the beam losses due
to the septum position and angle. The septum, kicker and
bumpers strengths were not optimised for these beams. The
scanned positions and angles, the injection elements strength
and the BLM readings for SFTPRO beam are presented in
Fig. 19, 20 and 21, respectively. The colour map scan is

Figure 16: Results of the scan in position and angle for TOF
beam. The colour scale is the integrated losses in OASIS.

shown in Fig. 17 and the same plot with filtered BLM data
in Fig. 18. The averaged signal of 40 ADC bits is reduced
to about 20 for a septum position between 54 and 58 mm
and an angle between 8 and 12 mrad. Results of the scan
for AD beam are shown in Fig. 22, 23 and 24. The colour
maps scan presented in Fig. 25 shows that the BLM signal
increases for a septum position of 53 mm and low angles.

Figure 17: Results of the scan in position and angle for
SFTPRO beam. The colour scale is the BLM42 signal.

Figure 18: Results of the scan in position and angle for
SFTPRO beam. The colour scale is the BLM42 signal. The
data have been filtered between 19 and 25 ADC bits.
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Figure 19: Acquisition of the septum position and angle variations during the MD for SFTPRO beam.

Figure 20: Bumpers, kicker and septum currents during the MD for SFTPRO beam.

Figure 21: Measured losses in the BLMs downstream the injection section 42 for SFTPRO beam.
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Figure 22: Acquisition of the septum position and angle variations during the MD for AD beam.

Figure 23: Bumpers, kicker and septum currents during the MD for AD beam.

Figure 24: Measured losses in the BLMs downstream the injection section 42 for AD beam.
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Figure 25: Results of the scan in position and angle for
SFTPRO beam. The colour scale is the BLM42 signal.

CONCLUSION
A dedicated MD has been performed to optimise the sep-

tum position and angle in view of the LIU upgrade. The

results were very positive. They show that lowering the po-
sition of the septum and adjusting its angle it is possible
to reduce losses in the injection area of the PS ring. This
solution could be also applied to the present system with
the drawback of increasing the septum strength by 4.2% and
push it close to its maximum value.
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LONGITUDINAL COUPLED-BUNCH INSTABILITY STUDIES IN THE PS
H. Damerau, L. Ventura∗, CERN, Geneva, Switzerland

Abstract
The main longitudinal limitation for LHC-type beams in

the PS are coupled-bunch instabilities. A dedicated proto-
type feedback system using a Finemet cavity as a longitudinal
kicker has been installed. Extensive tests with beam have
been performed to explore the intensity reach with this feed-
back. The maximum intensity with nominal longitudinal
emittance at PS extraction has been measured, as well as the
emittance required to keep the beam longitudinally stable
at the design intensity for the High-Luminosity LHC (HL-
LHC). A higher-harmonic cavity is a complementary op-
tion to extend the intensity reach beyond the capabilities of
the coupled-bunch feedback. Preliminary machine develop-
ment (MD) studies operating one 20MHz or one 40MHz
RF system as a higher harmonic at the flat-top indicate the
beneficial effect on longitudinal beam stability.

INTRODUCTION
To reach the beam parameters requested for the HL-LHC

the PS is being upgraded in the framework of the LHC Injec-
tor Upgrade (LIU) project to deliver an intensity of 2.6 ·1011

particles per bunch (ppb) with 25 ns bunch spacing. In the
longitudinal plane the emittance must remain unchanged,
hence doubling the longitudinal density with respect to the
intensity threshold above which longitudinal coupled-bunch
instabilities are observed after transition crossing and at the
flat-top [1]. A prototype Finemet cavity [2] has thus been
installed as a wide-band longitudinal kicker, driven by a
functional prototype of the coupled-bunch signal processing
covering all possible dipole oscillation modes [3, 4].

An extensive series of MD studies has been performed in
2016 to understand and resolve technical issues related to
the signal processing of the feedback and the Finemet cavity,
as well as to explore the performance reach for LHC-type
beams with the new feedback system. The technical issues
include the frequent trips of the wide-band cavity due to
over-current of the power amplifiers and the availability of
a maximum number of the in total six acceleration gaps.
On the low-level RF side the phasing of the filters of the
signal processing and their reliable re-synchronization with
respect to circulating bunch train has been treated. The first
part of this contribution concentrates on the beam dynamics
aspects, covering the measurements of coupled-bunch mode
spectra and the maximum intensity reach.
For RF manipulations like bunch splitting and bunch ro-

tation the PS is equipped with high-frequency RF cavities
at 20MHz, 40MHz and 80MHz. Due to their narrow band-
width these cavities cannot sweep with the increasing revolu-
tion frequency during acceleration, but can only be operated

∗ New affiliation: Centre for Quantum Technologies, National University
of Singapore

once flat-top energy has been reached. In the second part
results of first studies operating a 20MHz or 40MHz cavity
as higher-harmonic Landau cavity to longitudinally stabilize
the beam at the flat-top are presented.

INTENSITY REACH WITH FEEDBACK
Maintaining the nominal longitudinal emittance of εl =

0.35 eVs per bunch, corresponding to about 4 ns (4σ Gaus-
sian fit) bunch length at extraction, the intensity has been
increased with the prototype wide-band coupled-bunch feed-
back. The important stability improvement is illustrated in
Fig. 1. At an intensity of 2.0·1011 ppb at extraction, the beam

Figure 1: Beam profile during the last turn at 2.0 · 1011 ppb
together with the bunch length along the batch without (left)
and with the coupled-bunch feedback switched on (right).

is longitudinally destroyed due to the coupled-bunch instabil-
ity. Considering the short filling time of the 10MHz cavities
as dominant impedance source, the bunches at the tail of
the batch are more strongly affected than the first bunches
after the extraction kicker gap. The instabilities are fully
suppressed when activating the dedicated feedback system.
The bunch length at extraction remains below 4 ns all along
the batch and no lengthening is observed for the tail bunches.
The longitudinal beam quality reached at 2.0 · 1011 ppb is
equivalent to the beam quality at 1.3 · 1011 ppb without the
coupled-bunch feedback. It is worth noting that this per-
formance has been maintained reliably under operational
conditions during the 2016 accelerator run. Slightly higher
peak intensity has been reached during short tests.

With the wide-band coupled-bunch feedback even higher
intensity has only been achieved with larger longitudinal
emittance so far. This emittance is too large for the SPS,
but to exclude further longitudinal issues in the PS up to the
intensity required for HL-LHC, measurements have been
performed up to 2.6 · 1011 ppb, which corresponds to a total
intensity of almost 2 · 1013 protons per pulse (ppp). Figure 2
shows intensity and transmission during a ramp-up test with
a longitudinal emittance of about 0.45 . . . 0.5 eVs.
Even at the intensity as requested at PS extraction for

the HL-LHC project, the overall transmission stays at 97%,
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Figure 2: Total intensity together with intensity per bunch
during the ramp-up (left), and overall transmission (right,
ratio of extracted and sum intensity of both injections).

well above the 5% loss margin and does not degrade sig-
nificantly with increased intensity. However, a number of
technical difficulties was encountered which complicated
the measurements. Only the absolute minimum number of
cavity gaps of the 40MHz (one cavity in straight section
SS78) and 80MHz (two cavities in SS88 and SS89) has
been kept open. The remaining cavities would trip due to
excessive beam-loading, even in the absence of a voltage
program. Additionally, some 10MHz cavities did not follow
their voltage program and indicated an over-current of the
final amplifier when tuning them from h = 20 to 7 at the
end of the flat-bottom [5]. This was solved by activating the
1-turn delay feedbacks only later, at the start of acceleration,
to reduce the final amplifier current. Although longitudinal
emittance and bunch length required to keep the bunches
longitudinally stable at extraction are yet too large for the
SPS, the excellent overall transmission and beam quality
show that no further show-stopper is in sight to reach the
targeted intensity of 2.6 · 1011 ppb.

QUADRUPOLE COUPLED-BUNCH
OSCILLATIONS

While dipole coupled-bunch oscillations are well damped
by the wide-band coupled-bunch feedback when increasing
longitudinal density, quadrupole coupled-bunch oscillations
can be excited during acceleration and at the flat-top. Fig-
ure 3 shows a typical measurement of bunch length oscilla-
tions with a phase advance from bunch to bunch observed
after transition with an 18-bunch train accelerated on har-
monic, h = 21. A discrete Fourier transform of amplitudes
and phases of the bunch length oscillations reveals the mode
spectrum (Fig. 4). The predominant mode number, nb = 2,
corresponding to a phase advance of∆φ = 2πnb/18 = 2π/9,
is observed with 18-bunch trains during acceleration. This
is very different from the dipole oscillation mode spectrum,
where usually the low (nb = 1, 2) and high (nb = 16, 17)
modes are strongest [1].
At the flat-top the longitudinal impedance of the PS

changes for two reasons. While all 10MHz cavities are
needed during acceleration, the gaps of nine of these cavi-
ties are consecutively short-circuited with relays (two relays
per cavity) at the flat-top. Secondly, due to the sweeping
revolution frequency, the dominant spectral components of

Figure 3: Bunch length oscillations of first and last bunch
of an 18-bunch train during acceleration after transition
crossing.

Figure 4: Average quadrupole coupled-bunch mode spec-
trum of ten cycles during acceleration. The red bars indicate
the standard deviation, and the blue bars represent the total
spread.

the beam at multiples of the RF frequency (h = n · 21,
n = 1, 2, . . . ) move into the fixed resonances of the RF cavi-
ties at 40MHz (n = 4) and 80MHz (n = 8). The quadrupole
coupled-bunch spectrum at the flat-top is shown in Fig. 5.
Interestingly with the pre-dominant mode numbers around
nb = 5, the mode spectrum is extremely similar to the dipole
mode spectrum (Fig.6).

EFFECT OF 80 MHZ CAVITY
IMPEDANCE

Part of the measurements have been acquired during par-
allel proton and lead ion operation. The influence of the
impedance of the additional 80MHz cavity for the bunch
shortening with ions, tuned at 230 kHz below the frequency
for protons, has been studied. A significant bunch length-
ening, notably for bunches at the tail of the batch, becomes
evident and had already been observed earlier [6].
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Figure 5: Average quadrupole coupled-bunch mode spec-
trum of ten cycles at the flat-top.

Figure 6: Average dipole coupled-bunch mode spectrum of
ten cycles at the flat-top (from 2011 data).

The perturbation due to the impedance from an additional
80MHz cavity can be directly seen during the last bunch
pair splitting from h = 42 to 84 at the flat-top and with equiv-
alent intensity of 1.6 · 1011 ppb (Fig. 7). The high frequency

Figure 7: Mountain range plot of the bunch splitting from
h = 42 to 84with the gap of the third 80MHz gap open (left).
Averaging and subtracting this from the same data with the
third cavity gap closed (right) clearly reveals the high fre-
quency structure.

structure becomes much more pronounced with the gap of
the 80MHz cavity for ion operation open. Additionally, the
relative phase of the high-frequency structure remains sim-
ilar from cycle to cycle, confirming that the perturbation
must be induced by the beam.

The degradation of the longitudinal beam quality becomes
also evident from the bunch length along the batch at ex-
traction, which is compared for two and three open gaps
of 80MHz cavities in Fig. 8. The average bunch length in-
creases by about 300 ps due to the additional impedance,
but up to 600 ps for the bunches at the tail of the batch.

Figure 8: Bunch length along the batch at an intensity of
1.6 ·1011 ppb with two (blue) and three (red) gaps of 80MHz
cavities open. The shaded areas indicate the spread of the
ten cycles taken for the average.

These measurements underline the importance of the multi-
harmonic feedback systems for the high-frequency cavities
under development in the framework of the injector up-
grades.

LANDAU RF SYSTEM STUDIES

While the PS presently has no tunable RF system that
could be operated as a higher-harmonic RF system in addi-
tion to the ferrite-loaded cavities at h = 21, MD studies have
been conducted at the flat-top using a 20MHz or a 40MHz
at low voltage as a Landau RF system. Stopping the bunch
splitting manipulations at the flat-top a beam with an equiv-
alent intensity of 1.3 · 1011 ppb (respectively four times that
intensity without the splittings) develops a coupled-bunch os-
cillation when held at the low RF voltage of 20 kV at h = 21
with a single 10MHz cavity.

Adding RF voltage at the second harmonic (20MHz) of
the principal RF system yields a slight improvement of the
longitudinal stability when the higher-harmonic RF system
is in counter-phase (bunch lengthening mode), confirming
previous measurements under similar conditions [7].
However, only about 5 kV at h = 84 in phase (bunch

shortening mode) from a 40MHz cavity is sufficient to fully
stabilize the beam and a significant stability improvement
can be measured down to a higher-harmonic voltage as low
as 2 kV. This technique is well known from the SPS where it
is essential to stabilize the beams for the LHC [8]. With the
harmonic number ratio of 84/21 = 4, the beneficial effect is
only seen in phase. Adding higher-harmonic RF voltage in
counter-phase has a negligible effect on longitudinal stability
as illustrated by the mode spectra shown in Fig. 9.
Figure 10 illustrates the synchrotron frequency distribu-

tion for the beneficial case of a harmonic number ratio of
four and the given percentage of RF voltage at the higher-
harmonic RF system with respect to the principal one. The
synchrotron frequency spread is significantly increased in
the relevant emittance range of up to 1.4 eVs = 4 · 0.35 eVs,
even for a moderate voltage in the higher-harmonic cavity.
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Figure 9: Coupled-bunch mode spectrum at the flat-top with
an RF system at four times the fundamental harmonic and
5 kVRF voltage, i.e., one quarter of the 20 kV in the principal
RF system. The higher-harmonic voltage has been brought
up in counter-phase (left), as well as in phase (right).

Figure 10: Synchrotron frequency versus single particle
emittance for a harmonic ratio of four and different voltage
ratios, given in percent of the principal harmonic voltage of
20 kV at h = 21. Both RF systems are in phase.

CONCLUSIONS
TheMD campaign with the new wideband coupled-bunch

feedback in 2016 has demonstrated that 2.0 · 1011 ppb with
25 ns spacing and the nominal batch length of 72 bunches
can be achieved and maintained under operational condi-
tions. Beyond this intensity the longitudinal emittance must
be blown-up further by almost 40% to keep the beam longi-
tudinally stable up to the intensity of the HL-LHC request
of 2.6 · 1011 ppb. However, accelerating a total intensity of
more than 72 ·2.6 ·1011 ppb ' 1.9 ·1013 ppb with losses well
below 5% shows that no further longitudinal show-stopper
is expected.
Initial studies with higher-harmonic RF voltage from a

20MHz or 40MHz cavity indicate the beneficial effect on

longitudinal stability depending on the relative phase with
respect to the principal RF system. In particular operating a
40MHz in phase, as used in for LHC-type beams in the SPS,
suppresses the coupled-bunch bunch oscillations efficiently.
Further studies at higher intensity are foreseen in 2017.
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LOSSES ON SPS FLAT BOTTOM AND BEAM LOADING
WITH LHC BEAMS

H. Bartosik∗, T. Bohl, S. Cettour Cave, K. Cornelis, H. Damerau, B. Goddard,V. Kain,
A. Lasheen, G. Rumolo, E. Shaposhnikova, H. Timko, CERN, Geneva

Abstract
Losses at SPS flat bottom with the LHC proton beams had

been studied since the earliest days the LHC beams became
available in the SPS. Some of the loss mechanisms involved
could be identified and over the years of operation with the
nominal 25 ns LHC beam, the losses could be gradually re-
duced. Nevertheless, in machine studies with high intensity
25 ns LHC beams it is still observed that the transmission
degrades with intensity. As summarised in this paper, a se-
ries of studies have been performed in 2016 with the aim of
further characterising the loss mechanisms and eventually
finding mitigation measures in view of the LHC injector
upgrade project (LIU).

INTRODUCTION
Losses at SPS flat bottom with the LHC proton beams had

been studied since the earliest days the LHC beams became
available in the SPS. The conclusions of four reports are
summarized below to illustrate the understanding of the
losses at certain times.

Historical context
2000 In 2000 the following was reported [1]: A total

intensity of 1 × 1013 in three batches was accelerated to top
energy with a transmission efficiency of 70%. Continuous
particle losses are observed on the flat bottom for high in-
tensities. The reason is not clear. The high intensity beam is
unstable on the flat top independent of the final voltage value,
however the situation seems to be worse for lower voltage.
Limitations to the intensity are a) too large a longitudinal
emittance sent by the PS for intensities above 3 × 1012 per
batch, b) the acceptance of the SPS in connection with this
large injected emittance and c) possibly noise in RF loops
(causing additional emittance blow-up).

2004 In 2004 the following was reported [2]: While
nominal LHC beams have been accelerated in the SPS, trans-
mission loss is important for future intensity increases. Cap-
ture losses are due to a combination of injected bunch length,
injection errors and bucket size reduction due to energy loss.
The losses along the injection plateau are not fully under-
stood. The effect of coherent lines in the presence of white
noise, the effect of the transverse working point, and the
influence of low-amplitude instabilities on parts of the batch
have been seen but do not explain the whole picture. In
addition the possible presence of ions could have an effect,
which should be studied. Similar effects in the LHC itself
could have serious consequences, the injection plateau at
∗ hannes.bartosik@cern.ch

450 GeV/c being 20 min long with no synchrotron radiation
damping, which conversely will have a significant effect at
7 TeV.

2006 The following was reported at the LHC Machine
Advisory Committee [3] in December 2006: A reduction of
the low energy losses from >10 to 7-8% was achieved by a)
a new RF voltage programme (end of 2003) and b) a new
working point compatible with larger momentum spread
(end of 2004) and large vertical chromaticity required to
fight the ECI (see Fig. 1). Short lifetime on the injection
plateau was observed even after optimization of the working
point. The longitudinal lifetime dominates (capture losses
due to real part of the longitudinal impedance and the bunch
shape), which should be improved by impedance reduction
and optimization of the bunch shape from PS. The difference
in lifetime between the head and the tail of the batch recovers
as the intensity decreases: Bunches are getting shorter par-
ticularly at the tail of the batch ... while the electron cloud
signal disappears. Need to understand better the blow-up
and loss mechanisms at the beginning of the ramp (mainly
on the tail of the 4th batch).

7th December 2006 LHC Machine Advisory Committee

SPS limitationsSPS limitations

Low energy losses:
reduction from >10 to 7-8 %

– New RF voltage 
programme (end of 2003)

– New working point 
compatible with larger 
momentum spread (end of 
2004) and large vertical 
chromaticity required to 
fight the ECI. Results 
confirmed in 2006.

Need to understand better the 
blow-up and loss mechanisms at 
the beginning of the ramp (mainly 
on the tail of the 4th batch). Data 
collected in 2006 being analyzed.
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Figure 1: Losses for different working points, taken from [3].

2012 In 2012 the following was reported [4]: Detailed
simulations of the PS-to-SPS longitudinal beam transfer de-
termined the main longitudinal beam loss mechanism in the
SPS. The simulated longitudinal phase-space distribution of
a typical bunch after the PS rotation, at injection into the SPS
bucket is shown in Fig. 2. The simulations demonstrated that
using the minimum bunch length at PS-to-SPS transfer as a
criterion for best transmission is not necessarily appropriate;
instead, the phase-space bunch distribution should be opti-
mised as a function of the bunch rotation timings used in the
PS. Systematic measurements with 36 bunches of LHC-type
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Figure 2: Simulated particle phase-space distribution at
injection into the SPS bucket (V200 MHz = 2 MV and
V800 MHz = 0.34 MV in bunch-shortening mode) under op-
erational conditions.

Bunch Distribution Optimisation
The simulated longitudinal phase-space distribution of a

typical bunch after the PS rotation, at injection into the SPS
bucket is shown in Fig. 2.

This case suggests qualitatively that the capture losses
could be dominated by the loss from the bunch tails. Due to
the particular shape of the bunches at transfer, a reasonable
phase error and energy mismatch at injection were found
to have a negligible effect on the losses in our previous
studies [6]; hence, perfect injection is assumed in all the
simulations presented here.

In principle, by optimising the bunch distribution in lon-
gitudinal phase space, the number of particles in the tails
can be diminished. Since this distribution is not visible
from the measured bunch profiles, the guidance of sim-
ulations was essential to find its optimum. Furthermore,
simulations suggest that shorter bunches do not necessarily
result in better transmission; if the particles in the bunch
tails can be brought closer to the bunch centre, the trans-
mission is expected to improve despite of a longer bunch
length.

Using the Spare 80 MHz Cavity

Simulation and measurement results using PS rotation
voltages of V40 MHz = 300 kV and V80 MHz = 900 kV pro-
duced by in total one 40 MHz and three 80 MHz cavities
are shown in Fig. 3. Note that due to transverse losses in
the experiments, there may be a quasi-constant offset be-
tween the measured and the simulated transmission. Note
also that using a spare cavity introduces further impedance
to the machine. At the beam intensity of ∼ 1.6× 1011 ppb
used in the measurements, the PS is already close to the
limit of longitudinal beam stability under operational con-
ditions. To counteract beam instabilities caused by the ad-
ditional impedance, more controlled longitudinal emittance
blow-up has been applied than usual and in simulations;
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Figure 3: Contour plots of transmission and bunch length as a function of PS rotation timings for V40 MHz = 300 kV and
V80 MHz = 900 kV. Measured and simulated results are shown in Figs. (a), (c) and (b), (d), respectively. In (a) and (c),
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Beam Dynamics in High-intensity Circular Machines

Figure 2: Simulated particle phase-space distribution at in-
jection into the SPS bucket (V200 MHz = 2 MV and V800
MHz = 0.34 MV in bunch-shortening mode) under opera-
tional conditions [4].

50 ns beam in a short cycle gave reproducible, consistent
results. The predicted optimal timings and the qualitative
transmission and bunch length behaviour obtained from sim-
ulations is in excellent agreement with experimental results.
With the spare 40 MHz cavity, a significant loss reduction
of about 50% can be achieved with bunches that are shorter
than operational. Alternatively, the longitudinal emittance
can be increased by 40%while keeping the operational trans-
mission, which allows for a stable beam in the PS even at
significantly higher intensities. To better estimate the trans-
mission and emittance requirements at the ultimate intensity
required by the high luminosity LHC, simulations including
impedance effects are underway. Due to the recent failure of
a 40 MHz cavity in the PS, the new bunch rotation settings
could not yet be tested under operational conditions, but they
shall be tested as soon as it will be possible.

Studies in view of the LHC injector upgrade
The LHC injector upgrade project (LIU) [5] aims at

consolidating and upgrading the existing injector chain at
CERN in view of the beam parameters required for the High
Luminosity LHC (HL-LHC) era. The aim is to provide
2.3 × 1011 p/b at LHC injection with about twice the bright-
ness compared to today’s operation. To reach these param-
eters, an extensive upgrade of the SPS RF system during
Long Shutdown 2 will resolve intensity limitations from in-
sufficient beam loading compensation. The LIU parameters
require ≤10% losses from PS extraction to SPS extraction.

Electron cloud is one of the issues encountered especially
in the early years of operation with 25 ns beams. Although
some conditioning of the machine has been achieved through
scrubbing runs and machine operation over the years, it is
still not fully clear if the e-cloud effect will pose a limitation
on the beam performance in the HL-LHC era. In the last
years extensive studies have been performed in the frame of
the LIU project. The last high intensity scrubbing run was
performed in 2015. During that period the Q20 optics [6]
(implemented and operational for LHC beams since 2012 to

mitigate transverse single bunch transverse instabilities at
injection) was used. With 4 batches of the 25 ns LHC beam
and 2 × 1011 p/b the losses on the flat bottom alone already
exceeded the target of 10%. As discussed in what follows, a
series of measurements where therefore performed in 2016
in order to further investigate the loss mechanisms involved.
Also the open question of the contribution from e-cloud
effects was addressed.

STUDIES OF LOSSES IN THE SPS IN 2016
The machine studies in 2016 concentrated on 25 ns beams

on a special MD cycle, which has a 7.8 s long injection
plateau at 26 GeV/c and a 7.8 s long intermediate plateau at
28 GeV/c. This allowed distinguishing losses due to uncap-
tured beam on the injection plateau from other losses when
storing the beam at almost the same energy. All studies
presented here were performed with the Q20 optics.

Losses as a function of longitudinal emittance
The dependence of the losses on the longitudinal emit-

tance at PS extraction was studied for a single batch of a low
intensity LHC25ns (standard) beam, i.e. with 72 bunches
of about 6.9 × 1010 p/b injected, which is about half of the
nominal intensity. This allowed reaching very low longi-
tudinal emittances without rendering the beam unstable in
the PS. The longitudinal emittance can then be varied with
controlled blow-up along the PS ramp. The SPS cycle was
programmed for a calculated bucket area of about 0.6 eVs
as used in routine operation. The voltage on the 800 MHz
RF was set to 1/10 of the voltage at 200 MHz and the phase
set to bunch shortening mode.
Figure 3 summarizes the results of the measurements:

The plot on the left shows the BCT intensities averaged for
the different longitudinal emittance cases along the cycle
and on the right plot the relative losses on the flat bottom
are compared to the relative losses from injection up to the
beginning of the 28GeV/c plateau (i.e. including the losses
during the first ramp). Losses of about 1% are observed
for the smallest longitudinal emittance, i.e. 0.2 eVs. The
transmission degrades with larger longitudinal emittance,
since the large longitudinal tails resulting from the bunch
rotation at PS extraction cannot be captured in the SPS RF
bucket. Therefore the losses occur mainly during the ramp.
It is interesting to note however that there are also some
losses on the flat portions of the cycle. Furthermore losses
are observed also on the second ramp. These losses also
increase with the longitudinal emittance as the RF bucket
becomes very full.

Losses as a function of SPS bucket area
Losses in the SPS as a function of the bucket area

were studied using a BCMS beam with 48 bunches and
1.3× 1011 p/b. The beam had a bunch length of 4 ns at injec-
tion corresponding to the canonical longitudinal emittance
of 0.35 eVs. Figure 4 shows the resulting losses with the
800 MHz OFF and with the 800 MHz ON (voltage ratio
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Figure 3: Losses as a function of longitudinal emittance as measured in the PS before bunch rotation. Left: Averaged BCT
signal for different longitudinal emittances. Right: Relative losses on flat bottom compared to the relative losses from
injection up to the beginning of the 28GeV/c plateau.
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Figure 4: Losses on the flat bottom and total losses up to the beginning of the 28GeV/c intermediate plateau as a function
of the bucket area in the SPS for the case with 800 MHz RF system OFF (left) and ON (right) as described in the text.

1/10 with respect to the 200 MHz voltage, bunch shortening
mode). With 800 MHz OFF the losses on the flat bottom
show a slight but monotonic increase with larger bucket area
(i.e. larger voltage), while the total losses including the ramp
to 28GeV/c show a minimum at the operational setting of
0.65 eVs: For smaller bucket areas the capture losses domi-
nate; for larger bucket area the losses are also higher, most
likely because particles in the bucket start reaching the mo-
mentum aperture limitation with the large dispersion in the
Q20 optics. In the case with 800 MHz ON the total losses
show a very similar behaviour, however the flat bottom losses
in this case significantly increase as a function of the bucket
area. In other words, in the case with the 800 MHz ON the
flat bottom losses are enhanced without affecting the total
losses. This was further investigated as described below.

Effect of 800 MHz RF on losses
To distinguish losses due to uncaptured beam from losses

due to particles inside the RF buckets, the SPS vertical tune

Figure 5: Adjustment of MKQV kicker waveform to clean
uncaptured beam.

kicker MKQV was used at full kick strength to clean the
part of the SPS circumference without bunches. To this
end, the waveform of the kicker was carefully adjusted to
pulse in a single turn in between the passage of the bunch
train as illustrated in Fig. 5. Such a kick with the MKQV
can be applied once per cycle. Figure 6 shows the intensity
evolution with 800 MHz RF OFF compared to the case
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Figure 6: Intensity along the cycle when the uncaptured beam is cleaned with the MKQV tune kicker at 2 s or at 7.2 s for
the case with 800MHz OFF (left) and ON (right).

Figure 7: Losses around the SPS circumference as a function of time (top graph, color code indicates increasing losses
from blue to red) and for two moments in the cycle (bottom graph, end of flat bottom in green, end of the first ramp in red).

with 800 MHz ON. As mentioned above, higher losses are
observed on the flat bottom in case the 800 MHz is ON.
When cleaning the uncaptured beam with the kicker at 2 s
in the cycle, the losses along the remaining part of the flat
bottom are very similar for both 800 MHz ON and OFF.
One can therefore conclude that the uncaptured beam is lost
faster with the 800 MHz RF ON, but these particles would
be lost anyhow during acceleration. This is confirmed by the
fact that the intensity at the end of the cycle is the same in
both cases. It is interesting to note that even when cleaning
the uncaptured beam a few ms before acceleration, there are
still about 2% losses observed during the ramp. This could
be either because not all uncaptured beam can be cleaned
with the kicker (e.g. particles in the azimuthal region of the

bunches are not kicked), or rather because particles close
to the separatrix are lost when the bucket shape changes at
the beginning of the ramp. Figure 7 shows the distribution
of losses around the machine. Both the accumulated losses
along the flat bottom and the losses during the first ramp are
concentrated in regions with large dispersion. This is another
indication that the losses are mostly related to particles with
large momentum offset, such as uncaptured beam.

25 ns standard vs. 8b4e beam
To assess the possible contribution of e-cloud to the SPS

flat bottom losses, the 25 ns standard beam with 72 bunches
of 1.3 × 1011 p/b was compared to the 8b4e beam [10] with
48 bunches of 1.9 × 1011 p/b at injection. Like this the total
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Figure 8: Losses as function of time in the MD session,
where green background corresponds to times with the 25 ns
standard beam and grey background to the 8b4e beam (top),
and a comparison of the average bunch-by-bunch losses
on the flat bottom between the two beams (bottom) taken
during the time periods indicated by dark green and dark
grey background.

intensity as well as the transverse emittance is the same for
the two beams. In the case of the 8b4e beam the e-cloud
build-up in the SPS should be negligible due to the gaps
in the bunch train. Figure 8 shows the losses as function
of time in the MD session (top) and a comparison of the
average bunch-by-bunch losses on the flat bottom between
the two beams (bottom). These average losses correspond to
the periods indicated by the dark shaded time periods in the
top plot (grey for 25 ns standard beam and green for the 8b4e
beam). It is interesting to note that the losses along the batch
show a similar pattern for the two beams, however the losses
in the 8b4e beam are higher as compared to the standard
beam. In addition, the losses are higher at the beginning
of each group of each bunches and decrease along the sub-
batches. The observations with these two beam types point
towards the fact that SPS RF hardware limitations could play
an important role for the losses, as discussed below.

SPS RF HARDWARE LIMITATIONS
As the review in the introduction shows, the losses along

the flat bottom had been mainly discussed in the context of
beam dynamics limitations and PS RF hardware limitations.
In the following the SPS RF hardware limitations as far as
they are relevant for losses at flat bottom and beam loading
will be discussed.

200 MHz hardware
The relevant 200 MHz hardware in the SPS consists of

• four 200 MHz travelling wave structures with two struc-
tures of length l1 = 16 m and two structures of length
l2 = 20 m

• a 1-turn delay feedback per travelling wave structure

• a feed-forward per travelling wave structure

• two longitudinal dampers, one acting through a travel-
ling wave structure of length l1 and one acting through
a travelling wave structure of length l2

The travelling wave structure parameters of interest here
are the impedances Z1 and Z2. The total voltage, as seen by
the beam is given by [7]

V = VRF + Vb,

with VRF = Z1ig and Vb = Z2ib.With

Z1 ∝ sin τ/2
τ/2

l,

Z2 ∝ −

(
sin τ/2
τ/2

)2
− j2

τ − sin τ
τ2

 l2

and
τ =

l
vg

(ω − ω0).

Here l is interaction length, vg is the group velocity given as
vg/c = 0.0946 and ω0 the angular cavity centre frequency.

The main characteristics of the travelling wave structures
is that the impedances Z1 and Z2 are completely different
as function of frequency as illustrated in Fig. 9. This means
that the beam induced voltage at certain frequencies cannot
be properly compensated.
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Figure 9: blue: |Z1( f )/Z1(0) |, yellow: |Z2( f )/Z2(0) | for
the case of a 5-section travelling wave structure.

To compensate the beam induced voltage in the travelling
wave structures there are three elements: a polar loop, a 1-
turn-delay feedback and a feed-forward. The amplitude and
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Figure 10: Simplified block diagram of cavity loops.

the phase of the voltage in the travelling wave structure is
measured by a polar loop and regulated at a 1 ms time scale
(bandwidth of about 1 kHz). This is the case since the SPS
went into operation. Already at the beginning of the 1980s it
had been realised that an impedance reduction was required
to allow the acceleration of the proton fixed target beam at
that time. To overcome the gain limitation of a feedback
loop due to its delay, the 1-turn-delay feedback had been put
into operation [8]. While the beam current component at
fRF is taken into account by the polar loop, the 1-turn-delay
feedback takes care of the f rev sidebands of fRF within a
bandwidth of several MHz [9]. In order to further improve
the impedance reduction from about 20 dB to 26 dB, an
additional feed-forward [9] was put into operation. Here the
beam current is measured using a wall current monitor and
the voltage required for optimal beam loading compensa-
tion is calculated by the digital feed-forward electronics and
applied to the travelling wave structure.

All three devices discussed compensate the beam induced
voltage in the travelling wave structures. Their performance
is, however, limited by the available RF power. Another
limitations is due to the difference of Z1 and Z2. It means in
time domain that while the step response of Z1 is linear it is
parabolic for Z2, the transient beam loading at the time the
beam enters the travelling wave structure can be only approx-
imately compensated. There is another limitation, mostly
observed at injection. Here the beam executes quadrupole
oscillations at twice the synchrotron frequency of 1/Ts, lead-
ing to a considerable variation of the beam induced voltage

from turn to turn. The shorter Ts the worse the beam loading
compensation will be due to the 1-turn delay. The three
elements for beam loading compensation are shown in the
simplified block diagram of the cavity loops, Fig. 10.

Limits of beam loading compensation
To illustrate the present limits of beam loading compen-

sation, two examples will be discussed.

Example 1 The first example shows the power require-
ments of a 5-section travelling wave structure with a 25 ns
beam of 72 bunches per batch at injection, p = 26 GeV/c and
using the Q20 optics (γt = 17.95). The number of charges
per bunch, NQ, was 1.9 × 1011. Figure 11 shows the RF
power, P, delivered to a 5-section travelling wave structure
and the voltage, V = VRF + Vb, measured in the same trav-
elling wave structure. The values of P and V are shown on
three time scales: on a ms time scale (top), on a µs time scale
(centre) and on the time scale of a turn (bottom). On the ms
time scale one can clearly identify the fully uncompensated
beam induced voltage at injection (first turn) as expected. It
is reduced to smaller values later on but it is not completely
compensated. The total voltage can be off by more than 20%
during the quadrupole oscillations at injection with any sign.
The data show also that during the passage of the beam in
the travelling wave structure, P, increases from the no-beam
value of about 150 kW nearly 1 MW within a few 100 ns.
The high peak power levels are at the limit of what the power
amplifiers can deliver.
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P V

Figure 11: RF power delivered, P, and V of a 5-section travelling wave structure.

Example 2 Here a comparison of the beam loading ef-
fects at injection, p = 26 GeV/c, will be made using the
standard 25 ns beam of 72 bunches per batch and the 8b4e
beam [10] with the Q20 optics (γt = 17.95).
The standard 25 ns beam had the following parameters

• NQ = 1.3 × 1011, NQ,tot = 9.1 × 1012

• lbatch = 1.775 µs

The 8b4e beam had the following parameters

• NQ = 1.9 × 1011, NQ,tot = 9.1 × 1012

• lbatch = 1.675 µs

The total voltage in a 5-section travelling wave structure,
V , at the first turn is shown in Fig. 12. The time of the ar-
rival of the batch in the travelling wave structure and when
it leaves the travelling wave structure can be clearly seen.
Note that there is no beam loading compensation on the first
turn. The power required for the beam loading compensa-
tion during the first 2 ms is shown in Fig. 13 (top). It is
significantly higher for the case of the 8b4e beam. With a
perfect beam loading compensation the voltage in the travel-
ling wave structure should be constant whether the beam is
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25 ns 8b4e

Figure 12: V at the first turn (scale: MV) for the two beams.

25 ns 8b4e

Figure 13: At the top the RF power delivered to the travelling wave structure during the first 2 ms (scale: kW) and on the
bottom V during the first 2 ms (scale: MV) for the two beams.

25 ns 8b4e

Figure 14: RF power delivered to the travelling wave structure at about 400 µs after injection (scale: kW) for the two beams.
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inside the structure or not. Figure 13 (bottom) shows that
this is not the case. In the case of the 25 ns beam the beam
loading compensation is good after about 10 turns (25 µs).
In the case of the 8b4e beam a residual error exists still after
2 ms.

A look at the power demand at about 400 µs after injection
shows that the temporal structure is very different for the
two beams, Fig. 14. This difference is related to the different
time structures of the two beams. The frequent gaps of 8b4e
require a larger bandwidth for beam loading compensation
than it is necessary for the continuous beam of 72 bunches.

Longitudinal dampers
With respect to the losses at flat bottom, it is not only the

beam loading in the travelling wave structures which plays
a role. The two longitudinal dampers acting through the
travelling structures #1 and #3 measure the bunch by bunch
phase and damp longitudinal coupled bunch instabilities
of low order (limited by the bandwidth of the travelling
wave structures), see Fig. 10. In addition they provide the
injection damping for the second and following injections of
the beam as the phase loop measures only the first injected
batch. Apart from the bandwidth limitation, there is another
one. The longitudinal dampers had been designed for typical
values of the synchrotron frequency for the Q26 optics. In
the case of the Q20 optics with typically values twice or
larger the damping is not any more optimal.

800 MHz hardware
The two 800 MHz travelling wave structures are now

equipped with a new beam control and with a 1-turn delay
feedback. The beam loading amplitude is reduced by about
26 dB and the phase variation due to beam loading is reduced
to about 1◦ at 800 MHz. With the presently available beams
there are no known limitations related to beam loading.

With respect to losses at flat bottom it had been observed
that the loss rate depended on whether the 800 MHz RF
system had been in use or not (see previous section). This
seems to be the only point which needs to be investigated
further.

Impact of LLRF settings on losses
From the above description of the SPS RF hardware it

becomes clear that a global optimization of all LLRF settings
requires careful measurements and multi-parametric scans.
On the other hand, it can be easily tested what happens
if one of the systems is switched OFF. This was done as
shown in Fig. 15. For this study the 25 ns standard beam
with 72 bunches of 1.33 × 1011 p/b with a bunch length of
4.1 ns at injection was used and the 800 MHz RF system
was ON. The graph shows the total losses until reaching the
28GeV/c plateau. Switching the longitudinal damper OFF
had no impact on the losses, only when increasing the gain
above certain levels was driving the beam unstable resulting
in enhanced losses. This means that the damper is indeed
not very effective in the Q20 optics as expected from the
hardware limitations explained above. The biggest impact
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Figure 15: Losses from injection to the start of the inter-
mediate plateau at 28GeV/c as function of time in the MD
session. The vertical bars indicate the changes in the RF
settings as indicated by the labels.

on losses was observed when the 1-turn delay feedback was
switched OFF, which increased the losses from 10% to more
than 20%. Switching only the feed-forward OFF had no
effect. This is not really expected and needs to be further
studied in future MD sessions. Changing the phase loop
sampling from the usual position in the beginning of the
train towards the center of the batch did not change the
losses.

Outlook
The hardware limitations which have been discussed will

be overcome after the Long Shutdown 2. The 200 MHz 5-
section travelling wave structures will be shortened and there
will be only 3-section and 4-section long structures, optimal
for the envisaged future beam currents. There will be two
more travelling wave structures installed together with new
RF power plants which will deliver higher power levels than
the present ones. There will be new cavity controllers for the
200 MHz travelling wave structures with a polar loop around
the RF power amplifiers, improved 1-turn delay feedback and
feed-forward. In addition there will also be new longitudinal
dampers which will not be limited to a particular synchrotron
frequency.
In how far the beam dynamics limitations mentioned in

the first part of the paper will be overcome remains to be
seen.

SUMMARY AND CONCLUSIONS
Losses on the flat bottom and injection of LHC beams into

the SPS are still an issue for reaching the ambitious intensity
targets for the HL-LHC era. A part of the losses can clearly
be attributed to capture losses due to the peculiar shape of the
longitudinal distribution after the bunch rotation in the SPS,
which is required at the transfer from the PS 40 MHz to the
SPS 200 MHz RF structure. However, additional losses are
observed on the SPS flat bottom and during the ramp. These
losses seem to increase with the bunch intensity and may
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not necessarily be directly related to electron cloud effects,
as a comparison of the 25 ns beam with the 8b4e has shown.
Instead the discussed SPS RF hardware limitations could
play an important role, which however should be mitigated
with the RF upgrade as part of the LIU project.
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This contribution is an extract from the following article
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Abstract
Longitudinal instabilities are one of the main limitations

in the CERN SPS to reach the beam parameters required
for the High Luminosity LHC project. In preparation to
the SPS upgrade, possible remedies are studied by perform-
ing macroparticle simulations using the machine impedance
model obtained from electromagnetic simulations and mea-
surements. To benchmark the impedance model, the results
of simulations are compared with various beam measure-
ments. In this study, the reactive part of the impedance was
probed by measuring the quadrupole frequency shift with
intensity, obtained from bunch length oscillations at mis-
matched injection into the SPS. This method was applied
over many last years to follow up the evolution of the SPS
impedance, injecting bunches with the same bunch length.
A novel approach, giving significantly more information,
consists in varying the injected bunch length. The compari-
son of these measurements with macroparticle simulations
allowed to test the existing model and identify some missing
SPS impedance and to obtain its possible dependence on
frequency.

INTRODUCTION
One of the main challenges for future physics projects

relying on particle accelerators is the need for high beam
intensity, which can be limited by different collective effects.
The High Luminosity LHC (HL-LHC) project at CERN
needs twice higher beam intensity than achieved so far [2].
The Super Proton Synchrotron (SPS) is the last accelerator of
the LHC injector chain and is the main bottleneck in terms of
intensity due to beam loading and longitudinal instabilities.
As the required step in performance in the SPS is high, one
of the goals of the LHC Injector Upgrade (LIU) project [3]
is to identify the sources of this limitation and find solutions.

The instabilities are driven by the interaction of the beam
with its environment. Changes in the vacuum chamber ge-
ometry lead to electromagnetic perturbations, modeled by
a beam coupling impedance Z . An accurate impedance
model of the ring is needed to identify the most critical
contribution. A survey of all elements in the machine has
been done and their impedance was found using electro-
magnetic simulations and bench measurements. It includes
now the contribution from most of the significant sources,
such as the Traveling Wave RF cavities (TWC) and their
High-Order Modes (HOM), the injection/extraction kickers,
the vacuum flanges (the biggest contributors correspond to
the type near the focusing magnets QF), the pumping ports,
and many other smaller sources [4, 5]. At low energy in the
∗ alexandre.lasheen@cern.ch

SPS, longitudinal space charge (ImZ/n)SC is not negligible
and needs to be correctly evaluated [6]. The present SPS
impedance model is used in beam dynamics simulations and
is presented in Fig. 1.
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Figure 1: The present SPS longitudinal impedance model
(top: resistive part, bottom: reactive part). The total
impedance is represented in black (only for the real part
for clarity purposes) while subsets are shown in various
colors

The comparison of beam measurements performed to
probe the whole impedance with macroparticle simula-
tions can give indications about the completeness of the
impedance model. The reactive part of the machine
impedance can be evaluated from the measurements of
the synchrotron frequency shift with intensity. Various ap-
proaches were used in different accelerators. For example,
the Peak-Detected Schottky signal (e.g. in the LHC [7]),
or measurements of the beam transfer function (e.g. in the
PS [8]) can be used to directly observe the synchrotron fre-
quency distribution, and the frequency shift is obtained by
scanning the bunch intensity.

The method presented below relies on the measurements
of bunch length oscillations at injection, initiated by a mis-
matched RF voltage. The frequency of these oscillations fs2
is approximately twice the linear synchrotron frequency and
depends on the reactive part of the impedance as well as on
the bunch intensity and length. Examples of recent measure-

Proceedings of the Injector MD Days 2017, Geneva, Switzerland, 23 – 24 March 2017, edited by H. Bartosik and G. Rumolo, CERN
Proceedings, Vol. 2/2017, CERN-Proceedings-2017-002 (CERN, Geneva, 2017)

2518-315X– c© the Author/s, 2017. Published by CERN under the Creative Common Attribution CC BY 4.0 Licence.
https://doi.org/10.23727/CERN-Proceedings-2017-002.73

73

https://doi.org/10.23727/CERN-Proceedings-2017-002.73


ments performed using bunches with different parameters
are shown in Fig. 2.
The synchrotron frequency depends on the voltage seen

by the beam, which is modified due to the voltage induced
in the impedance sources. For bunches performing coherent
oscillations, the induced voltage contribution coming from
the stationary part of the bunch distribution can be sepa-
rated from the one coming from the mismatched part. The
frequency of coherent oscillations can be presented in the
following form [9]:

fs,m (Nb) ≈ m fs0 + m∆ f inc (Nb) + ∆ fcoh,m (Nb) , (1)

where Nb is the bunch intensity (number of particles in
the bunch ppb), m is the mode of the oscillations (m = 1 is
dipole or bunch position oscillations, m = 2 is quadrupole or
bunch length oscillations), fs0 is the synchrotron frequency
for small amplitude of oscillations, ∆ f inc is the incoherent
frequency shift due to induced voltage from the stationary
bunch distribution and ∆ fcoh,m the coherent frequency shift
defined by the perturbation due to the mismatched part. For
dipole oscillations, the coherent and the incoherent shifts are
exactly compensating each other for a parabolic bunch [10,
Section 6.4] (which is a common distribution for proton
bunches in the SPS), meaning that no information could be
extracted so bunch length oscillations are used in this case.
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Figure 2: Examples of bunch length oscillations at SPS
injection measured in the Q26 optics for different average
bunch lengths τav and intensities Nb .

Since 1999, this method was used to monitor the evolu-
tion of the SPS impedance as many pieces of equipment
were shielded, removed or installed [11]. The evolution of
the measured quadrupole frequency shift with intensity is
shown in Fig. 3 (represented by the slope b). In 1999, the
main impedance contribution was from the pumping ports
and the measured shift as a function of intensity was large
(b = −5.6 Hz). The pumping ports were also the source
of microwave instability in the SPS, a major limitation to
reach the required beam parameters for the LHC. There-
fore, their impedance was reduced by shielding in 2000. In
2001, the measured quadrupole frequency shift was lower
(b = −1.8 Hz), proving that the impedance reduction was

successful. The shift with intensity was measured several
times between 2003 and 2007 after the installation of kicker
magnets for extraction to the LHC (2003 and 2006), followed
by their impedance reduction (2007). However, while the
large changes were easy to see, the small variations in the
quadrupole frequency shift were difficult to measure. Stud-
ies showed that the measured shift b also strongly depends
on the longitudinal emittance, and the lack of reproducibil-
ity in the average bunch length during measurements led to
inconsistent results (e.g. the measured shift b increased in
2007, although the SPS impedance was reduced).

Figure 3: Measurements of the quadrupole synchrotron
frequency shift at 26 GeV/c in the SPS since 1999 [11].

During the Machine Development (MD) sessions of 2016,
measurements were extended to scanning both the bunch
intensity and the average bunch length. The dependence on
bunch length could be used to extract additional information
about the frequency characteristics of the SPS impedance.
By comparing measurements with macroparticle simula-
tions using the present SPS impedance model, deviations
were exploited to estimate possible missing impedance con-
tributions.

MEASUREMENTS OF THE
QUADRUPOLE FREQUENCY SHIFT

Setup
The quadrupole oscillation frequency fs2 was measured

at injection in the SPS (kinetic energy Ek = 25 GeV) and
its dependences were analyzed by exploring a broad range
of bunch intensities and lengths. The RF parameters in
the SPS injectors were adjusted to scan the injected bunch
properties [12]. In the SPS, the RF voltage was set for the
injected bunch to be slightly mismatched hence initiating
bunch length oscillations. The dipole oscillations were re-
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(b) Q26 optics

Figure 4: Measured quadrupole frequency fs2 as a function of bunch length and intensity in both Q20 (left) and Q26 (right)
optics. Each point corresponds to a single measurement, and the colored surface corresponds to the quadrupole frequency.

duced thanks to the RF phase loop and this effect is con-
sidered negligible below. The longitudinal bunch profiles
were acquired every turn using a Wall Current Monitor for
an amount of turns covering approximately ten quadrupole
oscillations periods.
The measured bunch length is increased, mainly due to

the perturbation from the cables between the Wall Current
Monitor and the oscilloscope used for the measurements.
The perturbation from the Wall Current Monitor on bunch
length is negligible, and the perturbation from the cables
transfer function is small: the measured bunch profile is
lengthened by 5-10%. The lengthening comes from short
coaxial cables in the measurement line, the main part of the
cables consist in a long fiber optic link, which has a negligi-
ble impact on the measured bunch profile. The Wall Current
Monitor and cables transfer functions were measured, and
the bunch profile was systematically corrected [13, 14]. The
profiles were fitted with the binomial function

λ (τ) =
2Γ (3/2 + µ)
τL
√
πΓ (1 + µ)

1 − 4
(
τ

τL

)2
µ

,

λ (|τ | > τL/2) = 0,
(2)

where τL is the full bunch length, and where µ = 3/2.
The bunch length for the rest of the paper is defined as
τ4σ = 4σrms, where σrms is the rms bunch length of the
fitting profile. We note τav and ∆τ corresponding to the
average bunch length and the peak-to-peak amplitude of the
bunch length oscillations. The frequency of the bunch length
oscillations fs2 was obtained from the maximum component
of the Fast Fourier Transform. The bunch intensity Nb was
measured using a DC Beam Current Transformer and an
averaged value was taken. Finally, each acquired SPS cycle
associates the quadrupole frequency fs2 with an average
bunch length τav, a peak-to-peak amplitude of oscillations
∆τ and a bunch intensity Nb . Examples of these acquisitions
were shown in Fig. 2.

Two different optics are available in the SPS, named after
the transverse tune: Q20 and Q26. The main difference
is the different γt and therefore a different synchrotron fre-
quency for the same bucket area Ab . Another difference is
the longitudinal space charge effect which is larger in the
Q26 optics with respect to the Q20 optics. This is due to
the different dispersion function which gives a smaller hori-
zontal bunch size in the Q26 optics for the same transverse
emittance [6]. Measurements were performed in both optics,
for the same bucket area (by adjusting the RF voltage VRF)
The raw data of the quadrupole frequency as a function of
intensity and the average bunch length is shown in Fig. 4.
The corresponding beam and machine parameters are shown
in Table 1.

Table 1: The SPS beam and machine parameters for the two
different SPS optics.

Optics γt VRF fs0 Ab

(
ImZ
n

)
SC

[MV] [Hz] [eVs] [Ω]
Q20 17.95 2.8 517.7 0.473 -1.0
Q26 22.77 0.9 172.4 0.456 -1.27

Data analysis and results
The dependence of the quadrupole frequency fs2 on in-

tensity was studied by selecting the data with the same av-
erage bunch length τav (within ±50 ps). For each set, the
dependence on intensity is obtained from the fit by a lin-
ear function fs2 = a + b Nb. The origin of the fit a corre-
sponds to the quadrupole frequency without intensity effects,
while the slope b contains the information about the reactive
impedance. Examples of measured quadrupole frequency
fs2 as a function of intensity for different sets of average
bunch length τav together with fits are shown in Fig. 5.
The dependence of the quadrupole frequency on bunch

length can be studied from the fitted parameters a and b
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Figure 5: Examples of measured quadrupole frequency fs2
as a function of intensity for selected average bunch lengths
τav (within ±50 ps) in the Q20 optics. The lines correspond
to a linear fit.

obtained for each set of τav. The measured quadrupole oscil-
lations are mainly performed by the mismatched particles
from the outer part of the distribution. The first consequence
is that the quadrupole frequency without intensity effects
a (τav) should follow [1]:

a (τav) ≈ 2 fs0

[
1 − (ωRFτav)2

64

]
, (3)

where fRF = ωRF/ (2π) is the RF frequency and where
the right-hand side of the equation is noted 2 f (0)

s , which is
the quadrupole frequency including the effect of the non-
linearity of the RF voltage. The comparison of measure-
ments with the expected analytical formula is shown in
Figs. 6a and 6b for both optics. They are in good agreement,
confirming that the measured quadrupole frequency is domi-
nated by contributions from particles with large synchrotron
oscillation amplitudes. The small discrepancy between mea-
surements and the expected scaling comes from the fact that
Eq. (3) is valid for particles with maximum oscillation am-
plitude, while in measurements the frequency is determined
by the sum of all the particles defining the mismatch.
It is possible to extrapolate the value of 2 fs0 from the

measured a (τav → 0) which gives the actual amplitude of
the RF voltage during measurements (this parameter has an
uncertainty of ≈ 5%). For both Q20 and Q26 optics the
measured values (2 fs0 ≈ 1035 Hz in the Q20 optics and
2 fs0 ≈ 342 Hz in the Q26 optics) are in good agreement
with the values expected in theory in Table 1. The measured
slope b is shown in Figs. 6c and 6d and it scales approxi-
mately as ∝ 1/τ3

av, in accordance to the expected scaling of
the synchrotron frequency shift for large particle oscillation
amplitudes [1].

In previous studies of the synchrotron frequency shift as a
probe of the reactive impedance, only the slope b was taken
to compare measurements and simulations. However, the
strong dependence on bunch length of the slope b implies
that small deviations in the measured bunch length could
lead to important differences between measurements and

simulations (e.g. due to perturbations in the measured profile
from the measurement line, see Setup paragraph). Therefore,
it was found preferable to use as a figure of merit the equiv-
alent impedance which dependence on bunch length is less
strong, even if the measured bunch profile was corrected re-
garding perturbations in the measurement line. The analyzed
parameters a = 2 f (0)

s and b = −2∆ f inc/Nb are recombined
to obtain the equivalent reactive impedance as [1]:

(ImZ/n)eq =
ω2

revVRFh
6q

b
a
τ3

av, (4)

where f rev = ωrev/ (2π) is the revolution frequency, q the
charge of the particles, h the RF harmonic number. The
results are shown in Figs. 6e and 6f. Note that the equivalent
impedances (ImZ/n)eq are very similar for the Q20 and Q26
optics since the dependence on the machine parameters VRF
and η was removed.
For the measured equivalent impedance (ImZ/n)eq we

can distinguish three different bunch length intervals. For
τav < 1.7 ns, the results are similar in pattern and value
between the Q20 and Q26 optics and correspond to the ideal
bunch length range for these measurements. At τav ≈ 1.7 ns,
the measured equivalent impedance (ImZ/n)eq in the Q20
and Q26 optics starts to be different. For the Q20 optics,the
measured values keeps decreasing increase whilst the equiv-
alent impedance grows in the case of the Q26 optics. For
τav > 2 ns the measured equivalent impedance (ImZ/n)eq
in Q20 is completely unusable. This is explained by the mo-
tion of a mismatched bunch in phase space which is heavily
affected by the non-linearities of the RF bucket for large
bunch lengths. As shown in Fig. 2, the consequence is that
the bunch profile changes with time and bunch length oscil-
lations are quickly damped due to filamentation. In addition,
the bunch is shortened in the SPS injector (PS) by a fast RF
voltage increase (bunch rotation in phase space). For large
bunch lengths, the distribution in phase space is distorted
during the bunch rotation in the longitudinal phase space and
has an "S-shape" [15], making the filamentation effects even
more difficult to reproduce. Moreover, the spectrum of a
filamenting bunch has components at high frequency, which
could affect the synchrotron frequency shift. In those condi-
tions the results are varying from one acquisition to another.
Nevertheless, the main observation is that for large bunch
lengths the equivalent impedance (ImZ/n)eq for τav > 2 ns
is increasing, implying that long bunches are mainly sam-
pling inductive impedance.

PARTICLE SIMULATIONS
BLonD simulations

The dependence of the quadrupole frequency shift on the
SPS impedance can be studied more precisely by macropar-
ticle simulations that include the RF non-linearities and
induced voltage. The simulation code BLonD was written
at CERN to simulate longitudinal beam dynamics in syn-
chrotrons and was successfully benchmarked with measure-
ments in various accelerators and physics cases, including
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(e) Q20 optics - Equivalent impedance (ImZ/n)eq
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Figure 6: The fitted origin a (top), slope b (middle) and their expected scaling from theory (green, respectively from Eq. (3)
and ∝ −1/τ3

av). The Eq. (4) is used to get the corresponding equivalent impedance (ImZ/n)eq (bottom) of the quadrupole
frequency shift with intensity, as a function of the average bunch length τav, in the Q20 (left) and Q26 (right) optics.

the synchrotron frequency shift with intensity [16]. All simu-
lations were done using the SPS impedance model presented
in Fig. 1 (both resistive and reactive parts).

The SPS machine parameters were set in simulations to be
the same as in measurements (for both optics in Table 1). To
cover the same range of longitudinal emittances and bunch
intensities obtained in measurements, each acquisition was

reproduced in simulations by taking the injected bunch pro-
file and reconstructing the bunch distribution in phase space
using the Abel transform [17]. To get in simulations a mis-
match close to the one in measurements, the bunch distribu-
tion in phase space was generated and the energy spread was
iteratively adjusted so that the peak-to-peak bunch length
oscillations ∆τ are similar to the corresponding acquisition.
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Figure 7: Equivalent impedance (ImZ/n)eq as a function of bunch length obtained from measurements (blue) and
simulations (red) using the full SPS impedance model in the Q20 (left) and Q26 (right) optics.

For small bunch lengths, this approach is good enough to get
input distributions close to the ones extracted from the PS
without having to simulate the bunch rotation in the PS. Sim-
ulation results analyzed applying exactly the same method
as used for measurements are presented in Fig. 7.
Overall, simulations using the present SPS impedance

model are in good agreement with measurements and
the non-trivial dependence of the equivalent impedance
(ImZ/n)eq on bunch length is well reproduced in both op-
tics. Nevertheless, some systematic deviations can be no-
ticed. First, the equivalent impedance (ImZ/n)eq is in gen-
eral lower in simulations than in measurements, suggesting
that some impedance is still missing in the SPS impedance
model. Next, the discrepancy is higher for τav ≈ 1.6 ns,
indicating that the missing impedance has a particular fre-
quency dependence. The results for τav > 1.7 ns are less
accurate due to the limitations described above and may not
be suitable to draw reliable assumptions on possible missing
impedance.

Evaluation of the missing impedance
To define possible missing impedance sources, the simu-

lations were reiterated by adding a variable amount of con-
stant inductive impedance ImZ/n. Results are shown in
Fig. 8. The present SPS impedance including space charge
is represented in blue and the deviations between measure-
ments and simulations could be explained by an additional
inductive impedance in the order of ImZ/n ≈ (0 − 1.5) Ω
depending on the bunch length. This is comparable to the
longitudinal space charge impedance of (ImZ/n)SC ≈ −1 Ω.
Omitting the longitudinal space charge impedance in sim-
ulations would correspond to the red line. In this case, the
interpretation would have been opposite, since we would
have concluded that the inductive impedance in the present
model is in excess. Therefore, the longitudinal space charge
effects are indeed not negligible and should be included in
simulations at flat bottom in the SPS. An accurate evaluation
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Figure 8: Measured equivalent impedance (ImZ/n)eq
(black) in the Q20 optics compared with simulations (col-
ored lines) adding a variable amount of inductive impedance
in the range ImZ/n = (0 − 2) Ω to the full SPS impedance
model.

of the longitudinal space charge impedance was done [6],
leading to the values shown in Table 1 for both optics.
By using the previous scan in simulations adding a vari-

able amount of constant inductive impedance ImZ/n, it is
possible to determine for each bunch length the necessary
impedance value to reach a perfect agreement between sim-
ulations and measurements. Results are shown in Fig. 9 for
both optics.
For τav < 1.4 ns, the missing impedance is constant

in first coarse approximation and it is necessary to add
∆ (ImZ/n) ≈ 0.3Ω in the Q20 optics and ∆ (ImZ/n) ≈
0.5Ω in the Q26 optics to remove the deviations. For this
large range of bunch lengths, a broadband impedance source
could be the missing contribution, as determined in the previ-
ous section. Whilst non negligible, this missing contribution
is still small in comparison with the full impedance budget
and could be explained by an underestimation of a source in
the model or some contributions that were not included.
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Figure 9: Missing inductive impedance ImZ/n as a function of bunch length needed to get a perfect agreement between
measurements and simulations shown in Fig. 7 for both Q20 (left) and Q26 (right) optics.
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Figure 10: Equivalent impedance (ImZ/n)eq in measurements and simulations after adding an extra resonator with
fr = 350 MHz, R/Q = 3 kΩ and Q = 1 to the SPS impedance model to compensate for deviations from measurements in
both Q20 (left) and Q26 (right) optics.

For τav in the range (1.4 − 1.7) ns, the missing impedance
is increasing linearly, suggesting that an impedance source
as a resonator could also be missing. Simulations were
done with an additional resonator and its resonant frequency
fr and impedance R/Q were scanned to further reduce
the discrepancy (with Q = 1). The best agreement was
found for a resonator with fr ≈ (350 ± 50) MHz and
R/Q ≈ (3 ± 1) kΩ, leading to an almost perfect agreement
in the Q20 optics as shown in Fig. 10a. While in the Q26 op-
tics the agreement is also improved, some small deviations
are still present at τav ≈ 1.0 ns and τav ≈ 1.5 ns (see Fig. 10b).
Adding a single resonator is most probably not enough to
correct all the deviations between measurements and simu-
lations. A perfect description of the missing impedance is a
multi-parametric task which requires a very large amount
of measured data with small error-bars. Moreover, the real-
istic frequency dependence of a device contributing to the
machine impedance could be more complex than that of
a single resonator. Nevertheless, clear indications for the

missing effective impedance as a function of bunch length
can be exploited to get hint and direction for further searches.
The missing contribution, depending on its frequency, could
also be critical to have a reliable SPS impedance model for
the bunch stability studies required for the SPS upgrade.

CONCLUSIONS
The measured quadrupole frequency shift with intensity

has been used to probe the reactive part of the SPS ma-
chine impedance. Being very sensitive to the average bunch
length because of the non-linearities of the RF bucket and
the induced voltage, this method can nevertheless be used to
have an estimate of the missing impedance and its frequency
dependence. Measurements were done in the SPS in two
different optics and allowed, from good agreement with par-
ticle simulations, to show that the present SPS impedance
model is satisfactory to reproduce the measured synchrotron
frequency shift. The agreement can be further increased
by adding a resonant impedance at fr ≈ 350 MHz with
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R/Q ≈ 3 kΩ and Q = 1, the real source to be investigated.
As the studies for the HL-LHC project rely on the accurate to
reproduction of beam instabilities, any missing impedance
could be crucial and this method is an effective way to test
the existing impedance model. Beyond the evaluation of the
longitudinal impedance model, the study of the synchrotron
frequency shift is also important as it is a key component to
determine the instability mechanisms related to the loss of
Landau damping.
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Abstract
The CERN SPS (Super Proton Synchrotron) serves as

LHC injector and provides beam for the North Area fixed
target experiments. At low energy, the vertical acceptance
becomes critical with high intensity large emittance fixed tar-
get beams. Optimizing the vertical available aperture is a key
ingredient to optimize transmission and reduce activation
around the ring. During the 2016 run a tool was developed to
provide an automated local aperture scan around the entire
ring.
The flux of particles slow extracted with the 1/3 inte-

ger resonance from the Super Proton Synchrotron at CERN
should ideally be constant over the length of the extraction
plateau, for optimum use of the beam by the fixed target ex-
periments in the North Area. The extracted intensity is con-
trolled in feed-forward correction of the horizontal tune via
the main SPS quadrupoles. The Mains power supply noise
at 50 Hz and harmonics is also corrected in feed-forward
by small amplitude tune modulation at the respective fre-
quencies with a dedicated additional quadrupole circuit. The
characteristics of the SPS slow extracted spill in terms of
macro structure and typical frequency content are shown.
Other sources of perturbation were, however, also present in
2016 which frequently caused the spill quality to be much
reduced.

INTRODUCTION
The Super Proton Synchrotron (SPS) at CERN delivers

beam to the North Area fixed-target experiments using res-
onant slow extraction. It serves also as LHC injector and
provides beam to the HiradMat [1] and AWAKE [2] facilities.
The proton beams for fixed target physics are injected at a
momentum of 14 GeV/c and need to cross transition in the
early part of the acceleration to the 400 GeV/c extraction mo-
mentum. The requested intensities for fixed-target physics
range from 3 to 4 × 1013 protons per cycle with typically
3300 cycles per day. Due to the high intensity and high duty
cycle of the fixed-target beams, beam loss in the SPS has to
be kept as low as possible to limit activation of the ring and
maximising the acceptance of the machine is crucial.

The other challenge with fixed target beams in the SPS is
to provide adequate spill quality for the North Area experi-
ments. For an ideal slow extracted spill, the rate of extracted
particles dN/dt should remain constant over the 4.8 s long
extraction plateau. The spill is corrected in feed-forward by
adjusting the tune directly through the main quadrupoles all
around the SPS [3]. Also the fluctuations at 50 Hz and its har-
monics are corrected in feed-forward. The servo-quadrupole
system in long straight section 1 of the SPS is equipped with
a 50, 100, 150 and 300 Hz current modulation of adjustable
phase and amplitude for that purpose.

AUTOMATIC LOCAL APERTURE
MEASUREMENT

The shape of the vacuum chambers follows the beam size
variation around the ring circumference and the aperture with
the flat vacuum chambers in the dipole magnets is optimised
to accommodate the horizontal beam size during transition
crossing and slow extraction. By design the acceptance in
the vertical plane is smaller than in the horizontal plane. At
low energy any further reduction of the vertical aperture due
to orbit and misalignments directly translates into increased
losses. The SPS vertical aperture bottleneck is expected to
be at the TIDVG internal beam dump (vertical aperture of
42 mm).

The local aperture measurement tool
The automatic local aperture measurement tool is based

on applying three-corrector-bumps at all quadrupole loca-
tions around the SPS. The bump amplitudes are increased
linearly during the measurement period and the evolution of
the beam intensity in the SPS is recorded. The amplitude is
either increased from 0 mm to the maximum corresponding
to the corrector circuit current limit or decreased from 0 mm
to the minimum.

The mechanical aperture at a given location corresponds
to the bump amplitude, where the intensity drops to zero as
the entire beam is scraped off. A typical intensity evolution
during a bump scan is plotted in Fig. 1. This method is in-
dependent of the transverse beam distribution, that can vary
from shot to shot, but requires sufficient corrector strength.

Figure 1: Intensity evolution during the scan of the amplitude
of a three-corrector bump at location of QD.42510.

Limitations
The SPS orbit corrector magnets are limited to±3.5 A. For

proton fixed-target beams, injected at 14 GeV/c and optics
Q26, themaximum possible three-corrector-bump amplitude
is thus ± 35 mm. This is sufficient for the vertical plane to
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Figure 2: Mechanical aperture in the FODO cell of the SPS
in the vertical plane with three-corrector bump and beam
envelope. The bump will touch the aperture at the MBA
to MBB or QD to MBB transition before reaching the QD
aperture.

probe the mechanical aperture, but not for the horizontal one
given the vacuum chamber dimensions.
The other limitation arises from the fact that the three-

corrector-bumps span two SPS FODO cells and the mechan-
ical aperture changes along a cell. In fact the bump as used
during the scan does not probe the aperture of the defocus-
ing quadrupole QD, but of the transitions from the QD to
MBB main dipole vacuum chamber or from the MBB to
MBA type of main dipoles as indicated in Fig. 2. In the
current implementation of the tool the location of potential
aperture bottlenecks that are found during the aperture scans
cannot be better localised than to the region comprising the
half cell upstream and downstream of the QD. The option
to apply asymmetric bumps with four correctors to further
localise the aperture restriction could be made available in
an upgraded version of the local aperture measurement tool.

Results
The above introduced aperture measurement technique

was developed, tested and finally deployed during the SPS
run 2016. Low intensity 2 µs long MTE [4] beam of an
intensity of 2 − 3 × 1011 protons was used in a test cycle
with a 3.6 s long 14 GeV/c plateau. The locations of all
108 defocussing quadrupoles of the SPS were scanned in
positive and negative direction. Each scan was repeated 3
times for statistics. The error bars in the plots only contain
the statistical errors.

The CERN accelerator control system provided all build-
ing blocks required for the automatic aperture scan. The
YASP steering program [5] includes an automatic bump
scan routine. YASP relies on the LHC software architecture
(LSA) framework [6] which allows to configure knobs, i.e.
bumps, to be applied in a user defined manner over time. An
additional JAVA application had to be prepared to record the
beam intensity measurement through the cycle and associate
the data with the bump amplitude and the bump location
name.

Two measurement series were carried out towards the end
of the run in 2016, one on 18th of October and the second
one on 22nd of November. The aperture was analysed as total
aperture per location by combining the result of the positive
and negative scan to be independent of the actual orbit on the
test cycle. The total aperture measured at the different QD
locations for the two scans is shown in the upper plot of Fig.
3. At the locations were no measurement point is indicated,
the aperture was either never reached or the quality of the
measurement was inadequate. In the long straight sections
of every sextant, the QDs of half cells 17 and 19 are not
neighboured by dipoles. Thus the aperture is larger than
elsewhere and the correctors there are not strong enough
to reach the mechanical aperture of the QD chamber itself.
The exception is LSS1 where the SPS internal beam dump
TIDVG is installed. The aperture at location QDA.11910
is much reduced because of it. Table 1 summarises the
4 locations found in the scans with the smallest vertical
aperture around the ring.

As can be seen from the upper plot of Fig. 3, the aper-
ture measurement is reproducible within typically better
than 0.5 mm. Part of the measurement accuracy limitation
comes from the noise on the BCT, which is in the order of
≈ 5× 108 protons. The error bars in the plot do not indicate
the error from the BCT resolution. More studies need to be
carried out in 2017 to define the systematic error of the new
measurement technique.

The consistency of the obtained results was cross-checked
by scaling the obtained bump values at the QD locations to
the locations of the MBB-to-MBA transitions as indicated in
Fig. 2, where the beam loss should occur. Ideally the scaled
values should be equal to the MBA aperture at this location.
The aperture is however smaller than it should be at almost
every location, see Fig. 3 (lower plot).

Table 1: The four locations with the smallest vertical aper-
ture in the SPS in 2016.

location aperture error
[mm] [mm]

QD.13310 43.1 ± 0.5
QD.10710 43.3 ± 0.2
QD.33110 44.6 ± 0.6
QD.42310 45.2 ± 0.7

The local aperture measurements suggest that the aper-
ture bottleneck of the SPS is not at the beam dump, but at
locations close to QD.10710 and QD.13310. Roughly 4 mm
of aperture are missing at these locations. The total aperture
measured at location QDA.11910 of 48.2 mm corresponds
to ≈ 42.5 mm aperture at the center of the internal beam
dump TIDVG, but 45.3 mm at the exit of the TIDVG, where
the aperture bottle neck is supposed to be located. The the-
oretical aperture there is 42 mm. This inconsistency will
have to be further investigated in 2017.
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Figure 3: Total aperture measured at all defocusing quadrupole locations on 18th of October in blue and on 22nd of
November in green. The numbers 1 - 6 on the bottom of the plot indicate the number of the corresponding sextant.
The shaded areas correspond to the LSS. The lower plot shows the aperture measurements scaled to the location of the
MBB-MBA transitions. The aperture of the MBA vacuum chamber is also indicated

SPILL QUALITY
The feed-forward based spill control was introduced in

2015 to remove the continuous trajectory changes on the
North Area targets caused by the feedback controlled slow
extraction [3]. The feed-forward is calculated only upon
request. On a shot-by-shot basis, the spill quality relies on
the reproducibility of the machine.

The hysteresis of the SPS magnets is not sufficiently mod-
elled in the SPS control system. Any changes to the set
of magnetic cycles played one after the other, the so-called
super-cycle, have an impact on the beam parameters and
hence on the flux of extracted particles during slow extrac-
tion. A measure of the uniformity of the spill is the "effective
spill length" [7] which is defined as:

te f s =
[
∫ t2
t1

f (t)dt]2

∫ t2
t1

[ f (t)]2dt
(1)

where f (t) is the extracted intensity as a function of time.
Fig. 4 and 5 show the evolution of the circulating intensity
and extracted intensity calculated from the decay of the in-
tensity during the extraction flat-top. The extracted intensity
ramp-up at the beginning of the spill is introduced on purpose
as the RF structure takes roughly ≈ 500 ms to diminish to an
acceptable level for the North area experiments. Any events
during this time are not taken into account. The situation in

Figure 4: Evolution of the intensity through the fixed target
cycle in the SPS in 2016. The dashed line indicates the
moment at which the slow extraction starts.

Fig. 4 corresponds to a well adjusted spill and the effective
spill length calculated according to (1) is te f s ≈ 4500 ms.
If LHC 450 GeV/c cycles are added to the super-cycle or
the dynamic economy mode is enabled, where the cycles
are not fully played in case no beam is injected, the beam
parameters will change. The effect on the extracted intensity
before running the feed-forward algorithm is shown in Fig.
6 and 7. The effective spill length is reduced to 3800 ms for
that case.
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Figure 5: Extracted intensity as function of time on the
extraction plateau of the fixed target cycle calculated from
the intensity evolution in Fig. 4.

Figure 6: Evolution of the intensity through the fixed target
cycle in the SPS in 2016 after a super cycle change. The
dashed line indicates the moment at which the slow extrac-
tion starts. The beam is not extracted with a constant rate.

2016 Effective spill length
The typical value of the effective spill length for the 10.8 s

long fixed target cycle in the SPS with a 4800 ms flat-top
was ≈ 4500 ms. Due to hysteresis reasons, as explained
above, the expected spill length could however be much re-
duced for extended periods. Fig. 8 shows the evolution of
the effective spill length during 24 h where the LHC was
in machine development (MD) and LHC beam had to be
provided frequently by the SPS leading to many super-cycle
changes. Whereas the first few hours of Fig. 8 are repre-
sentative for a so-called production super-cycle with high
duty cycle for the North Area, the period of the first shaded

Figure 7: Extracted intensity as function of time on the
extraction plateau of the fixed target cycle calculated from
the intensity evolution in Fig. 6.

Figure 8: Evolution of the effective spill length during 24 h
on 6th of October 2016. The shaded areas indicate times
where LHC beam production cycles were in the SPS super-
cycle. The first periods included LHC cycles with beam
dedicated to the LHC with the LHC not continuously re-
questing beam such that the dynamic economy was played.
During the last extended period a setting-up cycle for LHC
beam was in the super-cycle with constant beam request.

Figure 9: Distribution of effective spill length over 24 h on
6th of October, 2016, with MD in the LHC and 24 h on 16th
of October, 2016, without MD in the LHC.

area is typical for an LHC filling super-cycle in terms of
effective spill length. Fig. 9 shows the comparison of the
distribution of effective spill lengths over 24 h with LHC
MD (6th of October 2016) and a typical day with the oc-
casional LHC filling or infrequent super-cycle changes in
the SPS(16th of October 2016). Not surprisingly, the more
stable running period without LHC MD leads to a narrower
effective spill length distribution and also a slightly higher
average effective spill length.
The hysteresis of the main dipoles seems to be the main

cause of the spill macro structure variations with super-cycle
changes [8]. In 2017 online field measurements of the refer-
ence magnets will be available. It is hoped that the analysis
of this data will allow to build an automated correction al-
gorithm.

Spill frequency content
As was discussed in [3] the SPS slow extracted spill is

strongly modulated at 50 Hz and its harmonics. Without
active correction the intensity fluctuations can be as high as
100 %. The amplitude and phase of the 50 Hz and higher
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Figure 10: Evolution of the amplitude of the 50 Hz content
in the spill. The 50 Hz amplitude bursts occur every few
minutes.

harmonics modulations drift over time and the correction has
to be frequently adjusted. In 2016 the system used to feed
forward a small amplitude compensating tune modulation
was calibrated for its spill phase response. As a result of this
campaign a deterministic automatic algorithm could be put
in place to adjust the modulation parameters. The adequate
amplitude of the modulation is derived from an automatic
scan.

Despite the more performant tools, the 50 Hz spill ripple
seemed to be uncorrectable at times. Recording the evolu-
tion of the 50 Hz amplitude without changing the correction
revealed the cause of this issue. The amplitude of the 50 Hz
ripple does not slowly drift over time, but its amplitude is
increased by up to a factor 5 for a short period of a few min-
utes and then decreased again. These bursts re-occur with
a period of several minutes. Fig. 10 shows an example of
such an observation. The bursts are not always present. For
the time being no correlation with any modes of operation
could be established.
Another problem in 2016 was the fact that strong mod-

ulation of the extracted intensity did not only occur at 50
Hz and higher harmonics thereof, but also at about 30 Hz
or 65 Hz. The amplitudes of the peaks at these frequencies
could be as high as of the 50 Hz lines, Fig. 11, but no active
correction is available at these frequencies. The origin of
these disturbances need to be found and corrected at the
source. The FFT of the current of the QF main quadrupole
circuit in the SPS also showed ≈ 30 Hz in the spectrum when
the disturbance was strong on the spill, see Fig. 12. When
the quadrupole power supply was swapped towards the end
of the run in 2016, the 30 Hz issue disappeared.

SUMMARY & CONCLUSION
Optimising the vertical acceptance in the SPS is funda-

mental for minimising losses with high intensity fixed-target
beams at low energy. An automated tool for measuring the
local aperture at all defocusing quadrupoles was developed
and tested in 2016. The results show that the vertical aper-
ture bottleneck of the SPS is not at the internal beam dump
TIDVG, but in the vicinity of QD.13310 and QD.10710.
Also in sextant 3 and 4 bottlenecks were found.

Figure 11: Evolution of the amplitude of the 50Hz and 30Hz
content in the spill on 6th of October 2016. 50 Hz bursts are
also present during most of the time of the observation time.

Figure 12: FFT of the current of the QF circuit during the
slow extraction plateau on 6th of October 2016. Lines with
large amplitude at 50 Hz as well as around 30 Hz can be
seen in the spectrum.

The SPS slow extracted spill can be well corrected with
feed-forward algorithms controlling the rate of extracted
intensity as well as the 50 Hz and higher harmonics spill
ripple. Good spill quality on a shot-by-shot basis relies
however on reproducibility and several effects lead to that
neither the spill macro structure nor the harmonic content of
the spill were stable. Uncompensated hysteresis effects of the
main field might be the origin of the macro structure changes.
Work is underway to understand and model the hysteresis
better and make it part of automated correction algorithms.
Noise in the spill at 30 and 65 Hz is most probably induced
by the main power supplies. Swapping the QF power supply
already removed the 30 Hz ripple. More performant tools are
now available to correct the 50Hz and harmonicsmodulation
of the spill. To really profit from these tools though, the
origin of the 50 Hz bursts will have to be found and removed.
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SLOW EXTRACTION AT THE SPS: EXTRACTION EFFICIENCY AND
LOSS REDUCTION STUDIES

M.A. Fraser∗, F. Addesa, G. Cavoto, F. Galluccio, S. Gilardoni, B. Goddard, F. Iacoangeli, V. Kain,
D. Mirarchi, S. Montesano, F. Murtas, S. Petrucci, S. Redaelli, F. Roncarolo, R. Rossi,

W. Scandale, L.S. Stoel, F.M. Velotti

INTRODUCTION
Elevated activation levels in LSS2 were first reported dur-

ing an intervention on the SPS extraction septum (ZS) in
September 2015. The increase was attributed to higher in-
tensity Fixed Target (FT) operation and poorer extraction
efficiency, and reported to the IEFC [1]. Since this event
the awareness of the impact of slow extraction losses on the
operation and maintenance of the SPS has been heightened.
This is particularly pertinent in light of tightening limits on
dose to personnel and recent requests for increased intensi-
ties, as well as ambitious future experimental proposals in
the North Area (NA), such as the SPS Beam Dump Facility
(BDF) [2]. To follow up these issues the SPS Losses and
Activation Working Group (SLAWG) was formed.

The MD programme for 2016 was originally foreseen to
test the faster spill on a 1.2 second flat-top for the BDF and
benchmark simulations of the extraction process, but this was
not possible due to the restrictions imposed by the TIDVG.
Nevertheless, during operational set-up and re-alignment
of the electrostatic septum (ZS) the extraction efficiency
could be studied parasitically. The first re-alignment of the
ZS actually took place during dedicated MD time in May,
before moving to physics time.

The application of bent crystals used in different configu-
rations and modes of operation for slow extraction is being
studied [3, 4]. Bent crystals offer promising solutions for
reducing the activation of the SPS LSS2 extraction region
that is induced by the small fraction of beam that unavoid-
ably impinges the ZS during the conventional resonant slow
extraction process. In 2016, the slow extraction of a low
intensity coasting 270 GeV proton beam into the TT20 ex-
traction line towards the NA of the SPS was demonstrated
in dedicated MDs using the extraction septa in LSS2 and a
bent crystal, provided by the UA9 collaboration as part of
their experimental installation in LSS5.

TIDVG Restrictions
The TIDVG fault in 2016 limited the scope of slow extrac-

tion MD plans. Extraction tests that could be carried out as
part of operational set-up were carried out, such as the align-
ment of the ZS, checking spiral step size, extraction bump
amplitude, profile measurements, aperture measurements,
etc. The following MDs were largely put on hold or severely
limited due to the intensity limit:

• MD181: Deployment of new SPS BDF cycle and ex-
traction tests

∗ mfraser@cern.ch

• MD183: Deployment of new SPS BDF optics for TT20

• MD186: Investigation of slow-extraction losses and
optimisation studies

Fortunately, the restriction on single-bunch coastingMD’s
at 270 GeV was relaxed and crystal-assisted slow extraction
MDs could be carried out:

• MD953: Crystal-assisted slow extraction through LSS2

The requests for the MD programme in 2017 will reflect the
time lost in 2016.

MD186: INVESTIGATION OF SLOW
EXTRACTION LOSSES AND
OPTIMISATION STUDIES

Extraction losses at the ZS were improved in 2016 with
beam-based alignment campaigns, however a local hotspot
discovered in the end-of-year RP survey indicated that the
losses had been pushed downstream. Although the TPST is
a dedicated absorber the situation must be better ameliorated
in 2017 and studies are on-going to understand the cause
of the hotspot. The re-alignments were slow, taking over
8 hours. With the possibility to scan the up and the down-
stream ends of each of the 5 ZS tanks it was challenging to
minimise the measured loss on BLMs in an efficient manner.
This type of alignment is a potential use case for machine
learning algorithms, which will be pursued to improve the
efficiency in 2017. It is also expected to re-align by moving
the beam instead of the ZS to correct for orbit drifts.
The extraction inefficiency could be measured parasiti-

cally as ZS position was scanned during the realignments
and could therefore be carried out despite the TIDVG re-
strictions. The objective was to experimentally quantify the
efficiency of the SPS slow extraction process and make a
first attempt to calibrate the secondary emission foils (BSI)
foils in TT20 using the ring BCT. The BSI foils are used to
determine transmission through the NA transfer lines and
to determine the Protons on Target (POT) sent to the experi-
ments. Significant discrepancies in the calibration of these
foils have been reported but the source of the discrepancy is
not understood. The titanium foils in the first two BSI’s of
the TT20 extraction line, which are normally permanently
inserted into the extracted beam, were used in the calibration
tests, as shown in Fig. 1: BSI.210216 (used for the servo
spill control) and BSI.210279.
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Figure 1: Layout of the LSS2 extraction region and location of the BSI’s.

Extraction Inefficiency Measurement Concept
The inefficiency measurement used the more reliable ring

BCT intensity measurement to calibrate both the BLMs and
BSIs as the extraction efficiency was deliberately varied by
misaligning the ZS. The concept relies on the assumption
that losses do not appear somewhere that the BLM system
does not cover and that the results can be extrapolated over
a rather large range. The concept is based on investigations
made at the AGS in Brookhaven during the 1980’s [5], as
shown in Fig. 2.

BLM∑
BCT

BSI
BCT

Misalign	  electrosta.c	  septum	  
(ZS)	  to	  vary	  extrac.on	  

efficiency	  at	  low	  intensity	  
(2E12	  ppp)	  

ΣBLM/BCT	  	  =	  M.(BSI/BCT)	  	  +	  C	  

Extrapola.on	  to	  
perfect	  inefficiency:	  

BSI/BCT	  =	  0	  
ΣBLM/BCT	  =	  C	  

Extrapola.on	  to	  
perfect	  efficiency:	  
ΣBLM/BCT	  =	  0	  
BSI/BCT	  =	  -‐C/M	  

Figure 2: Measurement concept with AGS data [5].

The septum is deliberately skewed, as is done anyway
to find the optimum position during re-alignment, and the
resulting beam losses are correlated to the measured beam
intensity extracted into the transfer line, normalised to the
total intensity in the ring before extraction measured on the
BCT. The correlation is closely linear and one can compute
the extraction efficiency and check the calibration of the
BSI against the BCT by extrapolating and computing the
intercepts with each of the axes as shown in Fig. 2.

A low intensity beam of 2×1012 ppp was extracted during
the MD to avoid damaging the ZS and to avoid unnecessary
activation. It was important to remove the beam intensity
lost at injection and dumped after the extraction to properly
normalise the loss and extracted beam intensity data. A total
of 160 shots were measured as the downstream end of the

ZS girder was scanned by ±1.5 mm, i.e. both towards and
away from the circulating beam. A screenshot of the ZS scan
application is shown in Fig. 3, where the BLM response is
recorded as function of the downstream girder position.

Towards	  
circula-ng	  
beam	  

Towards	  
extracted	  
beam	  

Figure 3: Screenshot of the ZS scan application for girder
movement. The normalised loss (per extracted proton) mea-
sured on different BLMs in LSS2 are displayed as a function
of the downstream ZS girder position.

Extraction Inefficiency Results
The results collected on the two different BSIs are shown

in Figs. 4 and 5, and summarised in Table 1. In order not to
introduce any additional non-linear effects it was decided
not to adjust the gain of the BSI even though relatively low
intensities were being extracted. This is the source of the
poor signal-to-noise on the BSI measurement data. The
measurement errors in both the BLM and BSI measurements
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Table 1: Summary of extraction inefficiency measurements

BSI # Comment Extraction Calibration
Inefficiency [%] Error

210216 servo spill, Ti, always IN 4.0 ± 0.2 n/a
210279 second in TT20, Ti, always IN 3.6 ± 0.2 −17.6 ± 0.2

ΣBLM/BCT	  	  =	  M.(BSI/BCT)	  	  +	  C	  

M	  ±	  σM	  =	  (-‐1.00	  ±	  0.04)E-‐5	  Gy/arb	  

C	  ±	  σC	  =	  (4.48	  ±	  0.16)E-‐2	  Gy/p+	  

BSI	  calibraDon:	  ΣBLM/BCT	  =	  0	  	  
BSI/BCT	  =	  -‐C/M	  =	  (4.47	  ±	  0.01)E3	  arb./p+	  

ExtracDon	  inefficiency	  =	  0	  
Ideally,	  BSI	  signal	  =	  BCT	  signal	  	  

(a) Zoomed.

BSI	  calibra+on:	  ΣBLM/BCT	  =	  0	  	  
BSI/BCT	  =	  -‐C/M	  =	  (4.47	  ±	  0.01)E3	  arb./p+	  

Extrac+on	  inefficiency	  =	  0	  
Ideally,	  BSI	  signal	  =	  BCT	  signal	  	  

ΣBLM/BCT	  	  =	  M.(BSI/BCT)	  	  +	  C	  

M	  ±	  σM	  =	  (-‐1.00	  ±	  0.04)E-‐5	  Gy/arb	  

C	  ±	  σC	  =	  (4.48	  ±	  0.16)E-‐2	  Gy/p+	  
BSI/BCT	  =	  0	  	  

ΣBLM/BCT	  =	  C	  =	  (4.48	  ±	  0.16)E-‐2	  Gy/p+	  
Extrac+on	  inefficiency	  =	  1	  

(b) Extrapolation.

Figure 4: Results for BSI.210216 (used for the servo spill control): downstream girder position scanned ±1.5 mm.

BSI	  calibra+on:	  ΣBLM/BCT	  =	  0	  	  
BSI/BCT	  =	  -‐C/M	  =	  (0.824	  ±	  0.002)	  

Extrac+on	  inefficiency	  =	  0	  
Ideally,	  BSI	  signal	  =	  BCT	  signal	  	  

ΣBLM/BCT	  	  =	  M.(BSI/BCT)	  	  +	  C	  

M	  ±	  σM	  =	  (-‐5.04	  ±	  0.2)E-‐2	  Gy/p+	  

C	  ±	  σC	  =	  (4.16	  ±	  0.15)E-‐2	  Gy/p+	  

BSI.210279	  

(a) Zoomed.

BSI	  calibra+on:	  ΣBLM/BCT	  =	  0	  	  
BSI/BCT	  =	  -‐C/M	  =	  (0.824	  ±	  0.002)	  

Extrac+on	  inefficiency	  =	  0	  
Ideally,	  BSI	  signal	  =	  BCT	  signal	  	  

ΣBLM/BCT	  	  =	  M.(BSI/BCT)	  	  +	  C	  

M	  ±	  σM	  =	  (-‐5.04	  ±	  0.2)E-‐2	  Gy/p+	  

C	  ±	  σC	  =	  (4.16	  ±	  0.15)E-‐2	  Gy/p+	  
BSI/BCT	  =	  0	  	  

ΣBLM/BCT	  =	  C	  =	  (4.16	  ±	  0.15)E-‐2	  Gy/p+	  
Extrac+on	  inefficiency	  =	  1	  

BSI.210279	  

(b) Extrapolation.

Figure 5: Results for BSI.210279: downstream girder position scanned ±1.5 mm.

were taken carefully into account when carrying out the least-
squares regression analysis:

∑
BLM

BCT
= M

BSI
BCT

+ C (1)

The extraction inefficiency was computed by normalising
the sum BLM signal for the well-aligned case with the ex-
trapolated y-intercept:

Ext. inefficiency =

∑
BLM
BCT

���ZS aligned

C
(2)

The electronics of BSI.210216 used for the spill control
is different to the other BSI’s in the line and is not used
for intensity measurements, only spill fluctuations, there-
fore no calibration constant is available to compare with the

ring BCT. The calibration of BSI.210279 showed a discrep-
ancy of close to 18% compared to the BCT, as shown by
the intercept of the regression with the horizontal axis. In
both cases the slow extraction inefficiency was measured at
approximately 4.0%.

Discussion & Outlook
Care must be taken in the interpretation of the results

as systematic errors are rather unknown, e.g. transmission
losses between the SPS and the BSI location will systemati-
cally shift the calibration measurements. However, an 18%
loss of beam intensity between the ring and the transfer line
is unlikely and doesn’t agree with the measured 4% extrac-
tion inefficiency. In order to better understand the calibration
of the BSI, the titanium foil in question (in BSI.210279), was

SLOW EXTRACTION AT THE SPS: EXTRACTION EFFICIENCY AND LOSS . . .

89



removed from TT20 and installed in TT10 during the shut-
down where a BCT is present. Dedicated measurements of
its secondary emission yield are planned in 2017 to further
investigate these results.

MD953: CRYSTAL-ASSISTED SLOW
EXTRACTION AT THE SPS

The possibility of extracting highly energetic particles
from the SPS by means of silicon bent crystals has been
explored since the 1990’s. The channelling effect of a bent
crystal can be used to strongly deflect primary protons and
hence direct them onto an internal absorber or, with addi-
tional deflection elements, eject them from the synchrotron.
Many studies and experiments have been carried out to inves-
tigate crystal channelling effects. As summarised in [6–9],
diffusion extraction of 120 and 270 GeV proton beams has
already been demonstrated in the SPS with dedicated exper-
iments located in the ring. At present in the SPS, the UA9
experiment is performing studies to evaluate the possibility
to use bent silicon crystals to steer particle beams in high en-
ergy accelerators [10–14]. Recent studies on the feasibility
of extraction from the SPS have been made using the UA9
infrastructure with a longer-term view of using crystals to
help mitigate slow extraction induced activation of the SPS.
During three dedicated MD sessions in 2016 the possibility
to eject particles from the SPS and into the extraction chan-
nel in Long Straight Section (LSS) 2 using the bent crystals
was tested.

Extraction Concept
The location of the bent crystals in LSS5 is 3.5 km from

the slow extraction channel in LSS2, which makes the ex-
traction process highly sensitive to the working point of
the machine. The crystals are positioned on the inside of
the ring and deflect inwards. Detailed studies [15] failed to
identify a suitable working point that provides the required
phase advance for the channelled beam to jump the wires
of the electrostatic septum, on the outside of the ring, on
the first turn. However, they did identify the potential of
the operational Fixed Target working point (Qx = 26.62,
Qy = 26.58) to extract the beam at the ZS on the second
turn, with a fractional phase advance of 252◦. The extrac-
tion scheme chosen is shown schematically in Fig. 6, where
the electrostatic and magnetic septa (ZS, MST and MSE)
are shown, along with a dedicated Cherenkov for Proton
Flux Measurement (CpFM) detector installed upstream of
the extraction dump (TED) in the TT20 transfer line. The
channelled beam performs almost 41 betatron oscillations
before reaching the ZS.
With the machine configured to store a single bunch at

constant energy, the transverse halo can be slowly and non-
resonantly extracted as it diffuses into the crystal, is chan-
nelled and deflected into the extraction septa. The advantage
of such an extraction concept for these first development
tests is that the channelled beam passes the UA9 experi-
mental area a second time, allowing the exploitation of the

LSS2	  
TED 

Betatron motion 
not shown to scale 

QX = 26.62	  

LSS5	  

Bent crystal 
≈	  175	  μrad	  

ZS, MST, MSE	  

TT20	  

CpFM 
detector	  

SPS	  

(extraction bump 
not shown)	  

…a 10 km trip for 
the channelled 
beamlet from 
crystal to TED	  

turn 2	  
turn 1	  

Figure 6: Schematic of the crystal-assisted extraction
scheme.

specialised beam diagnostics systems to verify the phase
advance of the channelled beam in the absence of suitable
systems in LSS2.

In order to simulate the dynamics of the extraction, the
SPS was implemented in MADX and particle tracking car-
ried out in combination with the pycollimate [16] scat-
tering routine, where the crystal interaction was modelled
using single-pass UA9 measurement data [17]. More details
of how the simulations were implemented are found in [15].
The presentation of the beam at the entrance to the ZS is
shown in Fig. 7 after being tracked through the crystal and
the SPS, where the distribution is approximated as a hollow
halo beam to save computation time. In Fig.7 the crystal
is aligned at −6σ with a channelling angle of −160 µrad,
where positive denotes a direction towards the outside of
the ring. The simulations were used to design the LSS2 ex-
traction bump, ensuring its closure, and to set the strengths
of the extraction septa such that the channelled beam enters
TT20 on the nominal trajectory.

ZS	  wires	  

ZS	  wires	  

Figure 7: Beam distribution (hollow halo approximation) at
ZS: normalised phase space (left) and horizontal projection
(right) [15].
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Experimental Setup
A schematic view of the UA9 installation is shown in

Fig. 8 comprising two goniometers for a multi- and a single-
crystal setup, different detectors used to precisely align the
crystals to the beam and to measure different observables,
as well as absorbers and scrapers to intercept the channelled
beam. The collimators and absorbers are named TCXHW,

TCXHW

QD517

MBA-MBB MBB

Figure 8: Schematic of the UA9 experiment’s installation.

TCSM, TACW and TAL, and all of them are equipped with
LHC Beam Loss Monitors (BLMs), which are significantly
more sensitive than the standard SPS BLMs. The TCSM
is an LHC prototype collimator with two horizontal jaws,
composed of 1 m long blocks of graphite, and equipped with
a Beam Position Monitor (BPM) at its entrance. The TACW
is an old SPS collimator, which was equipped with a single
60 cm tungsten jaw to suit the needs of the UA9 experiment,
used to stop the crystal-channelled beam during data taking.
The experimental installation starts with the TCXHW, a
10 cm long double-sided tungsten scraper, and terminates
with a station in the high dispersive area, which includes
the TAL (10 cm long double-sided tungsten scraper) and
a Roman Pot containing two Timepix high-precision pixel
detectors [18, 19]. In conjunction with UA9’s absorbers
and scrapers, the channelled beam could be stopped from
circulating after a given number of turns and its position and
transverse size measured on its return to LSS5, turn-by-turn.
To directly detect the presence of channelled beam in the
TT20 extraction line a dedicated CpFM detector [20,21] was
installed that is capable of measuring single-particle events
and therefore very low extraction rates.

Experimental Results
A low intensity LHC-type single-bunch of 1.6 × 1010

protons was used throughout the tests in order to guarantee
the protection of the fragile wires of the ZS from damage.
The effect of the imperfect closure of the LSS2 extraction
bump was tested and shown not to significantly perturb the
channelling efficiency. The BPM at the TCSM observed a
0.1 mm movement as the extraction bump was powered to
its nominal value of 57 mm at the ZS, inducing a spike in
the channelling rate and increasing BLM readings in LSS5.
To avoid this type of dynamic effect it was decided to turn
on the extraction bump before aligning the crystal with the
beam. The alignment of the UA9 equipment was carried
out as usual [22]. The crystal was positioned at 6σ and
aligned by scanning the angle of its goniometer and using
scintillators and BLM loss levels as observables to determine
the optimal orientation of the crystal. The bending angle
of the crystal used was measured in a previous MD in 2016
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Figure 9: TT20 CpFM signal rate (red) vs. TACW position
(blue) [21].

as 175 ± 2 µrad, consistent with [10]. Once the TACW
absorber was retracted and the channelled beam was free
to circulate, it was immediately detected by the CpFM in
the TT20 extraction line. After small steering corrections
the beam could be centred on the nominal beam axis at the
CpFM. The extraction could be ceased by reinserting the
TACW and stopping the channelled beam in LSS5 as shown
in Figs. 9 and 10.

ZS	  aperture	  

TACW	  retracted	  

circula/ng	  beam	  

crystal	  ≈160	  μrad	  
at	  6σ	  

circula/ng	  
beam	  

QF.518	   QF.520	  QD.519	  QD.517	   QD.521	  

crystal	  
≈175	  μrad	  

at	  -‐6σ	   TACW	  inserted	  

TCXHW	  
retracted	  

TCSM	  
retracted	  

TAL	  
retracted	  

(a) TACW IN.

ZS	  aperture	  

TACW	  retracted	  

circula/ng	  beam	  

crystal	  ≈160	  μrad	  
at	  6σ	  crystal	  

≈175	  μrad	  
at	  -‐6σ	   TACW	  retracted	  

circula/ng	  
beam	  

QF.518	   QF.520	  QD.519	  QD.517	   QD.521	  
TCXHW	  
retracted	  

TCSM	  
retracted	  

TAL	  
retracted	  

(b) TACW OUT.

Figure 10: LSS5 absorber configuration for extraction.

The horizontal beam size of the extracted beam at the
CpFM was also measured at σ = 0.6 mm by scanning the
quartz bar of the CpFM through the extracted beam in the
horizontal plane, as shown in Fig. 11. The signal reaches its
maximum value when the quartz bar samples the entire beam.
The calibration of the CpFM is on-going in order to quantify
the exact extraction rate in terms of protons extracted per
second.
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Figure 11: TT20 CpFM signal (red) and position (blue) vs.
time as it is moved out of the extracted beam [21].

Further tests were made to guarantee that the extracted
beam was indeed channelled by the crystal. These involved
(i) inserting the outer TCSM jaw and TAL inner jaw to
stop the channelled beam on the second turn in LSS5, also
allowing beam profiles to be reconstructed, (ii) changing the
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angular alignment of crystal and (iii) adjusting the diffusion
rate by exciting the beam with the transverse damper and
checking the measured extraction rate on the CpFM. The
aforementioned direct checks using the CpFM behaved as
expected with the most elegant validation being an indirect
measurement carried out with the Timepix detector. With
the extraction bump turned off, and the TCXHW inserted
to intercept the channelled beam from circulating after its
fourth pass of LSS5, the channeled beam was imaged on
the Timepix detector on its third pass of LSS5, as shown
in Fig. 12(a). When the extraction bump was turned on
the channelled beam disappeared from the image as it was
pushed over the septum wires of the ZS and extracted into
TT20, as shown in Fig. 12(b). The extraction was again
confirmed by the CpFM.
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Figure 12: Timepix images showing the disappearance of
the channelled beam in LSS5 when extracted in LSS2.

Conclusion & Outlook
The non-resonant crystal-assisted slow extraction of a

270 GeV proton beam from the SPS towards the North Ex-
perimental Area has been demonstrated during dedicated
MD tests in 2016. The low intensity beam was extracted
from the halo of a circulating LHC-type single-bunch of
1.6×1010 protons and its presence validated and characteris-
tics probed with a dedicated CpFM detector in the extraction
line. This is the first time in the SPS that a bent crystal
has been used in conjunction with the extraction systems to
bring the beam into a transfer line towards an experimen-
tal area. In light of future experimental requests for Fixed
Target physics at 400 GeV, this is an important step in the
application of bent crystals at the SPS for the mitigation of
slow extraction induced activation.
The MD programme will continue in 2017 to increase

the extraction rate, characterise the extracted beam, quantify
and compare the losses for different extraction techniques,

and calibrate the CpFM with a beam synchronous trigger to
improve the signal-to-noise ratio. The application of bent
crystals to shadow the wires of the ZS during a conventional
resonant slow extraction is being actively studied [23] and
the installation of a dedicated crystal to test this proposal in
MD sessions is presently being discussed.
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Abstract
A wideband feedback demonstrator system has been de-

veloped in collaboration with US-LARP under the joint lead-
ership of CERN and SLAC. The system includes wideband
kicker structures and amplifiers along with a fast digital re-
configurable system up to 4 GS/s for single bunch and multi
bunch control. Most of the components have been installed
in recent years and have been put into operation to test both
intra-bunch damping and individual bunch control in a multi
bunch train. In this note we report on the MD program,
procedure and key findings that were made with this system
in the past year.

INTRODUCTION – HISTORY,
MOTIVATION AND OVERVIEW

A wideband feedback system has been proposed in the
past and has been under study to be used in the SPS for in-
stability mitigation. This was mainly motivated by the hard
limit in the maximum reachable bunch intensity imposed by
the transverse mode coupling instability (TMCI) threshold.
Another limitation arises from electron cloud formation from
multipacting which can also drive coherent instabilities and
drastically limit the machine performance. These coherent
instabilities would prevent reaching the beam parameters
required by the LHC Injector Upgrade (LIU) in preparation
for HL-LHC. In both cases, the instabilities feature coher-
ently growing intra-bunch motion. Given the typical bunch
length in the SPS which is in the range of 3 ns at injection
energy, this renders signals in the 100 MHz up to the 1 GHz
range. Conventional transverse feedback systems as used in
the LHC or the SPS to-date operate with a roll off starting
at already 1 MHz, thus, the frequencies exhibited by the
aforementioned instabilities are way beyond the reach of
these feedback systems.

Whereas a conventional transverse damper is ideally able
to sample and act on the individual bunch centroid motion,
a wideband feedback system is fast enough to sample indi-
vidual time slices within a single bunch. This allows it to act
distinctively on individual slices and thus to control coherent
intra-bunch motion. The challenges with these systems, how-
ever, are multifold. For one, it is non-trivial to design kicker
structures that can generate signals of up to 1 GHz with
enough power to provide an adequate correction kick (or
integrated deflecting voltage). The same holds true for the
power amplifiers used to power the kicker structures which

∗ kevin.shing.bruce.li@cern.ch

need to deliver high power in a very broad frequency range
and with a correspondingly flat phase response. Moreover,
the high sampling rate, noise filtering and the presence of
synchrotron motion make the digital processing and finding
suitable control algorithms very demanding.

Nevertheless, a system was devised and developed which
features wideband kicker structures powered by wideband
amplifiers with a frequency reach up to 700 MHz and 1 GHz,
respectively. In conjunction with this, a fast digital signal
processing unit which is fully reconfigurable and can run at
a sampling rate of up to 4 GS/s allows the implementation of
a variety of control techniques for sophisticated intra-bunch
control.
It has been shown in simulations that a wideband feed-

back system can work to ameliorate both TMCI and e-cloud
driven instabilities [1–4]. The simulations include a sophis-
ticated model to mimic a realistic feedback system. This
system was added on top of the basic chain of components
to correctly simulate the beam dynamics of collective ef-
fects including important beam and machine parameters,
impedances and electron cloud effects. Thus, the numerical
proof of principle was at hand and to be complemented by
an experimental realization. Fig. 1 displays an example of a
simulation which shows an e-cloud instability being damped
by a 500 MHz wideband feedback system. Beam centroid
motion and transverse emittance are plotted as a function
of the number of turns for different feedback gains. From a
certain gain onward, the system mitigates the e-cloud driven
intra-bunch coherent motion.
The project has been reviewed twice. Following the pre-

sentations during the last review, we will focus here on the
key findings made during MDs. In the following two sec-
tions we will briefly describe the main components of the
system and then discuss the MD program and results for
single bunch and multi bunch studies.

SYSTEM INSTALLATION
The wideband feedback system installed in the SPS cur-

rently comprises of 2 stripline kickers with a bandwidth
of up to 700 MHz which are each powered by two 250 W
amplifiers with a bandwidth of 5 – 1000 MHz. A slotline
kicker which can provide more kick strength in the range
of 1 GHz is currently under construction [5, 6]. The digital
signal processing unit has been developed and deployed and
contains all the hardware, firmware and interfaces neces-
sary to implement excitation signals or perform closed loop
control for single as well as for multiple bunches in a 25 ns
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Figure 1: Simulation of an e-cloud driven instability. The top plot shows the beam centroid motion and transverse emittance
plotted as a function of the number of turns for different feedback gains for a 500 MHz wideband feedback system. The
bottom plots show the time evolution of the intra-bunch motion for a gain of 0 (left side) and a gain of 0.4 (right side).

bunch train. Different filters have been designed and im-
plemented to cope with the different optics configurations,
namely the classical Q26 as well as the Q20 optics which
features by a factor 2.5 increased synchrotron frequency.
Fig. 2 shows a schematic of the location of the installed
components, all located around BA4 of the SPS. The system
uses an exponential coupler as pickup [7, 8].

MD PROGRAM AND RESULTS
The aim of the wideband feedback demonstrator system

is the experimental verification of damping of TMCI and
e-cloud-like instabilities. Therefore, one of the main goal
of the MDs was to show damping of intra-bunch motion for
both single and multi-bunch instabilities in order to verify
the frequency reach of the system. As explained above, this
is the part which poses the most challenging requirements
on the entire feedback chain.
Going for the most straightforward option of setting the

machine to operate somewhere beyond the TMCI threshold
and using the wideband feedback system to cure the instabil-
ity is, unfortunately, not a viable strategy. For cost reasons,
the system had to be built with reduced specifications and in
particular with the power amplifiers being one of the main
cost drivers, the output power of the system is very lim-
ited and not able to handle the fast rise times of a typical
TMCI, in particular during transients at injection and with
the presently achieved noise floor. Therefore, the strategy
chosen instead was to identify a working point that would
exhibit an intra-bunch motion while at the same time being

slow enough such that it could be handled by the wideband
feedback system with its reduced power. It is known from
simulations as well as measurements that this working point,
or rather region of working points, does exist in the SPS [9]
and the task for the single bunch studies was to find this point
in the machine, set up the wideband feedback system and
then to close the loop on the instability to hopefully regain
the beam stability.
The multi bunch studies involve the injection of up to 4

batches of 72 bunches into the SPS. For this reason these
latter studies required dedicated MD time. Due to reduced
machine availability, only about 50% of the dedicated MDs
could be realized as planned.

Single bunch instabilities
As mentioned above, the first step in using the wideband

feedback system for single bunch studies was to find the
right working point for exciting an intra-bunch instability at
sufficiently low growth rates, such that the instability could
still be handled within the limitations of the system. Fig. 3
shows simulations from [9] where the left plot shows the
growth rates of an instability as a function of the longitudi-
nal emittance and the bunch population. The sharp yellow
boundary separates the regions of the classical fast TMCI
in red from the more stable regions in blue. Within the sta-
ble regions, it is possible to make out a light blue island
which features comparatively low growth rates. The plot on
the right hand side shows the turn-by-turn signal along the
bunch as it would be picked up by a wide band beam position
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Figure 2: Location of the stripline kickers (green) and the feedback box (yellow). A slotline kicker is still under fabrication
but is foreseen to be installed close to the stripline kickers.

monitor. The signal features a single node and an oscillation
along the bunch with a phase shift of about 180 degrees
from the tail to the head. The regime clearly shows coherent
intra-bunch motion suitable for demonstrating the frequency
reach of the wideband feedback system.

To obtain the same instability in practice, the machine
had to be set up very carefully using a variety of param-
eters. To make the beam more susceptible to instabilities
without the need of pushing the intensities too far, it was
decided to conduct the studies using the Q26 optics. There-
fore, the required machine parameters were not expected
to exactly match the region of working points found in the
simulation mentioned above. The longitudinal emittance
was typically somewhat below 0.3 eVs. The transverse emit-
tance was chosen to be rather large, above 3 µm in order to
suppress space charge forces as much as possible as it is not
entirely clear how exactly space charge would influence the
pure TMCI. The intensity was tuned around 1.6 × 1011 ppb.
The main diagnostics used was the FBCT to detect losses
occurring due to instabilities as well as the fast losses appli-
cation to distinguish slower headtail-like instabilities from
TMCI. Finally, the headtail monitor, basically a scope with
a high sampling rate connected to a large memory buffer for
turn-by-turn acquisition along the bunch was used to detect
coherent intra-bunch motion. This instrument could be used
in addition to the internal ADC of the feedback box, the
latter one which could be gated to read out on an individual
bunch.

The chromaticity was then carefully adapted to move it
as close as possible to zero while still remaining positive.
Typically the bunch was stable at intermediate chromatic-
ity values and became unstable when the chromaticity was
lowered. Unfortunately, the arising instabilities were exclu-
sively of mode type zero and did not feature any intra-bunch
coherent mode pattern. It became clear that by using just
the chromaticity it was not possible to isolate an instability
which would feature any coherent intra-bunch motion. In-
stead, the main RF voltage proved to be an important knob to
adjust, and by lowering the RF voltage it was possible to in-
duce instabilities that did contain a distinguishable amount
of intra-bunch motion. Still, the signals were dominated
by a strong coherent motion of the bunch centroid which
would quickly saturate the wideband feedback system ren-
dering it virtually ineffective upon closing the loop. To
ameliorate this situation, we then added the conventional
transverse damper [10] to control and remove the centroid
component and prevent saturation of the wideband feedback
system. Doing this, finally, it was possible to isolate a clean
coherent intra-bunch instability in a reproducible manner.
Fig. 4 shows a snapshot from a headtail monitor acquisition.
The signal looks very similar to the once predicted in the
simulations.
It is to be noted, that the conventional damper was ac-

tive during this time during growth of the intra-bunch mo-
tion. The coherent intra-bunch instability ultimately leads to
losses which could be seen on the BCT. It is in this configu-
ration, that the wideband feedback loop was closed. Fig. 5
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Figure 3: Simulations of the single bunch growth rate (colour-coded) as a function of the longitudinal emittance and the
bunch intensity. The red frame indicates a good potential working area to test a wideband feedback system. The plot on the
right hand side displays the BPM signal produced by instabilities arising from operation close to this working point and
features a clearly visible coherent intra-bunch motion.

Figure 4: A snapshot of the instability produced in the SPS acquired with the headtail monitor. The top plot shows the
∆-signal and features the single node very similar to what has been computed in simulations as show in Fig. 3 (red frame).
The second signal is an artifact from the reflected signal in the headtail monitor as becomes clear also from the bottom plot
which shows the Σ-signal.
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shows the typical signature of this instability with the top
plots showing the beam intensity lost over a few 100 µs and
the bottom plots showing the signal acquired up by the inter-
nal ADC of the feedback box. The bottom plot shows the
delta signal which clearly features the single node and the
180 degrees face shift from head to tail which is characteris-
tic for the coherent intra-bunch motion. The observed signal
corresponds to what is seen by the headtail monitor – note
that here the ordering of the channels is inverted in time.

Figure 5: Open loop signature and acquisition of the inter-
nal ADC. Fast losses are visible accompanied by a distinct
coherent intra-bunch oscillation shown in the bottom plot
which displays the turn-by-turn delta signal across the bunch.

After recording the instability above, the loop was closed
for the following supercycle. The signature of the instability
with the loop closed is shown in Fig. 6. The beam does no
longer exhibit any signs of instabilities. The intensity is simi-
lar, but no losses are visible. The ADC shows initial coherent
motion corresponding to the injection oscillations. These
are damped rapidly by the transverse damper after which
the growth of the coherent intra-bunch motion featured in
Figs. 4 and 5 is entirely suppressed. The loop was opened
and closed randomly several times during the following 30

minutes and the picture remained absolutely consistent in
that the intra-bunch motion rose each time the loop was
opened and was damped when the loop was closed.
With this, the experimental verification of intra-bunch

damping at high frequencies was achieved, however, keep-
ing in mind that the machine had to be carefully tuned in
order to be compatible with the reduced specifications of the
wideband feedback system. As the system was built to also
help mitigation of e-cloud instabilities, the next step was to
show multi-bunch control in a batch of several bunches.

Figure 6: Closing the loop fully restores beam stability.
Losses are fully mitigated and the coherent intra-bunch os-
cillations are no longer seen in the ADC.

Multi bunch instabilities
Multi bunch instabilities occur at certain conditions in the

SPS when several trains of 72 bunches at high intensity are
injected (approaching 2 × 1011 ppb for Q20 optics). Nor-
mally, the transverse damper should take care of coupled
bunch instabilities of any order in the SPS. If the instability
is not of coupled bunch type and contains intra-bunch mo-
tion then the transverse damper will be ineffective against
these instabilities, however. During the SPS scrubbing runs
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in 2014 and 2015, multi-bunch instabilities were routinely
observed despite having the transverse damper set up and
active. It is assumed, that these instabilities are generated by
e-cloud. During the scrubbing runs, chromaticity and even
octupoles had to be employed in order to stabilize the beam.
These, however have undesirable side effects as the large
tune spread can substantially decrease the beam lifetime.

With e-cloud being the likely origin of the observed insta-
bilities, finding a good working point to test the wideband
feedback demonstrator system with limited power becomes
very hard. As conditioning and de-conditioning of the inner
vacuum surfaces takes place continuously and dependent on
the composition of the supercycle or the operational program,
e-cloud effects are intrinsically not reproducible.

The strategy here was to prepare a high intensity scrubbing
beam at close to 2×1011 ppb and inject batches of 72 bunches
into the SPS with the Q20 optics and high chromaticity.
Having the transverse damper active is mandatory here to
suppress coupled bunch instabilities. Slowly lowering the
chromaticity at a certain point leads to losses. Looking at
the headtail monitor or at the LHC BPMs one can observe
the last bunches of the later batches starting to oscillate.

One can use the headtail monitor to also look into the intra-
bunch motion of individual bunches in the batch. Figs. 7
shows a zoom into the last bunches of an unstable batch.
One can see the last bunches going unstable. A zoom into
an individual bunch reveals that the type of instability cor-
responds rather to a mode 0-like instability, meaning rather
a pure centroid motion and less of a coherent intra-bunch
pattern. In principle, this kind of pattern can be damped
by the conventional damper, however, with several adjacent
bunches oscillating at random phases this can be difficult for
the transverse damper to handle.

Given the fact that unstable bunches are preferably located
towards the end of batches and that the instability grows de-
spite the presence of the transverse damper suggests that the
instability is likely to be a result of e-cloud effects. With the
high bandwidth and the advanced control algorithms of the
wideband feedback system, this device is ideally suited to
control individual bunches within a batch entirely separated
from each other. As shown in the previous experiment with
single bunches it could even damp intra-bunch motion. The
observed types of instabilities in the multi-bunch configura-
tion did not show this feature however.
Nevertheless, the instability provided a good test for the

multi-bunch controller of the wideband feedback system.
For this test, we set up the machine to exhibit a multi-bunch
instability as described above keeping the wideband feed-
back loop open. Once a reproducible condition was reached
for the instability, the loop was closed.

Figs. 8 shows one of the unstable bunches in an unstable
batch in terms of the signal acquired by the internal ADC
of the feedback box, once with the feedback loop open on
the left hand side, and then with the feedback loop closed
on the right hand side. The growth of the bunch centroid
motion and the mode 0-like pattern can be seen on the left
plot and corresponds to what has been observed on the same

instability with the headtail monitor. Upon closing the loop,
the instability is perfectly damped. This was the case for
all bunches within the batch meaning that the multi-bunch
instability was perfectly mitigated by the wideband feedback
system. Several measurements were taken, again randomly
opening and closing the loop and the instability appeared
and was suppressed in a reproducible manner.

SUMMARY AND NEXT STEPS
The experiments above show that the wideband feedback

system in principle is able to damp intra-bunch instabilities
as well as to independently control individual bunches in a
multi-bunch batch. This implies that it is also possible to
damp very high frequency multi-bunch or coupled bunch
intra-bunch motion.

The multi-bunch studies were very difficult to reproduce
from one dedicated MD to the next mainly because both
the scrubbing beam and the machine could not be set up
in a very reproducible manner. This is not surprising since
the scrubbing beam was rarely deployed and usually needs
dedicated preparation and setup throughout the injector chain
starting from the PS Booster up to the SPS. One of the goals
for the future will be to utilize the wideband feedback system
to stabilize an actual scrubbing beam such that it can be run
at low chromaticity and without making use of octupoles.
For this, more tests should be done on multi-bunch batches
to gain experience and confidence with the multi-bunch
firmware and the configuration of the feedback box. A single
batch could be enough for this. These types of MDs could
potentially be run as parallel MDs with 72 bunches. Once
the box is well set up it can be deployed during high intensity
runs in the SPS.
For the single bunch studies it will be of high interest to

see how the system can perform with modified optics and,
in particular, with the Q22 optics which is foreseen to be
tested in 2017. For this, new filters will have to be designed,
implemented and tested. The Q22 optics has the potential to
ameliorate certain limitations for the RF but at the same time
it comes with a lower TMCI threshold close to the nominal
intensity for LIU beams. This could ultimately prohibit the
use of these optics. A wideband feedback system could be
used to mitigate the TMCI, thus removing this limitation and
opening up the parameter space for a successful deployment
of these optics.

Both the single bunch as well as the multi-bunch operation
modes still suffer from a lack of output power and it is not
clear whether the kick strength is sufficient for the feedback
system to work for operational beams. This will need to be
tested. In addition, a slotline kicker structure is in fabrication
and is planned to be installed during the 2017 YETS to
complement the 2 stripline kickers probably with the same
set of power amplifiers aimed to double the available kick
strength.

One of the points not mentioned so far are the diagnostic
possibilities of the system. With the signal acquisition and
digital processing system at hand there are a variety of diag-
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Figure 7: The plots above show a step-wise zoom into the final bunches of an unstable batch from the top-left to the
bottom-right. Top left shows the headtail monitor acquisition of the entire batch with the last couple of bunches going
unstable. The bottom right plot is a final zoom into an individual unstable bunch. For this bunch, the coherent centroid
motion is well visible as well as the absence of any coherent intra-bunch structure. This is true also for all other unstable
bunches in the batch.

Figure 8: The bunch signal acquired by the internal ADC of the feedback box gated on bunch 71 in an unstable batch of
72 bunches. The left plot shows the growth of the centroid motion and the coherent mode 0-like bunch pattern when the
feedback loop is open. The right plot shows the suppression of the same instability upon closing the feedback loop (note the
different vertical scales).
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nostic tools that one could think of designing. In particular,
in combination with the kickers, the system can expand the
present diagnostic capabilities for impedance and instability
measurements to new regimes. The feedback system can
be thought of as a programmable impedance and could be
used to drive the beam at various modes to then check the
beam response and thus probe impedances or also machine
non-linearities.
In conclusion, at this point, important experimental

proofs-of-principle for the wideband feedback system were
made such as demonstrating the damping of intra-bunch
motion as well as individual bunch control in a multi-bunch
batch. The system holds lots of promise for the future appli-
cations but further R&D is required for a full understanding
of its limitations and how to best overcome them such that
it can be used for operational beams.
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SPS BATCH SPACING OPTIMISATION
F.M. Velotti, W. Bartmann, E. Carlier, B. Goddard, V. Kain, G. Kotzian

INTRODUCTION AND MOTIVATIONS
Until 2015, the LHC filling schemes used the batch spac-

ing as specified in the LHC design report. The maximum
number of bunches injectable in the LHC directly depends
on the batch spacing at injection in the SPS and hence on
the MKP rise time.
As part of the LHC Injectors Upgrade project for LHC

heavy ions, a reduction of the batch spacing is needed. In this
direction, studies to approach the MKP design rise time of
150 ns (2-98%) have been carried out. These measurements
gave clear indications that such optimisation, and beyond,
could be done also for higher injection momentum beams,
where the additional slower MKP (MKP-L) is needed.

After the successful results from 2015 SPS batch spacing
optimisation for the Pb-Pb run [1], the same concept was
thought to be used also for proton beams. In fact, thanks
to the SPS transverse feed back, it was already observed
that lower batch spacing than the design one (225 ns) could
be achieved. For the 2016 p-Pb run, a batch spacing of
200 ns for the proton beam with 100 ns bunch spacing was
requested and finally used.

Thanks to the good performance of the 200 ns scheme, this
was proposed as operational scenario for 2017 p-p physics
with BCMS beams.

In order to confirm the first observations and to evaluate
the operational settings, the 2016 MD sessions were carried
out.

SPS INJECTION SYSTEM
The SPS injection system is composed by a horizontal

septum, MSI, and kicker, MKP. The MSI steers the beam
coming from TT10 onto the nominal closed orbit (CO) and
the MKP adjusts the angle to match the one of the circulating
beam.

The MKP system is composed of four tanks, each of them
connected to a high voltage generator. The first three tanks
host 12 magnets of small aperture type with a rise time
of 150 ns. The last tank hosts 4 large types which have a
rise time of 225 ns (from specifications). Each generator is
connected to two thyratron switches where each of them is
connected to two magnets.
The total rise time, which then directly translates in the

minimum batch spacing, is the result of the proper synchro-
nisation of the individual magnets field waveforms. To this,
ageing effect of the thyratron should also be added, because
they will increase the response time of the switches and
hence increase the rise time. Another source of error which
contributes to the rise is the jitter of the triggering. All this
can add up to several tens of ns.

ROAD TO 200NS batch spacing
To aim to have 200 ns batch spacing at injection, two pos-

sible optimisations are possible: fine synchronisation of each
individual switches, optimal sharing of residual oscillations
between injected and circulating batch. The main constraints
are given by emittance growth and large intensity reduction
due to high populated tails during scraping (or transport).

Fine synchronisation
The overall rise time depends on the individual rise times

and on the synchronisation of them with respect to the beam
passage. Theoretically, the optimum overlap is obtained
when the individual delays are calculated accounting for the
beam time of flight from one magnet to another.

The stability of the waveform then depends on the repro-
ducibility of each individual waveform and on the stability
of the conduction time of each individual switches. This
can translate in a jittering optimum, which, if it becomes
comparable to the bunch spacing, makes the optimum delay
very unstable. Hence, switches health is a key parameter
to achieve a clean and durable short rise time. In Fig. 1
an example of terminating magnet resistor (TMR) current
measurements is shown, when the delay are set as the time
of flight between individual magnets.

Figure 1: Example of TMR measurements accounting for
perfect delay, calculated as time of flight between magnets.

Optimum delay
The other parameter to adjust to achieve a good injection

with tighter batch spacing is the delay of the whole MKP
system with respect to the injected batch. The optimum
is reached when the residual oscillation is evenly shared
between the last bunch of the circulating batch and the first
of the injected one, as shown in Fig. 2.
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Figure 2: Schematic view of synchronisation of the nor-
malised MKP waveform with injected batch (orange) and
circulating one (blue).

In the SPS, the emittance growth that could be produced
by such a residual kick is too small to be measured with the
present profile measurements available. One way to evaluate
howmuch each individual bunches are kicked by the MKP is
to use the LHC BPMs in LSS5. These are BPMs which can
resolve position bunch-by-bunch and turn-by-turn (Fig. 3).

Figure 3: Example of horizontal position evolution of the
first injected bunch as measured with one of the LHC BPMs.

The figure of merit used to evaluate the residual oscillation
on the first injected and the last circulating bunch is the half
amplitude:

Aosc = | xmax − xmin

2
| (1)

where xmin and xmax are the minimum and maximum hori-
zontal amplitude excursions recorded around the injection
event. The delay for which Aosc is the same for both bunches
under analysis represents the optimum. In Fig. 4, the results
for 225 ns and 200 ns batch spacing are shown. The increase
in the residual oscillation when passing from 200 to 225 ns
is only 1.5mm.
The beam obtained with 200 ns batch spacing was then

delivered to the LHC, where the final conclusion on the qual-
ity of such a scheme can be drawn. In Fig. 5, the intensity
bunch-by-bunch is compared between 250 (top) and 200 ns
(bottom) after injection into the LHC. No significant differ-
ences between the two schemes could be observed. In Fig. 6,
the emittance bunch-by-bunch, as measured with the BSRT,
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Figure 4: Results of delay scan with 225 ns (top) and 200 ns
(bottom).

is shown when a 200 ns batch spacing beam is injected. The
emittances of the bunches at the discontinuity are in the
range of the intra-bunch jitter.
Such good results are combination of kicker synchroni-

sation with beam and transverse feed back performances.
A clear indication of the importance of the SPS transverse
damper is shown in Fig. 7. In the top plot, the intensity
bunch-by-bunch in the LHC with SPS damper off is shown
and compared with the case with damper on (bottom). An
intensity reduction of about 20% on the bunches close to
the batch gap is observed. In comparison, essentially no
reduction in intensity was observed in the LHC when the
SPS damper is active.

CONCLUSIONS
The second part of 2016, the LHC proton physics run was

carried out with 225 ns SPS batch spacing. In the 2016 Pb-p
run instead, the 200 ns SPS batch spacing was already used.

For 2017 operation, the 200 ns SPS batch spacing has been
proposed for operation, where, when combined with LHC
batch spacing reduction (800 ns), an overall gain in luminos-
ity of about 16% is foreseen [2]. With 200 ns batch spac-
ing, the injection quality is more sensitive to the switches

F.M. VELOTTI ET AL.

104



100 150 200 250 300

bunch number #

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

In
te

n
si

ty
/

p
+

ˆ1011 2016-08-02 00:27:55.435000

0 50 100 150 200 250 300

bunch number #

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

In
te

n
si

ty
/

p
+

ˆ1011 2016-08-15 15:42:51.311000

Figure 5: Bunch-by-bunch measurements with 250 (top) and
200 ns batch spacing at injection in the LHC.

Figure 6: Emittance measurement done with the BSRT in
the LHC at injection for 200 ns scheme.

drift, hence a constant monitoring of the individual delays
is needed.
The MD time dedicated to this topic has been essential

for both LHC Pb-Pb, Pb-p and proton physics of the last two
years.
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Figure 7: Bunch-by-bunch intensity comparison of the
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EMITTANCE GROWTH IN COAST IN THE SPS
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Abstract

The CERN SPS will be used as a test-bed for the LHC
prototype crab-cavities, which will be installed and tested
in the SPS in 2018. As the time available for experimen-
tal beam dynamics studies with the crab cavities installed
in the machine will be limited, a very good preparation is
required in advance. One of the main concerns is the in-
duced emittance growth, driven by phase jitter in the crab
cavities. In this respect, several machine development (MD)
studies were performed during the past years to quantify
and characterize the emittance evolution of proton beams
in coast in the SPS. In these proceedings, the experimental
observations from past years are summarized and the MD
studies from 2016 are presented. Finally, a proposal for an
experimental program for 2017 is discussed.

INTRODUCTION

For the LHC upgrade, the use of a crab-crossing scheme
is foreseen aiming to restore an effective head-on collision
at the interaction regions. When particles pass through a
crab cavity (CC), they receive a z-dependent transverse kick.
They can thus be used in order to compensate the crossing
angle at the interaction region, minimizing in this way the
geometric luminosity loss which otherwise arises from the
crossing angle [1, 2].

The crab cavities have been successively operated in
KEKB [3] but have never been tested in high energy and
high current proton machines. It is therefore of paramount
importance to test them in another hadron machine before
their full installation into the LHC. For this reason, two
LHC prototype CC will be installed in the SPS during the
technical stop at the end of 2017 and will be tested in 2018
in special machine development sessions. The SPS test is
the only way to get conclusive answers on several aspects,
like emittance growth, machine protection, RF non-linearity,
instabilities, etc.

One of the main concerns that needs to be addressed in
the SPS experiments is the induced emittance growth, driven
by phase jitter in the crab cavities. A good understanding
and characterization of the natural emittance growth in the
SPS is thus very important in order to distinguish from the
effect of crab cavity noise. Several machine development
sessions with coast beams in the SPS were devoted in the
past years to the natural emittance growth studies [4]. In
these proceedings, the results from past studies are sum-
marized and the machine development studies of 2016 are
presented. Finally a proposed experimental program for
2017 is discussed.

PREVIOUS STUDIES
Several experimental sessions were carried out in the

past, aiming to characterize the long-term natural emittance
growth in the SPS. Three different energies have been stud-
ied and the results until 2012 are summarized in [4]. The
main conclusions from those studies were:

• The natural emittance growth in the SPS is substantial
at low energies and moderate at higher energies for
coasting beams.

• The emittance growth appears to be primarily a single
bunch effect.

• The effect of the working point is minimal with very
low intensity bunches, even in the proximity of the 3rd
order resonance.

• Chromaticity had strong effect and the growth was
approximately proportional to Q’.

While in the experiments up until 2012 both horizontal
and vertical emittances had similar growth slopes, a different
behavior was observed in 2015. The results from the MD of
October 2015 are presented in fig. 1, showing a much larger
horizontal growth compared to the vertical one. A similar
trend was observed in the MD of May 2015 as well.

Figure 1: Emittance growth studies in coast beam in the
SPS at 270 GeV, in 2015.

MD STUDIES IN 2016
In 2016, two machine development slots were dedicated

in the natural emittance growth studies in coast beams at
270 GeV, aiming to reproduce the observations of 2015.
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July 2016
The first MD study took place on the 13th of July 2016.

A low intensity bunch of 2.35×1010 protons/bunch was in-
jected in the SPS and a closed orbit of 5 mm was measured.
The chromaticity was set to 2.5 in both H and V planes, in
order to be similar to the values of the October 2015 experi-
ment. The linear wire-scanners (517H, 517V) were used to
measure the natural emittance evolution. Figure 2 shows the
intensity (gray) and the horizontal (blue) and vertical (green)
emittance evolution in time. After around 2 h in coast, a
sudden jump was observed in the emittance evolution and
the bunch got de-bunched, as shown in fig. 3. On the multiQ,
a coherent oscillation was observed, for which the origin
was not known. It is also interesting to notice, that even
though almost no losses were observed in the BCT-DC data
(red line in fig. 3), the Mountain Range Sum data (purple)
indicate slow off bucket losses, of the order of 20 % within
1.6 h. At the same time, a bunch length increase of around
10 % is indicated by the Mountain Range Bunch Length
data (green).

Figure 2: Intensity (gray) and horizontal (blue) and vertical
(green) emittance evolution during the MD on coast in the
SPS at 270 GeV in July 2016.

For the analysis of the emittance evolution, only the data
of the first 1.6 h were used, thus before the sudden jump in
bunch length. A linear fit was applied to the emittance data
for both horizontal and vertical planes, and the results are
shown in fig. 4 and summarized in Table 1.

Even though the experimental conditions were very simi-
lar to the ones of October 2015, both horizontal and vertical
emittance growth were observed. The vertical emittance
growth rate though, is slower that the horizontal one, by a
factor of 2.5.

December 2016
The second MD of 2016 took place on the 7th of Decem-

ber and was carried out with a single bunch at 270 GeV.
During the MD the evolution of the horizontal emittance
was recorded with a rotational wire-scanner (519H) while

Figure 3: Mountain Range Data, showing the sudden de-
bunching of the bunch after around 2 h in coast and the slow
de-bunching during the first 2 h in coast.

Figure 4: Linear fits and estimation of the emittance growth
in the horizontal (blue) and vertical planes (green), before
the debunching.

the vertical emittance evolution was recorded with a rota-
tional (416V) and a linear (517V) wire-scanner.

A first coast (Coast 1) was injected with a single bunch in-
tensity of 4.25×1010 ppb. The chromaticity of the machine
was corrected to 0.5 and 1 in the horizontal and vertical
planes respectively. After 1.8 hours in Coast 1, the beam
was dumped and a fresh beam was injected (Coast 2), with
a lower bunch intensity of 1.65×1010 ppb and same chro-
maticity values. The bunch evolution was recorded for 2.5 h
under the same conditions while later the chromaticity was
increased by 2 units in both planes. Figure 5 shows the
evolution of the bunch intensity (gray), and the horizontal
(green) and vertical (blue and cyan) emittances during the
MD.

In [5], the impact of the multiple coulomb scattering
effect on the transverse emittance growth during the wire
scans is discussed. Emittance measurements from 2004
were corrected to the expected growth due to the wire scans,
showing negligible or no growth in the vertical plane after
this correction. Aiming to verify those observations, the
rate of acquisition of vertical beam size profiles with the
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Table 1: Summary results from the MD of July 2016

Parameter Value

Init. emittance H/V [µm·rad] 2.85/2.16
Intensity [ppb] 2.25×1010

Chromaticity H/V 2.5/2.5
Time [h] 1.6
dεx/dt [µm/h] 0.59
dεy/dt [µm/h] 0.23

Figure 5: Data from the MD with coast beam in the SPS
of December 2016. Horizontal (green) and vertical (blue
(WS416) and cyan (WS517)) emittance evolution and inten-
sity (gray) evolution.

linear wire-scanner was drastically increased during the last
15 min in Coast 2; in the first part of Coast 2 10 WS were
performed in 1.8 h while in the last 15 min of the MD 24
WS were performed.

Figure 6 shows the snapshots from the Mountain Range
application in the control room for both coast 1 and coast 2.
Similar to the July MD, even though almost no losses were
observed in the BCT-DC data (red), the Mountain Range
Sum data (purple) indicate slow off bucket losses and a
bunch length increase (green). For coast 1, off-bucket losses
of the order of 25% and a 20% bunch length blow up were
observed within the 1.8 h. For coast 2, the observations are
similar for the first 1.8 h while later, the bunch length de-
creases and the total machine losses start to increase as well.
At the same time, an increase in the horizontal emittance is
also observed.

The MD data were divided in 4 groups and a linear fit
was applied to the horizontal and vertical emittances versus
time for each period:

1. Coast 1

2. Coast 2 before the chroma change

3. Coast 2 after the chrom change, before the multiple
WS

4. Coast 2 during the multiple WS

Figure 6: Data from the December 2016 MD with coast
beam in the SPS. Mountain Range Data, showing the slow
de-bunching of the bunch during coast 1 (top) and coast 2
(bottom).

Figure 7: Fit results for the 4 different periods of the MD of
December 2016.

The 4 periods and the fit results are presented in fig. 7
and summarized in Table 2. The main conclusions coming
from this analysis are:

• Comparing the slopes between coast 1 and the first
part of coast 2, no slope increase was observed even
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though the intensity was reduced by almost a factor
of 4. Note that for coast 2, the same time interval of
measurements was used as for Coast 1.

• After the chromaticity change, a clear slope increase
was observed in both planes; a factor of 2 increase in
the vertical plane and a factor of 3 in the horizontal
one.

• During the multiple wire-scans, a slight increase in the
vertical emittance growth slope was observed. How-
ever, the time interval of those measurements was small
and the spread of the data is large. In order to extract
conclusive results, the experiment has to be repeated
in a more systematic way, for a longer time period and
for lower chromaticity values.

• Slow de-bunching was observed in both coasts, similar
to the MD of July, which needs to be understood.

Table 2 summarizes all the observations from this MD.

EXPERIMENTAL PROGRAM FOR 2017
As the available time for experimental beam dynamics

studies with the crab cavities installed in the SPS will be
limited, a very good preparation in advance is essential.
In this respect, several studies are proposed for 2017 in
dedicated or parallel Machine Development slots and are
listed below.

Natural emittance growth in coast
The characterization of the natural emittance growth in

the SPS is very important in order to disentangle it from the
induced emittance growth from the crab cavities. With this
in mind, the following studies are proposed, in dedicated
MD sessions:

• Study the impact of the vacuum levels on the natural
emittance growth. An MD at the beginning of the year,
where the vacuum levels are expected to be worse and
one at the end of year, after degrading the vacuum.

• Systematic chromaticity scan to identify the horizon-
tal and vertical chromaticity values that result in the
smallest emittance growth.

• Study different intensities.

• Multiple Wire Scan experiment in a more systematic
way.

• Commissioning and cross-calibration of the Beam Gas
Ionization monitor.

• Identify the effect of the damper on the emittance evo-
lution on coast without the CC.

• Vacuum and power supply monitoring during each
MD.

Head Tail monitor
The Head-tail monitor is the most sensitive instrument

available in the SPS and is foreseen to be used for the crab-
bing validation. In this respect, several studies are proposed
in preparation for the 2018 measurements:

• Study the accuracy of the instrument at different inten-
sities.

• Identify the minimum kick that can be measured.

• Simulations are currently in progress to be used as a
guideline.

Closed orbit correction
In past MDs an rms orbit of 3-5 mm has been measured.

• Verify if we can correct further the orbit.

• Verify if the normal YASP can be used efficiently at
270 GeV or if it is more efficient to use the extraction
kickers.

• Identify the optimal kickers and the sensitivity of the
BPMs around the crab location.

Collimation studies
• Verify if the collimation system works properly

Studies with shorter bunch length
• Look at the effects of the non-linearities of the RF

curvature due to the different frequencies of the SPS
main RF system (200 MHz) and the Crab Cavities
(400 MHz).

SUMMARY
Two LHC prototype crab cavities will be tested in the SPS

in 2018. After the installation of the CC in the SPS, only
a limited time will be available for dedicated beam dynam-
ics studies, thus a good preparation in advance is essential
for an efficient testing in 2018. With this in mind, during
the last years several machine development sessions were
dedicated to the characterization of the natural emittance
growth in the SPS. In these proceedings, the results from
the 2016 studies have been presented. A clear dependence
on the chromaticity has been concluded, with the emittance
growth rate increasing with the chromaticity increase. On
the other hand, for the emittance growth correlation with
the number of wire scans was not very conclusive and needs
to be repeated in a more systematic way. Based on the ob-
servations from the previous years and the tests that need to
be performed in 2018, an experimental program for 2017
has been proposed.
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Table 2: Summary results from the MD of December 2016

Parameter Period 1 Period 2 Period 3 Period 4

Init. emittance H/V [µm·rad] 2.23/1.61 2.25/1.41 4.0/1.98 /2.30
Intensity [1010 p/b] 4.25 1.65 - -
Chromaticity H/V 0.5/1 0.5/1 2.5/3 2.5/3
Time [h] 1.8 1.8 0.8 0.4
dεx/dt [µm/h] 0.49 0.55 1.52 -
dεy/dt [µm/h] 0.30 0.27 0.51 0.82
Number of linear WS 17 10 - 24
dεy/scan [nm/scan] 31.2 63.5 - 14.3
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SOURCE AND LINAC3 STUDIES

G.Bellodi, CERN, Geneva, Switzerland

Abstract
 In the framework of the LHC Ion Injector Upgrade pro-
gramme (LIU), several activities have been carried out in
2016 to improve the ion source and Linac3 performance,
with the goal to increase the beam current routinely deliv-
ered to LEIR. The extraction region of the GTS-LHC ion
source was upgraded with enlarged vacuum chamber aper-
tures and the addition of an einzel lens, yielding higher
transmission through the rest of the machine. Also, a series
of experiments have been performed to study the effects of
double frequency mixing on the afterglow performance of
the source after installation of a Travelling Wave Tube Am-
plifier (TWTA) as secondary microwave source at variable
frequency. Measurements have been carried out at a dedi-
cated oven test stand for better understanding of the ion
source performance. Finally, several MD sessions were
dedicated to the study and characterization of the stripping
foils, after evidence of degradation in time was discovered
in the 2015 run.

SOURCE EXTRACTION UPGRADE
In the framework of the LHC Injector Upgrade project,

which aims to improve the performance of the CERN ac-
celerator chain in preparation for future high luminosity
operation of the LHC, several studies for beam intensity
improvement at Linac3 have been launched, with the goal
of increasing the extracted intensity by 20% by LS2.
Simulations of beam formation and extraction from the
14.5GHz Electron Cyclotron Resonance (ECR) GTS-LHC
ion source and subsequent beam tracking in the low-energy
part of the Linac revealed significant beam losses from col-
limation on the chamber walls due to the very high beam
divergence at source extraction. In order to address this is-
sue, a re-design of the source extraction system was
launched and implemented during YETS 2015-2016. This
consisted in 1) the removal of the beampipe aperture limi-
tation,  with  increase  of  the  chamber  diameter  from 65 to
100mm; and 2) the installation of an electrostatic einzel
lens as additional focusing element between the existing
source extraction electrodes and the first beamline solenoid
(see Fig.1). A 20% beam transmission increase through the
LEBT was expected from simulations of upgrade 1), which
was nicely confirmed in operation, with an increase in the
average lead beam current measured at the RFQ input from
170mA during the 2015 run to 210mA in 2016 ( Fig.2).
A thorough campaign of beam measurements was carried
out to characterize beam parameters. Transverse emit-
tances were measured indirectly via a quadrupole scan
technique and tomographic reconstruction of the beam dis-
tribution from profile measurements at the SEMgrid in the
LEBT section.

Figure 1 Mechanical design of the source extraction up-
grade.

Figure 2 Transmission gain along Linac3 from 2015 to
2016 operation.

Beam emittances at the RFQ input were found to vary be-
tween 0.18 and 0.25 mm mrad (RMS normalised values)
in both horizontal and vertical planes. This exceeds the de-
sign transverse acceptance of the RFQ (200 mm mrad),
making this the next transport bottleneck in Linac3 (with
60% average transmission in operation at nominal volt-
age).

LINAC3 ACTIVITIES IN 2016
A systematic campaign of beam measurements was carried
out in 2016, for more precise characterization of beam pa-
rameters at Linac3 and validation of the simulation models
assumed to study the machine. Several methods to improve
beam performance and intensity delivered to LEIR were
investigated throughout the year, as listed here in the fol-
lowing.
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Einzel lens studies
The einzel lens has been designed to be operated in accel-
erating or decelerating mode with absolute voltages up to
20kV. Simulation studies of beam extraction in presence of
the einzel lens predicted an additional gain in the beam in-
tensity transported downstream, on top of the one achieved
by increasing the vacuum chamber aperture. The main ben-
efit of the einzel lens installation was however expected to
come from enhanced control of the beam properties via the
separation between the ion source tuning and beam
transport optimisation, providing higher flexibility to the
ion source operation and potential to improve performance.
Linac3 has effectively been run in 2016 with different
source settings than in the past, leading to better beam
matching to the rest of the accelerator. No remarkable gain
in transmission through the spectrometer was however ob-
served when applying non-zero (positive or negative) volt-
ages to the einzel lens, as was instead expected from simu-
lation studies (see Fig.3).

Figure 3 Measured beam transmission after the Linac3
LEBT spectrometer while scanning the voltage applied to
the einzel lens. The orange and yellow curves correspond
to standard settings, the blue curve has been taken for
higher extraction voltage from the source, and the grey
curve is for operation with the TWTA switched on.

Double frequency operation

Using multiple discrete frequencies simultaneously for
ECR plasma heating is a well-established method to im-
prove ion source performance with high charge state pro-
duction. Experiments have however mainly been con-
ducted with ECR ion sources operated in CW mode.
Investigations have been carried out this year at the GTS-
LHC source to study the effects on afterglow operation.

Figure 4 Double-frequency measurement setup at Linac3.

The measurements setup is shown in Fig.4. The primary
14.5GHz microwave radiation is provided by a klystron
amplifier at 10Hz repetition rate and 50% duty factor. The
spare waveguide is connected to a Travelling Wave Tube
Amplifier (TWTA) to deliver microwaves at variable sec-
ondary frequency (in a 12-18 GHz range).The maximum
power delivered from the amplifier was ~300W. The input
signal was generated by a variable frequency oscillator and
the pulse generator was triggered by the klystron timing
signal, thus allowing pulsed operation of the TWTA. A first
assembly was installed in April 2016 with borrowed units;
these were later on purchased and made the object of a sec-
ond installation in September 2016.
A shift to higher charge states was indeed observed when
the secondary frequency was chosen to be lower than the
primary  one,  whereas  the  effect  was  much weaker  in  the
opposite case. It was also verified that the shift was not just
due to an increased total microwave power. The best results
for Pb29+ were obtained with 14.2GHz pulsed secondary
frequency, with beam current improvements of 10% after
the  RFQ  and  5%  downstream  of  the  IH  linac  after  re-
matching. No significant changes were observed in meas-
ured beam parameters (mainly transverse emittance and
RFQ transmission) with the TWTA ON or OFF.
Some negative effects were however observed in the over-
all beam stability out of the source, justifying an interrup-
tion of the double frequency operation when beam was fi-
nally delivered to the LHC for the physics run.

Figure 5 TWTA effect on transmission downstream of the
IH, as measured on the BCT25 current transformer (left),
and on beam stability (right).

Oven test stand studies
The Linac3 Lead ion beams are produced in the GTS-LHC
source using resistively heated ovens, consisting of an alu-
minium oxide crucible, tantalum heating filament and oven
body and stainless steel cane allowing insertion through the
ion source. In order to study oven performance and get bet-
ter understanding of failure mechanisms, a dedicated of-
fline test stand has been constructed in the South Hall of
bldg. 152 with the goal of measuring oven temperatures
and Lead evaporation rates in varied input conditions.
Fig.6 shows the measured temperature characterization of
the oven. For operational values of the input power be-
tween 6W and 20W, the crucible temperature varies be-
tween 600 oC and 950 oC, following a T~P1/4 relationship
characteristic of radiative losses. The response to input
power changes is slow, as observed in operation.
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Figure 6 Measured crucible and oven body temperatures as
function of the oven input power, compared to model pre-
dictions.

Figure 7 Evaporation rates as function of the crucible tem-
peratures.

Measurements of the lead evaporation rate (Fig.7) show a
steady response of the output as a function of the crucible
temperature, as predicted by theory. At constant power, on
the other hand, the oven output is observed to decrease
steadily over time as seen in operation, where a regular
power adjustment is needed to keep the necessary lead
evaporation rate for beam production.
A numerical thermal model of the oven has also been de-
veloped with the ANSYS code to complement the meas-
urements and provide insight on the temperature distribu-
tion inside the oven. Simulation results have been com-
pared to temperature measurements at selected locations
and found to be in good agreement with them. Fig.9 shows
ANSYS results for the case of 10W and 15W heating
power. They show good temperature uniformity in the lead

Figure 8 ANSYS simulations of the temperature distribu-
tion inside the oven.
sample, with a significantly colder tip of the oven, which
could explain the oven blockages experienced in operation.

Stripping foil studies
Several Linac3 MD sessions were dedicated to the charac-
terization of stripping foils, after 2015 measurements
showed measurable signs of degradation after few weeks
of usage. The stripped beam average energy and energy
spread are calculated from beam profile measurements in
the ITFS spectrometer line, with the ramping cavity at
zero-crossing phase. Measurements taken at the end of the
2015 run (see Fig.9) show clearly a shift to higher values
of the average beam energy and considerable energy spread
broadening of the beam passing through the three foils used
during the year at different periods with respect to the un-
used foils.

Figure 9 2015 beam profiles measurements in ITFS line.
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Figure 10 Correlation of LEIR accumulated intensity with
stripper energy and momentum spread output.

These measurements were correlated with accumulated in-
tensity in LEIR without changing the linac energy nor
transfer beam-line settings (see Fig.10). The accumulation
efficiency is found to be nearly independent of the energy
spread,  with  only  a  small  reduction  for  foils  in  use  for  a
longer time. The average energy instead was found to be of
major importance for the injection efficiency, with a plat-
eau width of <10 keV/u.

Figure 11 Measured variation in average energy and en-
ergy spread of the stripped beam (end of May 2016).

Fig.11 summarises some foil characterization measure-
ments taken in 2016 after several weeks of beam operation.

Four Diamond-Like-Carbon (DLC) foils were installed at
the time, with a thickness of 75 and 100 mg/cm2 (in yellow).
All the other twelve foils are of the amorphous-Carbon
(aC) type, with a thickness of 75 mg/cm2 (and a tolerance
of <5 mg/cm2). Different colours are used for foils on dif-
ferent arms. Also, two to three measurements at different
positions within the foil were carried out for the STR1
foils, which explains the ten blue points in the diagram.
The mean energy out of the aC foils varies within a range
of 27 keV/u between the foils (assuming 4.5 keV/u/mm
conversion factor of the spectrometer line), which is signif-
icant compared to the calculated energy loss of 42 keV/u
through a 75 mg/cm2 foil. Variation within a single foil
when positioning the beam at different spots is relatively
modest, less than 5 keV/u, but differences from foil to foil
can be quite significant, suggesting that thickness could
vary significantly between different foils. Charge State
Distribution (CSD) scans measured for all different foils
hint to the fact that DLC foils might be too thin (even if the
calculated equilibrium thickness is ~75 mg/cm2). There is
also indication that DLC foils are less robust and perfor-
mant than aC foils.

CONCLUSIONS
Thanks to the upgrade of the GTS-LHC source extraction
region during YETS2015-6, higher beam currents are now
routinely delivered to LEIR satisfying the Linac3 output
intensity goal set in the LIU project. A dedicated campaign
of measurements has been pursued in 2016 to achieve bet-
ter understanding of the beam dynamics in Linac3 and for
validation of the machine model in the simulation codes
used. The effects of additional einzel lens focusing and of
double frequency mixing in the source plasma have started
to be investigated with the goal of achieving either an even
higher intensity or just a more robust and reliable beam op-
eration. This latter point has now become the main objec-
tive of LIU-related studies at Linac3, which will develop
along three main directions:

i. Understanding of the source performance
(oven test stand activities, double-frequency
heating, einzel lens and development of an
application for automatic regulation of the
source)

ii. Machine model validation (space charge
compensation studies in the LEBT, studies
for a higher extraction voltage)

iii. Understanding of the stripper foils perfor-
mance (characterization of degradation,
monitoring of beam trajectory/energy evolu-
tion, foil swapping procedures etc.)

The 2017 scheduled operation of Linac3 is with Xenon
ions; though adapted to the different particle species, the
Linac3 study campaign will continue with regular weekly
MD sessions, profiting from the better beam stability and
regularity.
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SPACE CHARGE AND WORKING POINT STUDIES IN THE CERN LOW
ENERGY ION RING

A. Huschauer, H. Bartosik, S. Hancock, V. Kain, CERN, Geneva, Switzerland

INTRODUCTION
The Low Energy Ion Ring (LEIR) is at the heart of

CERN’s heavy ion physics programme and was designed to
provide the high phase space densities required by the exper-
iments at the Large Hadron Collider (LHC). LEIR is the first
synchrotron of the LHC ion injector chain and it receives a
quasi-continuous pulse of lead ions (Pb54+) from Linac3, ex-
ploiting a sophisticated multi-turn injection scheme in both
transverse and longitudinal planes. Seven of these pulses are
injected and accumulated, which requires continuous elec-
tron cooling (EC) at low energy to decrease the phase space
volume of the circulating beam in between two injections.
Subsequently, the coasting beam is adiabatically captured
in two bunches, which are then accelerated and extracted
towards the Proton Synchrotron (PS). Figure 1 shows the
LEIR magnetic cycle and the different steps required for
beam production.
To achieve the ion intensity requirements of the High-

Luminosity LHC (HL-LHC), i.e., 8.1 × 108 ions/bunch at
LEIR extraction [1, 2], the major LEIR intensity limitation
had to be overcome. Past studies showed that up to 50%
of the beam was lost after radio-frequency (RF) capture
and during the first part of acceleration and, furthermore,
the total extracted intensity was reported to be limited to a
maximum of 6 × 108 ions/bunch (see dashed line in Fig. 1).
Various possible sources limiting the LEIR intensity reach
were identified, such as hardware related problems, effects
related to direct space charge or collective instabilities of
the ion beams [3]. In the framework of the LHC Injectors
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Figure 1: LEIR magnetic cycle of the nominal beam produc-
tion scheme for heavy ion physics at the LHC. The intensity
measurement represented by the solid line corresponds to
values that were typically achieved during the 2016 p-Pb
LHC run. In earlier years up to 50% of the beam intensity
was lost during the first part of acceleration (shown by the
dashed line).

Upgrade (LIU) project, dedicated studies were started at the
end of 2015 to understand the underlying loss mechanism
and to find possible mitigation measures. These studies
revealed the important interplay of betatron resonances and
direct space charge effects during the bunching process [4].

In this paper, the results of more recent experimental and
simulation studies, which further emphasize the importance
of space charge effects, are summarized and the impact of
these studies on the LEIR performance increase is discussed.

CHARACTERIZATION OF THE
PERFORMANCE LIMITATION

Figure 2 shows a comparison of the intensity evolution
along the LEIR cycle for three different longitudinal phase
space distributions. In all three cases the RF voltage func-
tions were programmed such as to perform an iso-adiabatic
capture of the coasting beam. The longitudinal emittance of
the coasting beam was adjusted prior to RF capture using
a periodic modulation of the electron gun voltage. This al-
lowed tailoring the longitudinal emittance of the two bunches
after capture. In two cases the beam was captured in sin-
gle harmonic. The losses clearly decrease with increasing
bunching factor (BF), i.e. the average line density divided
by peak line density. In other words, enhanced losses are
observed for high peak line charge densities. Note that the
incoherent tune spread due to direct space charge is directly
proportional to the peak line charge density, or inversely
proportional to the BF.

RESONANCE IDENTIFICATION STUDIES
In order to characterize resonances close to the opera-

tional working point (Qx0 , Qy0 ) = (1.82, 2.72), low-intensity
tune scans were performed. A single pulse from Linac3
with roughly 2 × 1010 charges was injected and cooled at
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Figure 2: Dependency of beam loss on the longitudinal line
density. Losses are significantly reduced for large BFs.
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these nominal tunes, before the working point was moved
to perform the scan. To respect this sequence of events is
important for the following two reasons: i) performing a
tune scan by changing the tunes at injection is not meaning-
ful as the injection efficiency crucially depends on the tune
settings; ii) resonance crossing immediately leads to beam
loss in LEIR, which can be significantly mitigated by active
EC during the crossing process. Scans with bunched and
unbunched beams, which were stored for 500 ms at constant
energy, were performed and the beam loss over this period
was considered as figure of merit. Figure 3 illustrates the
measurement procedure.

This procedure was repeated for multiple working points
with bunched and unbunched beams, and the results are
shown in Fig. 4. The skew and the normal sextupolar res-
onances 3Qy = 8 and Qx + 2Qy = 7, respectively, are re-
vealed to be especially strong. In addition, significant beam
loss is observed close to the diagonal and the 4Qy = 11
resonance for bunched beams. For large horizontal tunes,
i.e., Qx > 1.9, beam loss is intrinsic to the way the lattice
functions are controlled in LEIR, as the optical β-functions
increase drastically. An additional bunched beam tune scan
was performed using higher intensity and the corresponding
results are shown in Fig. 5. Overall, the same resonance
pattern as in Fig. 4 is apparent, but beam loss is signifi-
cantly increased due to the increased direct space charge
tune spread.
An independent way to identify excited resonances is

based on the measurement of transverse profiles. In LEIR,
horizontal and vertical beam gas ionisation (BGI) profile
monitors are available and allow parasitic measurements of
the beam size. In order to investigate the effect of the strong
skew and normal sextupolar resonances on the beam, the
beam size evolution at different working points was stud-
ied along the magnetic cycle and the results are shown in
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Figure 3: Illustration of the measurement technique for low-
intensity tune scans. A single Linac3 pulse was injected at
nominal tunes and subsequently cooled. The working point
was changed during the EC process to mitigate beam loss
when crossing a resonance. Furthermore, the RF capture
was advanced by 500 ms with respect to the operational
settings.
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Figure 4: Measured tune diagram in the vicinity of the op-
erational working point (indicated by the white square) for
unbunched (top) and bunched beam (bottom). The color
scale shows beam loss after 500 ms of storage time. Sys-
tematic resonances are shown in red, solid and dashed lines
correspond to normal and skew resonances, respectively.

Fig. 6. In addition to the already discussed sextupolar reso-
nances, an effect of the resonance 2Qx + 2Qy = 9 is visible.
Furthermore, for decreasing horizontal and vertical tunes,
the horizontal beam size experiences a significant growth,
possibly due to the resonance 4Qx = 7.

The driving term of these resonances remains unknown to-
day. The presence of the electron cooler and its multitude of
magnetic elements was expected to significantly contribute
to the excitation of resonances. Therefore, an additional
study using the bare machine was performed. To perform
this test, the main solenoid of the electron cooler as well as
the corrector solenoids, all additional magnetic elements of
the cooler, the correction of the orbit distortion around the
electron cooler and all chromatic and harmonic sextupoles
were switched off.

Using this configuration, the skew sextupolar resonance
3Qy = 8 was crossed and no significant differences in terms
of beam loss when crossing the resonances were observed
(see Fig. 7). Therefore, the electron cooler was excluded as
source of skew sextupolar errors and a possible source is
yet to be determined. Furthermore, the normal sextupolar
resonances are expected to be excited by magnetic errors in
the main bending dipoles.
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Figure 5: Measured high-intensity tune diagram for bunched beam. Left: Illustration of the measurement technique likewise
to Fig. 3. Right: Measurement results in the vicinity of the operational working point (indicated by the white square). The
resonance pattern is very similar to the one observed in Fig. 4.
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Figure 7: Also in the absence of the magnetic effects of the
electron cooler, significant beam losses are observed when
crossing the resonance 3Qy = 8. The significant drop of
intensity right after injection is due to the large beam size in
the absence of EC.

Given the fact that the direct space charge tune spread
∆Qx,y of operational beams reaches values larger than 0.1
during the RF capture process (see also [4]), particles ex-
perience the effect of multiple resonances simultaneously,
which might lead to emittance blow-up and beam loss at the
main aperture restriction of LEIR, i.e., the vacuum chambers
inside the bending magnets. Therefore, additional studies,
which are presented in the following, were performed to com-
pensate or avoid the resonances. The latter can be achieved
by modification of the machine optics.

RESONANCE COMPENSATION

With the current operational setup of LEIR, it is essen-
tial to control the transverse tunes precisely. One possible
means to relax this constraint is to compensate resonances,
which can be attempted by using either the eight installed
chromatic or the two harmonic sextupoles. In fact, the latter
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are a combination of normal and skew sextupoles in a single
element.

A first proof of principle has been presented in [4], where
a reduction of the current in the chromatic sextupoles was ob-
served to lead to reduced beam loss close to the resonances.
Subsequently, a more systematic approach was pursued: us-
ing the Polymorphic Tracking Code (PTC [5]) library inside
MAD-X [6], the resonance driving terms (RDTs) of the
different sextupoles were computed and suitable pairs of
sextupoles for compensation studies were determined (see
Fig. 8). The feasibility of compensation with several of these
pairs was then studied by programming the working point
to lie on top of the Qx + 2Qy = 7 resonance, while scan-
ning the current in the sextupoles and recording beam loss
simultaneously. The results are shown in Fig. 9: for any
combination of two chromatic sextupoles, but also by using
one chromatic and one harmonic sextupole, resonance com-
pensation can be achieved for certain currents. Surprisingly,
however, no compensation could be achieved by using the
pair of harmonic sextupoles, even though their functionality
has been verified. This issue will be further investigated in
the future. In Fig. 10 the results from Fig. 9 are displayed
in a different way, namely by transforming the measured
sextupole currents into the RDT-space. As expected, the
phase and amplitude of the resonance, which corresponds
to the area of maximum beam survival, is observed to be
identical for different combinations of sextupoles.
In addition, the impact of resonance compensation on

the evolution of the transverse profiles was studied. A low-
intensity beam was injected, cooled and stored with active
resonance compensation (corresponding to the optimum
settings found for the scan using SXFN11 and SXFN32 in
Fig. 9) for several hundreds of milliseconds. Subsequently,
the compensating sextupoles were switched off during the
cycle and the evolution of the beam size during the entire
magnetic cycle was recorded using the BGI monitor. In
Fig. 11, the suppressed growth of the beam size during the
first part of the cycle is clearly visible.
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Figure 8: Hamiltonian RDTs for the different sextupoles
installed in LEIR. Pairs of sextupoles whose vectors are at
an angle of 90 degrees are well suited elements for compen-
sation.

OPERATION AT A DIFFERENT
WORKING POINT

The LEIR machine optics configurations are significantly
constrained by the multi-turn injection and EC processes
[7–9]. In order to modify the lattice optics and move the
working point to a quadrant of the tune diagram that is less
resonance dominated, a dedicated simulation study was per-
formed and a suitable stable solution was obtained for the
tunes (Qx , Qy) = (2.18, 3.28). In Fig. 12, the optics func-
tions for both setups are compared and the main difference
concerns the βy-functions at the entrance and exit of the
bending magnets. Considering this fact, the optics modifica-
tion is clearly unfavorable. However, if the overlap between
the direct space charge tune spread and excited resonances is
significantly reduced, emittance growth during the RF cap-
ture is also expected to be mitigated, resulting in an overall
reduction of beam loss.

To investigate the resonance excitation in this new optics
configuration, an additional measurement was performed.
The result is shown in Fig. 13 and the resonance free area
is found to be significantly increased compared to the mea-
surements in the nominal configuration (see Fig. 2).

The continuation of the optimization of this new machine
setup and the investigation of transverse emittance blow-up
and beam loss are subject of future studies.

CONCLUSIONS AND OUTLOOK
The early part of LEIR operation in 2016 was fully ded-

icated to deepening the understanding of the performance
limitations and to investigating mitigation possibilities. The
combination of the results presented in this paper in combi-
nation with the excellent performance of Linac3 [10], and
additional modifications of the RF capture process [11],
led to the unprecedented Pb54+-intensity of more than 1010

charges at LEIR extraction (see Fig. 14). Therewith, the
HL-LHC ion intensity requirement has been operationally
demonstrated in LEIR and the major remaining challenge
is to maintain this high performance of the machine and
Linac3, and to reduce the sensitivity of the performance to
the various machine settings by exploiting resonance com-
pensation or the modified optics configuration. Furthermore,
the reduction of the time between two subsequent injections
into LEIR and operation with increased electron current
in the cooler is being studied to increase the accumulated
intensity and provide more margin for future operation [12].
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Figure 9: Beam survival after 600 ms of storage time as a function of current in the sextupoles. A combined use of harmonic
(SXFL*) and chromatic (SXFN*/SXDN*) sextupoles clearly reveals reduced resonance excitation. Contrary to expectations,
no such effect can be observed by using pairs of harmonic sextupoles only.
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Figure 10: Measurement results of Fig. 9 transformed into RDT-space. Amplitude and phase of the resonance are in very
good agreement for the different scans.
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optics configuration. The design working point for this ma-
chine setup is indicated by the white square.
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LEIR LONGITUDINAL STUDIES
S. Albright, S. Hancock, M. E. Angoletta, CERN, Geneva, Switzerland

Abstract
Towards the end of 2015 and during 2016 there were exten-

sive studies of longitudinal beam dynamics in LEIR aimed
at improving extracted intensities. As the driving source of
losses early in the ramp was shown to be transverse space
charge tune spread a significant improvement came from
flattening the beam profile to increase the bunching factor
by offsetting the RF frequency from the beam revolution fre-
quency. Further benefits were provided by modulating the
RF frequency during capture, leading to emittance blow-up
and improved reproducibility. The use of two RF cavities
during operation was studied to try and further increase the
captured emittance, however after careful alignment of the
RF it was found that a hard limit in the bunch heigh of approx-
imately 7 MeV exists. Due to the acceptance limit there was
no operational benefit to using both cavities simultaneously.

INTRODUCTION
This paper sumarises the studies that were carried in the

longitudinal plane in LEIR at the end of 2015 and during
2016. The paper comprises three sections, the first related
to line density reduction, the second to two cavity operation,
and the third to longitudinal acceptance limitations.

LINE DENSITY REDUCTION
The RF frequency in LEIR is calculated based on the mea-

sured B-Train, however during capture an additional offset
can be used to correct for differences between the design
frequency and the revolution frequency of the coasting beam.
Under the assumption that the revolution frequency is con-
stant an offset can therefore be used to center the bucket on
the center of the coasting beam. However, it was found in
operation that having an offset between the RF and the beam
during capture lead to reduced losses.

Figure 1 shows the capture process with the RF frequency
(FRF ) equal to the coasting beam revolution frequency
(Fbeam), and with an offset between them. Whilst the cen-
tered case (Fig. 1a) is clearly smooth and much neater the
transmission is better in the case where FRF , Fbeam (Fig.
1b).

After further optimising the voltage function and fre-
quency offset the capture process was designed such that
the coasting beam was captured in such a way as to produce
hollow bunches, dubbed the "Lone Ranger" effect shown
in Figure 2 [1]. The Lone Ranger phase space distribution
shows a low density part of the beam within the inner seper-
atrix, with the majority of the particles on the outer edge of
the inner separatrix. The difference between the beam and
RF frequencies must be chosen carefully, if the core is too
dense or the outer part of the beam too far from the inner

(a) FRF = Fbeam (b) FRF , Fbeam

Figure 1: Waterfall plots of capture with the RF centered on
the coasting beam, and with an offset.

separatrix the profile will not be flat, thus increasing the line
density.

Figure 2: The Lone Ranger phase space distribution.

Whilst the Lone Ranger effect was able to provide lower
line densities than otherwise achievable the sensitivity to
changes in coasting beam revolution frequency meant regu-
lar adjustment was necessary. Along with slow changes in
the average revolution frequency, which were corrected by
regular tuning, there is also shot to shot variations that can-
not be compensated for. An alternative method of capture
using frequency modulation during the capture process was
found to greatly improve the reproducibility of the captured
bunch.
Modulating the RF frequency during capture causes the

bucket to sweep through the coasting beam giving a more re-
producible and uniform distribution than otherwise possible.
Compared to fixed frequency capture this produces signif-
cantly improved reproducibility, unfortunately the intensity
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in initial studies was not as high. The Full Width at 25%
Maximum of the captured bunch is shown in Fig. 3, the flat
frequency data was taken before Lone Ranger became the
operational norm.
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Figure 3: A comparison of captured Full Width at 25%
Maximum vs intensity with modulated RF frequency (red)
and flat RF frequency (blue) during capture.

As modulated capture provided larger longitudinal emit-
tances and lower line densities it was expected that the trans-
mission would be higher, however this was not the case.
After a significant amount of optimisation and study it was
found that modifying the working point in the vertical di-
rection throughout the cycle was needed to capitalise on
the benefits as shown in Fig. 4. The need for a modified
working point was put down to a shift in the density of the
tune foot print, which changed the density in tune space near
resonance lines.

Figure 4: Original (red) and new (blue) vertical tune used
to maximise transmission with modulated capture.

After implementing the new working point a comparison
of modulated capture with Lone Ranger capture (Fig. 5)
showed that better, and more reproducible, transmission
could be achieved. As a result modulated capture was used

operationally for approximately the last half of the 2016 p-Pb
run.
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Figure 5: Extracted versus stacked intensity with modulated
capture (red) and Lone Ranger (purple and blue).

TWO CAVITY OPERATION
In LEIR there are two Finemet cavities, with one used

operationally and the other maintained as a hot spare. After
it was demonstrated that frequency modulated capture could
be used to provide reproducible longitudinal emittance blow-
up it was decided to try using both cavities simultaneously.
By using both cavities the RF acceptance would be increased,
potentially allowing even larger bunches to be produced.

To use both cavities they must first be phased correctly rel-
ative to each other. The first coarse tuning brought the phases
very close to correct alignment without beam, afterwards
a fine tune with beam made a small additional correction.
Using modulation during capture allowed for a highly repro-
ducible distribution in phase space, it was therefore possible
to use bunch profiles and tomography to adjust the LLRF
and bring the harmonics into alignment.
To align the cavities using the beam an initial measure-

ment was takenwith both harmonics in a single cavity, shown
in Fig. 6a. The h=2 voltage was then set to 0 in the first
cavity and set to the operational program in the second cav-
ity. The conditions prior to fine tuning are shown in Fig. 6b,
whilst the result is very close to the single cavity case there
is a visible difference. Fine tuning of the alignment of the
cavities resulted in a near identical bunch as can be seen in
Fig. 6c.

LONGITUDINAL ACCEPTANCE
LIMITATION

After dual cavity operation was shown to be effective
frequency modulation was used to try and further increase
the captured emittance, taking advantage of the increased
longitudinal acceptance. It was discovered that the emittance
could not be increased past a hard limit, at which point losses
were unavoidable with no further blow-up. As it was not
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(a) Single Cavity

(b) Dual Cavity Initial

(c) Dual Cavity Final

Figure 6: Phase spaces produced with single cavity (6a), two
cavities before fine tuning (6b) and two cavities after fine
tuning (6c).

clear if the losses were due to an acceptance limitation or
related to the transition from the flat bottom to the ramp
the capture was first moved earlier in the cycle to allow
distinguishing the end of capture from the start of the ramp.
Separating capture from the ramp allowed two distinct

losses to be seen as shown in Fig. 7. First a fast loss can be
seen at C1780, the end of capture, and a second larger loss
is seen at the start of the ramp at C1850. The localisation of
losses at capture appeared to indicate that the longitudinal
momentum spread was responsible for lost beam, this was
shown to be the case by capturing a fixed emittance and then
increasing the voltage to stimulate losses.

Figure 7: Distinct losses at the end of capture and the start
of the ramp.

For a given emittance an increase in the RF voltage will
lead to a larger dp/p and a smaller bunch length. After
capture the two harmonics were increased to a peak and
then decreased (peak at 100ms shown in Fig. 8) causing an
increase in the bunch height and the losses shown in Fig. 9
with no fast loss at the start of the ramp.

Figure 8: Voltage spike used to increase bunch height.

Figure 10 shows the phase space reconstructions at C1800
(Fig. 10a), C1820 (Fig. 10b) and C1830 (Fig. 10c), where
the emittance decreases with approximately constant dp

p .
The constant dp

p shows that there is a hard limit in the maxi-
mum energy deviation, which therefore causes the emittance
to be reduced with increasing voltage due to losses.
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Figure 9: Losses during voltage spike.

The acceptance limitation demonstrated that the maxi-
mum bunch height after capture must be less than 7 MeV, as
a result the use of two cavities would not be able to improve
transmission. Working with a single cavity the voltage pro-
gram was adjusted such that the ratioVh=2 : Vh=1 maximised
AB

hB
, where AB is the bucket area and hB is the bucket height.

The maximum of AB

hB
on the flat bottom was found to be at

approximately 1.1 : 1 voltage ratio.

CONCLUSION

There were extensive studies in the longitudinal plane of
LEIR during 2016. A series of studies and developments
are summarised in this paper, which resulted in highly repro-
ducible beams with large emittances being produced through
frequency modulation during capture.
Initially a constant offset between the RF frequency and

the design frequency was used to increase the captured emit-
tance. Further improvements to this lead to the production of
the “lone ranger” distribution, in which the beam is smeared
around the edge of the inner separatrix giving a high bunch-
ing factor and very flat profile. Later it was shown that mod-
ulating the frequency offset during the capture process lead
to larger emittances and improved reproducibility, combined
with an adjustment to the working point this then allowed
better and more reproducible transmission.
There are two cavities in the LEIR ring, with only one

used in operation. The use of two cavities was studied as a
possible way to further increase the longitudinal acceptance,
allowing greater emittance blow-up during capture. After
careful alignment of the voltage in the cavities it was found
that a limit in the longitudinal acceptance existed due to
the energy spread of the beam, rather than the bucket area.
Since the maximum energy deviation on the flat bottom was
approximately 7 MeV, corresponding to an RMS dp

p slightly
above 2× 10−4 there was no operational benefit to using two
cavities.

Finally in the second half of the LHC p-Pb run frequency
modulated capture with a single cavity and voltage functions
designed to maximise the bucket area within the acceptance
limit became the operational norm.

(a) C1800, εl =15 eVs,
dp
p = 2.13 × 10−4

(b) C1820, εl =12 eVs,
dp
p = 2.17 × 10−4

(c) C1830, εl =11 eVs,
dp
p = 2.19 × 10−4

Figure 10: Phase spaces during an increase in the RF volt-
age showing an approximately constant dp

p with decreasing
longitudinal emittance (εl ) demonstrating the existence of a
longitudinal acceptance limitation indepent of RF voltage.
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LEIR IMPEDANCE MODEL AND COHERENT BEAM INSTABILITY
OBSERVATIONS

N. Biancacci, E. Métral, T. L. Rijoff (CERN, Geneva, Switzerland),
M. Migliorati (University of Rome “La Sapienza” and INFN-Roma I)

Abstract
The LEIR machine is the first synchrotron in the ion ac-

celeration chain at CERN and it is responsible to deliver
high intensity ion beams to the LHC. Following the recent
progress in the understanding of the intensity limitations,
detailed studies of the machine impedance started. In this
work we describe the present LEIR impedance model, detail-
ing the contribution to the total longitudinal and transverse
impedance of several machine elements. We then compare
the machine tune shift versus intensity predictions against
measurements at injection energy and summarize the co-
herent instability observations in the absence of transverse
feedback.

INTRODUCTION
The LEIR machine is the first ion synchrotron accelerator

along the CERN ion accelerators chain and it was conceived
in order to deliver high brightness bunches to the LHC [1].
The machine is equipped for this purpose, with an electron
cooler that, together with the 2.5 planes stacking injection
mechanism (transverse phase spaces and longitudinal mo-
mentum space), allows for accumulation of high intensity
beams at the injection plateau of 4.2 MeV/nucleon.

Once injected and accumulated, the coasting beam is cap-
tured by the RF system [2], accelerated to 72 MeV/nucleon
and sent to the PS ring.
During the capture process, high losses were systemat-

ically observed for high intensity beams, leading to per-
formance degradation in terms of delivered bunch inten-
sity [3, 4]. At the end of 2015 an extensive beam study
program was started in order to understand the underlying
mechanism and the main driving source was identified as
direct space charge effects in combination with the lattice
sextupolar resonances [5, 6]. Thanks to special shaping of
the longitudinal line density during the RF capture and opti-
mized resonance compensation, the LIU/HL-LHC design
intensity goal of 8.1 · 108 ions/bunch has been reached in
2016 [6, 7].
In order to ensure a stable LEIR machine performance

with enough margin with respect to the LIU baseline, further
studies are presently ongoing [8] (working point and electron
cooling optimization, resonance compensation, bunching
factor increase, etc.). Among these, the development of
the transverse impedance model is taking place in order
to improve the general understanding of the machine with
respect to collective effects.
In this work we will detail the development status of the

LEIR transverse impedance model, we will compare the
measured transverse tune shift versus intensity with the cor-

responding predictions and summarize the transverse coher-
ent instabilities that are observed in coasting beam mode in
the absence of the transverse feedback.

LEIR TRANSVERSE IMPEDANCE
MODEL

The process of developing an impedance model for an ac-
celerator has been recently summarized in [9]. Concerning
the LEIR machine, the vacuum envelopes of the following
elements have been considered so far for the impedance
calculations [10–12]: dipoles, quadrupoles, vacuum drift
tubes, septa, beam position monitors, electron cooler main
and transition pipes (computed with IW2D [13] considering
the corresponding flat or round stainless steel beam pipe),
kickers (modeled with the Tsutsui formalism [14]), stripline
pick-up (computed using Ng formulae [15]). The total inte-
grated length calculated so far is 68.37 m, i.e. ' 87% of the
total machine circumference (78.54 m).
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Figure 1: Left: Real and imaginary part of the dipolar (driv-
ing) and quadrupolar (detuning) LEIR impedance model.
Right: Real and imaginary part of the longitudinal LEIR
impedance model.
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The left side of Fig. 1 shows, as an example, the total
impedance budget in the transverse planes for real and imag-
inary part of dipolar (or driving) and quadrupolar (or de-
tuning) impedances. A typical bunched beam in LEIR has
a rms bunch length of σrms

τ ' 200 ns corresponding to
σrms

f
' 1 MHz considering a Gaussian profile. Consid-

ering tune shift calculations, for example, only the induc-
tive part of the impedance would be relevant. The machine
total impedance budget (i.e. dipolar plus quadrupolar) is
442 MΩ/m in the vertical plane and 27 MΩ/m in the hori-
zontal plane 1.

Due to the low machine energy, the indirect space charge
impedance is dominant and mainly driven by the vacuum
chamber in the dipoles (60%) and the quadrupoles (20%).

TUNE SHIFT MEASUREMENTS
The impedance model presented in the previous section

was used to predict the tune shifts in coasting and bunched
beam regimes. The coasting beam angular frequency shift
∆ωn, from Laclare’s theory [16] can be evaluated in the
(vertical) plane, as

∆ωn =
Q
A

j βc2I0
4πQy f0CEt/e

Zdip
y (n), (1)

where the number of ion charges over the number of mass
ratio Q/A is 0.26 for Pb54+, I0 = Ne f0 is the beam current
with N total number of charges, e the elementary charge and
f0 the revolution frequency, β the relativistic factor (' 0.1
at injection and 0.37 at extraction), c the speed of light in
vacuum, Qy the betatron tune, C the machine circumfer-
ence, Et the total beam energy per nucleon, Zdip

y the dipolar
impedance sampled at the coasting beam spectral lines given
by

fn = (n +Qy ) f0, with n ∈ (−∞,+∞). (2)

When the coasting beam is kicked, coherent beta-
tron oscillations build up and the coherent frequency
shift is proportional to the total transverse impedance
Z tot
y = Zdip

y + Zquad
y .

The predicted tune shift and growth rate for a coasting
beam of N = 1010 charges calculated for the vertical plane
(most critical) with reference to theworking pointQx = 1.82,
Qy = 2.72 are respectively of 2.75 · 10−4 and 0.25 s−1, the
latter corresponding to the spectral line f−3 driven by the
resistive wall impedance.
Tune shift versus intensity measurements were done in

the machine during 2016 with both coasting and bunched
beams following a first assessment done in [10]. High in-
tensities available in LEIR allow for several injections from
Linac3 followed by electron cooling. The electron cooler
introduces an average momentum shift which depends on
the intensity and may lead, by itself, to a tune shift trough
chromaticity. As it is difficult to set chromaticity exactly to
zero, a different approach was followed in order to perform
1 We accounted for an additional 1/β factor multiplying the impedance of
IW2D in order to be compatible with the theory of [16] used later.

a coasting beam intensity scan: once the maximum intensity
is accumulated into the machine to about 1010 charges, the
vertical damper is turned off for an adjustable time in order
to let the coherent instability (see next section) develop and
scrape the beam onto the vacuum chamber. Figure 2 on the
left shows measured and predicted tune shifts in agreement
within 80%.
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Figure 2: Coasting beam (left) and bunched beam (right )
transverse tune shift versus intensity.

The measurements with bunched beams were performed
after capturing the coasting beam using a double harmonic
RF system. Despite the losses at capture described in the
introduction, a maximum intensity of 3 · 1010 charges within
σrms
τ = 175 ns bunch length was achieved. This produces a

tune shift versus intensity of −2 · 10−3 (per 1010 charges) to
be compared with −1.6 · 10−3 predicted scaling Eq. (1) by
the inverse of the bunching factor Bf =

√
2πσrms

τ f0 = 0.16
between coasting and bunched beam measurements. The
measurement results are shown in Fig. 2 on the right and are
in agreement with prediction within 80%, in line with the
coasting beam measurements.

INSTABILITY OBSERVATIONS
When the transverse feedback is not in operation, a fast

vertical instability is observed in coasting beam, still unex-
plained by the impedance model outlined so far. We present
here a characterization of the instability in terms of resonator
impedance based on beam measurements.

Figure 3 shows the instability observed analyzing the turn-
by-turn data acquired with a wide band pick-up of the trans-
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verse feedback system. A single line growth can be observed
at ' 1.9 MHz which corresponds to the coasting beam spec-
tral line f−8 . The growth rate is ' 40s−1/1010 charges
and according to Eq. (1) would correspond to a transverse
impedance with a real part of 28 MΩ/m, larger than the
impedance model predictions of ' 0.1 MΩ/m in this range
of frequencies. In the hypothesis of having a localized reso-
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Figure 3: Turn-by-turn data (top) with moving window FFT
(middle) and amplitude growth per coasting beam spectral
line of the observed vertical instability: the linear growth
(in log scale) corresponds to the f−8 spectral line.

nant mode in the machine at this frequency, we performed a
Q-factor characterization studying the variation of growth
rate with respect to a change in the machine tune Qy . This
can be seen as a frequency scan as the unstable mode line
f−8 will move according to Eq. (2). As shown in Fig. 4
for different chromaticities 2, a resonator with a Q ' 50
can describe the observations within the accuracy of the
measurement.
In order to damp the instability, it is possible to enhance

the transverse Landau damping by means of increasing chro-
maticity [16]. For this purpose, a scan in Q′ was done for a
fixed value of the vertical tune. Figure 5 shows the growth
rate of the instability for different values ofQ′: the frequency
f−8 is unstable for Q′ ∈ (−10, 4) whereas for Q′ > 4 only
higher order lines are observed to be unstable.

As the stabilizing betatron spread from chromaticity S is

Sn =
(

fn − Q′

η
f0

)
η∆p/p, (3)

with η = −0.87 the slip factor at injection and ∆p/p ' 10−3

momentum spread, S−8 cancels for Q′ = 4.5. On the con-
trary, the threshold effect observed in Fig. 5, is still under

2 The ones indicated are programmed chromaticities corrected with -3 units
to account for the difference between real and programmed values [17].
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investigation and could be related to the effect of direct space
charge [18].

CONCLUSIONS
The LEIR impedance model has been largely developed

and accounts for ' 87% of the total machine elements. Stud-
ies are ongoing in order to include the remaining elements
and update the tune shift predictions that are, so far, in agree-
ment within 80%with coasting and bunched beam transverse
tune shift measurements.
The vertical coherent instability observed in coasting

beam without damper is not yet predicted by the model
and studies are ongoing in order to localize possible sources
of resonant modes (cavities, kickers, electron cooler, etc.).
By means of tune and chromaticity parametric scans it

was possible to derive the parameters of an equivalent res-
onator describing the instability having shunt impedance of
28 MΩ/m, a resonant frequency at 1.9 MHz, corresponding
to the f−8 coasting beam line, and a Q-factor of ' 50.

LEIR IMPEDANCE MODEL AND COHERENT BEAM INSTABILITY OBSERVATIONS

131



The stabilization of the instability is measured for Q′ > 4
revealing a threshold effect in contrast with theory compat-
ible with a local reduction of Landau damping. Further
measurements, in particular of the beam transfer function
in coasting, will help clarifying the role of space charge in
the stabilizing mechanism and defining the corresponding
stability margins for possible future intensity upgrades.
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100MS INJECTION INTO LEIR
R, Scrivens∗, N. Biancacci, A. Huschauer, D. Manglunki, G. Tranquille, CERN, Geneva, Switzerland

Abstract
Results of machine developments for 100ms spaced injec-

tions from Linac3 into LEIR are presented.

INTRODUCTION
The LIU project aims to increase the number of ions [1]

injected into the LHC, and one of the limitations to be over-
come is to increase the number of ions available from the
pre-injector, Linac3, as well as to accumulate and accelerate
this higher intensity in LEIR. One of the methods to increase
the number of Pb54+ ions available from Linac3, is to de-
crease the spacing between the 200us long pulses, and if the
same length of LEIR injection plateau is kept, the number
of pulses that can be transferred from Linac3 to LEIR in-
creases from 7 to 13. Additionally, it could be conceived
to inject a smaller number of injections in a much shorter
time, and reduce the LEIR cycle from 3.6 to 2.4s. In order
to decrease the injection spacing to 100ms, the following
was demonstrated to be possible with the presently installed
equipment:

• the Linac3 ECR source already operates at 100ms
spaced pulses,

• most of Linac3 was designed to run at 10Hz,

• the injection system of LEIR was designed for 10Hz
operation,

• the electron cooling beam current could be doubled
from the operational value of 220mA.

Within the LIU project, the following actions were made
to allow remaining equipment to run at 100ms spaced pulses.

• pulsed quadrupole and corrector dipole power convert-
ers were upgraded to 10Hz,

• these pulsed magnets had thermal interlocks added,

• Ventilation was improved on the RF racks to give addi-
tional cooling.

All of these measures were anyway limited to proving up to
13 pulses in a 3.6s cycle, as well as allowing for continuous
5Hz operation. In this regard, the consolidation of the venti-
lation system of Linac3 is also needed to allow continuous
operation at these higher repetition rates.

The results presented in the following sections are based
on two MD sessions.

Table 1: Parameters used for comparison of intensity at 100
and 200ms space injections

NOMINAL 200ms AMD 100ms
Spacing (ms) 200 100
# Injections 7 14
Electron cooler (mA) 220 Non-uniform beam 510

(too high current)?
Accum Intensity 9.5E10 12.0E10
(Charges Total)
Extracted Intensity 8.0E10 8.0E10
(Charges Total)

Figure 1: Top: Beam intensity stored in the ring for 14x
100ms injection (green) and 7x 200ms injections (blue);
Bottom: Comparison of the first 7 injections into LEIRwhen
spaced by 100ms (open circles) and 200ms (closed circles).
Linear fits are shown to the intensity lost pre-injection.

INTENSITY
On 12/10/2017, the optimized cycle being used for op-

eration (USER=NOMINAL) was cloned and the injection
rate decreased to 100ms along with the number of injections
being increased to 14. The electron cooler was increased in
beam intensity and optimization of the injection and stacking
process was done (including injection line trajectories, orbit
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during accumulation, electron beam energy etc.), details are
given in Table 1.
The intensity during a LEIR cycle is shown in Figure 1

(left) where it can be seen that slightly more beam is accu-
mulated with the 100ms injections, but this is limited due to
two loss mechanisms:

• fast loss of the beam stacked in the ring when the injec-
tion bump is opened,

• loss of the accumulated beam between injections.

The fast loss was measured using the fast Beam Current
Transformer (BCT) and comparing the reduction in signal
in the 100 µs before the injection beam starts. Comparison
of the magnitude of the beam lost, to the intensity injected
on the first injection is shown in Figure 1 (right) where it
can be seen that for 100ms spaced injections, the amount of
stacked beam lost is increasing more rapidly with injection
number, reaching approximately 50% of the intensity of the
first injection intensity, by injection number 8.

The slow loss of accumulated beam in between the injec-
tions is also more pronounced when the beam is injected
with 100ms spacing (Figure 1 (left) ). This loss is composed
of two components, one of the order of milliseconds, and
the second the order of seconds. writing this as:

I = I f aste
−t

t f ast + Islowe
−t

tslow (1)

and at and intensity of 8E10 charges circulating, the
(fast,slow) decay times are (20ms,4500ms) for 200ms and
(20ms,2000ms) for 100ms spaced injections, the slow decay
time is 2.5 times shorter for the higher injection rate.
This can be initially compared to the ion loss rate for

Pb54+ ions that was measured at LEAR in 1996 [2] and the
total beam decay rate (for both electron cooling losses and
vacuum losses) was calculated to be 7seconds.

TRANSVERSE COOLING RATE
The transverse cooling of the circulating beam can be

measured with the Ionization Profile Monitor [3]. The pro-
jected beam profile can be measured every 1ms to which a
gaussian fit is made to calculate an rms beam size. A fit of
the decay of the beam size is then made, i.e.:

σ = σ0 e
−t

tcool (2)

where the time window 11 ms after each injection are
not included in the fit due to the often seen large beam size
oscillations measured after the injection process.

Measurements of the beam profile as a function of time in
the cycles were made with the parameters is 2, and the result-
ing cooling times are reported in Figure 2 (right). Contrary
to the data in table 1 in this case for 100ms spaced injections
the electron cooling current was 430mA. In Figure 2 (right)
the lines shown are not fits, but only guides for the eye.
The following conclusions are drawn from this result:

Table 2: Parameters used for comparison of transverse beam
cooling rates at 100 and 200ms space injections

NOMINAL 200ms AMD 100ms
Spacing (ms) 200 100
# Injections 7 13
Electron cooler (mA) 220 430
Accum Intensity 9.5E10 9.5E10
(Charges Total)
Extracted Intensity 8.0E10 5.0E10
(Charges Total)

Figure 2: Top: Plots of the beam profile measured with the
Ionization Profile Monitor; Bottom : Transverse cooling
times for the circulating beam following 100 and 200ms
spaced injections, first 7 injections shown.

• the cooling times increase as a function of injection
number, but the effect on the measurement of the al-
ready stacked and cooling beam is not known

• the vertical cooling time is measured to be 2 - 3 times
faster than the horizontal plane (however, this may be
affected by the losses in the vertical plane),

• the increased electron cooling current improves the
cooling time by a factor 1.5 - 2.
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FUTURE MEASUREMENTS
In 2017 only xenon will be available in LEIR, and the per-

formance of the beam is expected to be significantly different
and it is not foreseen to spend effort understanding limita-
tions of the xenon beam as the required intensity for physics
is low. However studies will be possible to understand some
of the processes, these are listed below:

• Preliminary testing of 150ms cycling of the Linac3
source,

• measurement of xenon cooling times from IPM after
its repair,

• measurement of the effect of injection bump on circu-
lating beam,

• inclusion of dispersion into the analysis of cooling rate
for the horizontal IPM,

• benchmarking of cooling simulations, including para-
metric studies.
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YASP FOR LEIR TO PS INJECTION
V. Kain, J. Axensalva, H. Bartosik, A. Huschauer, D. Jacquet, D. Nicosia, S. Pasinelli, J. Wenninger

Abstract
The steering program YASP was introduced in the LEIR

injection as well as the extraction lines in 2016 to correct
the trajectories with well-known model based correction
algorithms such as MICADO or SVD. In addition a YASP
configuration was prepared to correct the extraction line
together with the first turn of the PS. In this way the injection
oscillations can be corrected while keeping the trajectory
reasonable in the PS injection line.

INTRODUCTION
The steering program YASP [1] provides well-known

trajectory and orbit correction algorithms as well as the
option to calculate trajectory or orbit bumps for a given shape
and amplitude. The optics of the beam line or ring have to
be provided such that response matrices can be calculated.
The required correction is given in angles for the different
bending magnets and steerers.

YASP makes use of the LSA [2] framework, where an op-
tics can be defined and uploaded to a database for a so-called
particle transfer (which is a combination of one or several
accelerator zones). Also, all magnets can be associated with
normalized strength parameters (e.g. k for quadrupoles and
angle for dipoles) within LSA. The momentum or Bρ is
defined as part of an LSA cycle which is associated with a
timing user. Together with this information and calibration
functions, LSA calculates the required power supply cur-
rents with makerules and sends the required current value
or function to the hardware. In short, a correction in YASP
trims the parameter angle of one or more dipole magnets
and LSA calculates and drives the associated current values.

PREPARATION OF LSA FOR THE LEIR
TRANSFER LINES

Figure 1 shows the layout of the LEIR synchrotron with
its transfer lines. The injection line consists of the lines ITH,
ITE, the bi-directional line ETL as well as EI. The extraction
line is made up of the lines EE, ETL in the other diretion and
ETP. One obvious complication for modelling this layout in
LSA is the bi-directionality of ETL. Another one is the fact
that the lines contain a mixture of PPM as well as non-PPM
power supplies, whichmostly expect scalar values as settings,
but in one case (ETL.BHN10) a function. Accelerator zones
were created for the different parts of the lines in LSA. In
most cases there is a one-to-one match between the physical
line and the accelerator zone (e.g. line EE corresponds to
accelerator zone EE). The exception is ETL which became
three different accelerator zones: ETL_INJ, ETL_EJ and
ETL. The hardware actually follows this zoning. In fact the
ETL scalar power supplies are equipped with two FESA
classes, one to pilot the current for the injected beam and

one for the extracted beam. The function power supply of
ETL.BHN10 is contained in the accelerator zone ETL.

Figure 1: LEIR and its transfer lines
These different accelerator zones were associated with

two particle transfers: LEIRInjection and LEIREjection.
Different beam processes were then prepared for the particle
transfers with the line optics. Discrete beam processes are
used for the scalar type power supplies and function beam
processes for the function type power supply. At YASP start-
up one has to decide whether one wants to work with either
the discrete or function beam process. As most of the correc-
tors are scalar type power supplies the usual configuration
is to use the discrete beam process.

JMad models have been prepared to upload the optics into
LSA.
In order to have all settings required to control the line

associated with a particular cycle, virtually ppm current pa-
rameters had to be prepared for the non-ppm power supplies
in LSA. These virtually ppm current settings are sent to the
hardware as if coming from the non-multiplexed context. If
trims from different cycles occur, the last one wins.
The transfer functions had been collected from Norma

and through other sources. Special makerules and linkrules
for ETL.BHN10 had to be written. The makerule for
the scalar power supplies is LeirK2CurrMakeRule.java in
the package lsa-ext-leir, the makerule for ETL.BHN10 is
K2CurrMakeRule.java in the same package and the linkrule
is EtlLinkRule.java. The advantage of this linkrule is that
no matter which current is used during the beam passage,
|dI/dt | for the ascent and descent is always the same.

LEIR TO PS STEERING
YASP can be configured to acquire the BPMs in the LEIR

to PS transfer line at the same time as the injection oscilla-
tions in the PS (= first turn minus closed orbit at time 0 ms).
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In this mode the horizontal pickups in the PS are multiplied
with -1 to take the reference system change into account
from LEIR transfer line to PS ring. Thus the first pickup
in the PS between the septum and the kickers has a large
negative offset, where in reality it has a large offset towards
the outside, i.e. positiv offset. As the septum and kickers are
also used for the injection oscillation correction in the hori-
zontal plane, their response is also multiplied with -1. Kick

Figure 2: Result of horizontal kick response. The first
roughly 10 pickups are in the line, the remainder in the
PS.
response measurements were carried out to verify polarities
and calibration of the different correctors. Whereas the ob-
tained results were satisfying in the horizontal plane, see Fig.
2, the vertical response for all of the available correctors did
not match, see Fig. 3. Optics issues are suspected and will
need follow-up during the 2017 run.

Figure 3: Result of vertical kick response with ETL.BVN10.
The first roughly 10 pickups are in the line, the remainder in
the PS.

Figure 4: Slide of presentation on LIU baseline for ions by
H. Bartosik at LHC performance workshop in Chamonix,
January 2017.

This setup was used to steer the ion beam into the PS
during the ion run 2016. The transmission from LEIR ex-
traction to PS injection could be increased to essentially 100
% in 2016, see Fig. 4.

OUTLOOK - LEIR TO PS STEERING

The potential optics issue needs to be understood to ensure
convergence of corrections under all conditions (currently
vertical corrections could only be carried out with low gain).
Another improvement could be to remove the offset at the
injection region BPM in the YASP configuration LEIR to
PS steering to further reduce the complexity of the injection
oscillation correction. Reference trajectories will have to be
established for the coming ion runs.
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BATCH COMPRESSION TO 50 NS SPACING AT PS FLAT-TOP
H. Damerau, CERN, Geneva, Switzerland

Abstract
The bunch spacing in the injector chain has a direct impact

on the total number of bunches in the LHC and hence on
its integrated luminosity. The baseline scheme for lead ion
beams within the LHC Injector Upgrade (LIU) project fore-
sees the transfer of multiple batches of four bunches spaced
by 100 ns from the PS to the SPS. The bunch spacing will
then be reduced by momentum slip-stacking from 100 ns to
50 ns. Studies have been performed in view of alternatively
producing 50 ns spacing directly at extraction from the PS,
with the aim of demonstrating a batch compression-like RF
manipulation to approach two bunches. Additionally, the
proof-of principle tests allow to define the requirements for
an additional RF system in the PS for the batch compression
of four bunches to 50 ns spacing. Together with slip stacking
in the SPS, this scheme would yield 25 ns bunch spacing
with ions in the LHC.

INTRODUCTION
Reducing the bunch spacing of ion bunches in the in-

jector chain has a direct impact on the total number of
bunches which fit into the circumference of the LHC and
hence on integrated luminosity. While the PS should de-
liver four bunches spaced by 100 ns for the LIU ion baseline
scheme [1], the possibility to reduce the bunch spacing to
50 ns, beyond the LIU baseline, has been studied. In combi-
nation with the slip-stacking [2] in the SPS a bunch spacing
of 25 ns would then become available to the LHC, signifi-
cantly increasing the number of ion bunches per ring. Alter-
natively, generating the 50 ns bunch spacing directly in the
PS could furthermore be considered as a back-up scenario
for the momentum slip stacking in the SPS.
With proton beams a bunch spacing of 50 ns, as well as

25 ns is produced by bunch pair splitting at the flat-top in the
PS [3] using dedicated RF systems at 20MHz and 40MHz.
For lead (208Pb54+) ion beams such schemes are not feasi-
ble due to vicinity of the flat-top energy, γ = 7.4, to the
energy of transition, γtr = 6.1. Even for low RF voltages in
the range of 10 kV, the bucket filling factor remains small,
which would require extremely precise relative phase con-
trol. In combination with the low synchrotron frequency the
conditions for splitting are unfavourable. A test of bunch
splitting from harmonic, h = 21, to h = 42 with lead ions
in 2012 has illustrated the difficulties. In the middle of the
process some particles were actually stuck at the unstable
fixed-point during the separation of the two bunches [4]. The
splitting scheme has therefore been abandoned.

Batch compression [5] at the flat-top has been studied as
an alternative path to 50 ns bunch spacing at PS extraction.
It does not suffer from the adiabaticity issues and exces-
sive phase control precision as bunch splitting. During the
RF manipulation all bunches stay within well defined sub-

buckets without the need for separation at an unstable fixed
point. The process is also tolerant to phase errors as the
bunches are just handed over from bucket centres at the ini-
tial harmonic to bucket centres at the final one. However,
the main drawback of batch-compression RF manipulations
is the large number of intermediate RF harmonics which is
required. In the case of batch compression of four bunches
from 100 ns to 50 ns spacing, RF voltage on at least four inter-
mediate harmonics (e.g., h = 25, 30, 36 and 42) is needed
in addition to h = 21. Following the batch compression,
the four bunches spaced by 50 ns can then be rebucketed to
h = 85, generated by a slightly detuned 40MHz RF system,
and finally to h = 169 for the bunch shortening prior to ex-
traction. The simulated mountain range plot of the complete
RF manipulation at the PS flat-top is shown in Fig. 1.

Figure 1: Simulated (ESME [6] without intensity effects)
mountain range plot of the complete RF manipulation from
h = 21 to h = 169 aiming at generating four short bunches
with 50 ns spacing.

Since no RF system presently installed in the PS can de-
liver voltage at h = 25, 30 or 36 for a standard batch com-
pression, a much simplified scheme has been tested with
beam 2016. It allows to batch compress two bunches to
50 ns spacing, by starting from the first part of a bunch pair
merging to approach the bunches combined with a hand-over
to h = 42. The scheme is inherently limited to two bunches.
The proof-of-principle tests permit nonetheless to evaluate
voltage requirements and address the adiabaticity issues in
case of moving bunches in azimuth at the flat-top in the PS.
In the following section the simulation results and mea-

surements with beam for this simplified batch compression-
like RF manipulations are presented. Special care has been
taken to optimize the voltage programs such that, e.g., dis-
continuities of the synchronous phase are avoided when
accelerating one bunch while decelerating the other during
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the approach. Based on these experimental results the re-
quirements for additional RF systems needed for the full
production scheme, yielding four bunches spaced by 50 ns,
are discussed.

TWO-BUNCH MERGING COMPRESSION
Two bunches in adjacent buckets at an initial harmonic

can be brought closer together in time by increasing the
harmonic number of the RF system or, assuming sufficiently
large bucket area, by adding RF voltage at a lower harmonic.
The latter method is actually the first part of a bunch pair
merging [7, 8].

Figure 2 shows a tracking simulation of two lead bunches
spaced by 100 ns approaching each other. Initially the

Figure 2: Simulated merging compression h = 21→ 21 +
7→ 42 using linear functions for the RF voltage programs.

bunches are held by a single harmonic RF voltage of 10 kV
in h = 21. An additional RF voltage at h = 7 is then brought
up linearly with time until the same voltage is reached for
both RF harmonics. Both bunches are then close enough to
be handed over to an RF system at h = 42, corresponding to
50 ns spacing. At the PS flat-top energy of 5.9GeV/n this
manipulation takes about 100ms. However, due to the lin-
ear voltage functions the initially stationary bucket instantly
becomes accelerating, respectively decelerating, at the start
of the process and vice versa at its end. The corresponding
stable phase jumps excite dipole oscillations as observed in
Fig. 2.
These oscillations can be largely avoided by introduc-

ing non-linear voltage functions (with time) such that the
bucket centres start to approach without jump in stable phase
(Fig. 3). The reduction of the bunch spacing from 100 ns to
50 ns is again performed in 100ms and the bunches follow
the bucket centres smoothly.

DOUBLE HARMONIC H=21+7
Similar conditions have been studied with a lead ion beam

at the flat-top in the PS. Two ion bunches are injected from
LEIR, accelerated to an intermediate flat-top at a kinetic
energy of approximately 0.38GeV/u and split according
to the nominal four-bunch scheme described in [1]. Two

Figure 3: Simulated merging compression as in Fig. 2 using
optimized voltage programs.

of the four bunches held at h = 21 are then removed by
the extraction kicker and the remaining two bunches are
accelerated on h = 21 to the flat-top. This is the initial
condition for the approach from 100 ns to 50 ns. Although
the manipulations also works at lower RF voltages, sufficient
margin has been chosen to keep beam phase and radial loops
closed properly. Therefore the first series of measurements
was taken with an initial RF voltage of 60 kV at h = 21.

Figure 4 shows a mountain range plot of the approach
of two bunches when linearly increasing the RF voltage at
h = 7 from zero to 120 kV. The beam phase loop is kept

Figure 4: Measured merging compression h = 21→ 21 + 7
in 40ms using linear voltage programs.

at h = 21 and towards the end of the process, when both
bunches already get too close to deliver a meaningful phase
information, the phase loop locks out.
The dipole oscillations due to the abrupt start of the ap-

proach are clearly visible. They are caused by the sudden
change from a stationary to a moving bucket (Fig. 5, blue
trace) and back to a stationary bucket. As the oscillations
are triggered directly at the start of the process, they persist
even for a twice longer linear rise of the RF voltage on h = 7.
However, a non-linear voltage rise can be computed such
that the bucket centres move adiabatically (Fig. 5, red trace).
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Figure 5: Bucket phase (in degrees of h = 21) for a linear
(blue) and non-linear rise (red) of the RF voltage at h = 7,
in combination with a constant RF voltage at h = 21. The
non-linear voltage rise is evaluated numerically to achieve a
sinusoidal approach of the buckets.

In this case they follow a sinusoidal function starting and
ending with zero gradient. The corresponding non-linear
voltage rise is plotted in Fig. 6, showing the detected voltages
of the RF systems at h = 21 (constant) and h = 7.

Figure 6: Detected RF voltages at h = 21 (black) and h = 7
(brown) together with the corresponding harmonic numbers
(grren and blue) yielding the evolution of the buckets centres
according to Fig. 5 (red).

As expected, the dipole oscillations at the start of pro-
cess (Fig. 4) disappear when the RF voltage on h = 7 is not
raised linearly but according to the curve shown in Fig. 6.
The same effect is observed for various durations of the RF

Figure 7: Measured merging compression h = 21→ 21 + 7
in 40ms using optimized voltage programs.

manipulations showing that the dipole oscillations are al-
most entirely due to the discontinuity at the beginning of the
process. Two bunches can thus be adiabatically approached
without significant impact on longitudinal beam quality.

REBUCKETING TO H=42
Approaching the two bunches from 100 ns to 50 ns spac-

ing using only RF systems at h = 21 and h = 7would require
a twice larger RF voltage as at the lower harmonic as de-
scribed in the previous section. However, for a rebucketing to
h = 42 it is sufficient to approach the bunches close enough
to hand them over into two adjacent buckets at h = 42. In
a first step the RF voltage on h = 7 is therefore increased
non-linearly to the same voltage at h = 21 (about 40 kV),
which results in a bunch spacing of approximately 75 ns.
Using a 20MHz cavity tuned to 19.85MHz, about 175 kHz
below its frequency for protons, the RF voltage on h = 42
is then linearly increased to 20 kV. Finally, the voltages at
both RF harmonics, h = 7 and h = 21 are simultaneously
brought to zero, leaving two bunches spaced by 50 ns in a
single-harmonic bucket at h = 42. Due to the limited beam
time available for optimization, no attempt with non-linear
voltage function during the re-bucketing part has been made.

The evolution of the detected RF voltages for the three
harmonics during complete process is summarized in Fig. 8.
The relative phases are adjusted such that the unstable fixed

Figure 8: RF voltages at h = 7 (top, brown), 21 (top, black)
and 42 (bottom) during the complete merging compression.
The green and blue traces of the top plot are the measured
harmonic numbers, h = 7 and h = 21.

point of initial (h = 21) and final (h = 42) buckets are
aligned. The RF phase at h = 7 is programmed in counter-
phase.
The resulting evolution of the bunch profiles during the

RF manipulation is illustrated in Fig. 9. For a total duration
of 100ms the bunch distance is smoothly reduced and the
longitudinal emittance blow-up remains below the measure-
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Figure 9: Measured mountain range plot of the complete RF
manipulation from pure h = 21 to pure h = 42 in 100ms.

ment precision of few percent. Executing the RF manipula-
tion twice faster results in strong dipole oscillations of both
bunches though.

Ideally the harmonic for the beam phase loop should also
follow from h = 21 to h = 42 to avoid losing the phase
information of the beam on h = 21. For technical reasons,
a beam phase loop at h = 42 could not be provided easily
and the phase loop harmonic was only switched to h = 24
instead. This is sufficiently high to keep the loop locked
although the bunches are already held by a single-harmonic
RF voltage at h = 42. It is worth noting that the cavity return
to the beam phase loop was emulated by a beam synchronous
RF source programmed at h = 24.

SCALING TO STANDARD BATCH
COMPRESSION

The beam measurements of the merging compression
demonstrate that the spacing of lead ion bunches can be re-
duced on the flat-top by means of batch compression despite
the vicinity to transition energy.

The normalized bucket areas for the merging and standard
batch compression are compared in Fig. 10, showing that
very similar RF voltages are required for both schemes to
achieve comparable conditions. For the full implementa-
tion of the standard batch compression of four ion bunches
from 100 ns to 50 ns spacing, the PS would thus need to
be equipped with wide-band RF systems, delivering about
20 kV in the frequency range of about 12MHz to 20MHz
(h = 25 to h = 42). Since two harmonics are required si-
multaneously the total RF voltage of the installation would
amount to 40 kV.
For the batch compression with four bunches the outer

bunches must move three times the azimuth of the two inner
ones. Additionally, the motion of the bucket centres can
not be optimized for inner and outer bunches at the same
time. Hence the duration of the adiabatic batch compression
scheme with four bunches is expected to be three times
longer compared to proof-of-principle scheme with only two

Figure 10: Comparison of normalized bucket area of the
merging compression (red, h = 21→ 21+7→ 42) with the
standard batch compression (inner bucket in dark blue, outer
bucket in light blue, h = 21→ 25→ 30→ 36→ 42).

bunches, resulting in a duration of about 200ms to 300ms in
total. This is slightly longer than expected from the tracking
simulations. A detailed study must confirm if the duration
is compatible with the maximum length of the flat-top in
the PS. Additionally, the intermediate step of RF voltage at
h = 85 from a detuned 40MHz cavity to shorten the bunches
for the re-bucketing to h = 169 has to be investigated.

CONCLUSIONS
Proof-of-principle beam tests have been performed with

lead ion beams at the flat-top in the PS with the objective of
producing 50 ns bunch spacing by batch compression. In the
absence of RF systems at the necessary frequencies, a merg-
ing compression scheme has been set-up. It demonstrates
that, despite the unfavourable conditions for RF manipula-
tions at the flat-top, batch-compression is feasible. Further-
more, the beam measurements of the merging compression
allow to specify the requirements of additional RF systems
to produce four-bunch batches with 50 ns spacing: two RF
systems covering the frequency range 12MHz to 20MHz
with a voltage of about 20 kV. Based on the beam tests the
total duration of the batch compression RF manipulation is
estimated to be 200ms to 300ms.
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TRANSVERSE STUDIES WITH IONS AT SPS FLAT BOTTOM
F. Antoniou, H. Bartosik, A. Huschauer and A. Saa Hernandez∗, CERN, Geneva

Abstract
The LHC injectors upgrade project (LIU) aims at con-

solidating and upgrading the existing accelerator chain at
CERN in view of the increased beam performance required
for the High Luminosity LHC (HL-LHC) project. For the
ion chain, the losses and emittance growth in the SPS impose
presently the main performance limitation. The significant
beam degradation encountered on the long injection plateau
has been studied during the 2016 MD runs with Pb82+. In
this report we present the systematic measurements of emit-
tance, bunch length and transmission performed along the
injection plateau for different bunch intensities. We present,
as well, static and dynamic tune scans for the optimization
of the working point and measurement of the loss rate at
closeby resonances.

MOTIVATION AND MD RUNS
The LHC injectors upgrade project (LIU) aims at con-

solidating and upgrading the existing accelerator chain at
CERN in view of the increased beam performance required
for the High Luminosity LHC (HL-LHC) project. For the
ion chain, the losses and transverse emittance growth in the
SPS impose presently the main performance limitation [1].
The losses increase with the bunch intensity, as shown in
Fig 1 for the case of 7 injections from PS as used in 2016
for the LHC p-Pb run. For comparison, the nominal bunch
intensity for LIU is 3.6e+8 Pb ions at SPS injection [1, 2].
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Figure 1: Total losses in the SPS as a function of bunch
intensity. The nominal bunch intensity for LIU is 3.6e+8 Pb
ions.

A big fraction of the beam degradation occurs on the SPS
injection plateau, also referred to as flat bottom (FB) in the
∗ angela.saa.hernandez@cern.ch

following. The FB length for LIU will be approximately 50 s
in order to accumulate 14 injections from the PS. We sus-
pect there are various sources for these losses; namely space
charge, intrabeam scattering (IBS), RF noise, and aperture
limitations. A series of machine development (MD) studies
were performed during the Pb ion run between October and
December of 2016 to study these effects. The FB duration
of the parallel MD cycles used was 3 s. These short cycles
were used to perform static and dynamic tune scans. Addi-
tionally, four dedicated MD runs took place in November
2016. The dedicated MD cycles had FB durations of 22 s,
which enabled measurements of transmission, bunch length
and emittance evolution along the longer injection plateau.

MEASUREMENTS
Four bunches from the PS (i.e. one batch) were injected at

the beginning of the FB (defined as t = 0 s) of eachMD cycle.
Further injections were avoided in order to enable direct
measurement of emittance and intensity evolution along the
FB. The SPS was tuned to the default Pb-ion working point
(WP) of Qx = 20.30, Qy = 20.25. All measurements
were taken at this WP, unless stated differently.

Transverse emittances
The emittance of the beam cannot be directly measured.

However, combining the measurements of the transverse
beam sizes with the knowledge of the optical functions (from
the lattice model or frommeasurements), the transverse emit-
tances can be derived. In the SPS two sorts of diagnostic
instruments were used to measure the beam size: a beam
gaseous ionization monitor (BGI), which was still under
commissioning, and rotational wire scanners (WS) in the
horizontal and vertical planes. While the BGI enables sev-
eral measurements along one cycle, the WS can only be fired
twice along the same cycle. For this reason, WS measure-
ments of the emittance evolution along the FB have been
performed on different cycles. The measurements have been
repeated between 5 and 15 times and the error bars indicate
the standard deviation.
First the emittance evolution along the FB was studied

for bunches with a constant intensity. The horizontal emit-
tance measured shortly after injection was approximately
50% larger than the vertical one. The observed emittance
evolution is also different for both planes; while it increases
steadily in the vertical plane, the overall increase in the hori-
zontal plane is much smaller, showing even a small decrease
in the first half of the cycle, as plotted in Fig. 2. Measure-
ments with theWS and the BGI show a qualitative agreement,
even when taken for different bunch intensities.
Another set of emittance measurements was performed

with different bunch intensities. The emittance measured
at SPS injection increases linearly with the bunch inten-
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Figure 2: Emittance evolution along the FB measured with
the BGI for a bunch intensity of 3.5e+8 Pb ions/bunch at in-
jection (top), and measured with theWS for a bunch intensity
of 2.6e+8 Pb ions/bunch at injection (bottom).

sity. This intensity dependence of the emittance is probably
already created upstream in the injector chain (e.g. space
charge effects at PS injection [3]). The emittance at the end
of the SPS FB also increases linearly with bunch intensity as
shown in Fig 3. In the vertical plane the emittance seems to
grow by a constant amount, independent of intensity (at least
in the range studied in the measurements). In the horizontal
plane on the other hand there is minor blow-up for lower
intensity but practically no emittance blow-up for the higher
intensity bunches measured. The reason for this is not yet
understood. The explanation might be linked to the observed
degradation of the transmission for increasing intensity as
shown in Fig. 4.

To further investigate the underlying mechanisms that de-
fine the emittance evolution on the SPS FB, it was attempted
to vary the transverse emittance of the injected beam inde-
pendently of the bunch intensity. However, the brightness
at SPS injection (intensity/emittance ratio) remained unaf-
fected despite 1) injecting only 3 instead of 7 Linac3 pulses
into LEIR, 2) partially closing the slits placed in the trans-
fer line between Linac3 and LEIR to decrease the bunch
intensity, and 3) changing the cooling efficiency in LEIR by
varying the closed orbit in the electron cooler. None of these
methods enabled the independent variation of the emittance
and bunch intensity, which is another indication that the
dependence is created either in LEIR, or at PS injection.
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Figure 3: Emittances at injection and at the end of the FB
as a function of bunch intensity for the horizontal (up) and
vertical planes (down).
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Figure 4: Transmission as a function of bunch intensity.

Bunch Length
The bunch length evolution along the FB was measured

with the beam quality monitor (BQM), which is triggered
at each injection timing (i.e. every 3.6 s). Additionally,
the mountain range (MR) displays one trace per turn, for
50 consecutive turns. As for protons, the bunches are not
perfectly matched at SPS injection due to the different RF
frequency compared to the PS. Therefore, the bunch length
evolution from the BQM data is only considered starting
from t = 3.6 s (i.e. the moment where in principle a second
batch could be injected) until the end of the FB at t = 21.6 s.
A bunch length reduction of approximately 10% is observed,
which slightly increases with intensity, as shown in Fig. 5.
However it is important to note that longitudinal studies
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of the Pb beam at the SPS have shown that the amount of
uncaptured beam increases along the FB [4]. This implies
that there is a continuous spill of particles out of the bucket
(on the order of 5% in 20 s).
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Figure 5: Bunch lengths at t = 3.6 s and at the end of the
FB (t = 21.6 s) as a function of bunch intensity.

Observations without RF
It should be emphasized that the beam degradation de-

scribed above, i.e. losses and emittance growth, is observed
only for bunched beams. In the absence of RF (i.e. with
an unbunched beam) the emittance blow-up is negligible
and almost no losses are observed. This could be measured
directly with the BGI when the RF tripped in the middle of
a cycle as shown in Fig. 6. From this observation it seems
that vacuum issues can be excluded as the source of beam
degradation, since these would also affect unbunched beams.
On the contrary, these observations point more towards IBS
and space charge, which are negligible for the unbunched
beam, and RF noise as potential sources.

Tune Scans
Dynamic and static tune scans were performed to measure

the loss rate at the different resonances in view of optimizing
the WP. The tune spread caused by space charge is propor-
tional to the line density of the beam. In the case of the
bunched Pb beam the tune shift at injection is large (about
∆Qx = −0.2, ∆Qy = −0.3 for the beam parameters during
the MDs presented here). The resulting tune footprint over-
laps many resonances, even the vertical integer, as shown in
Fig 7. On the other hand, in the case of an unbunched beam
the line density is so small that the tune spread created by
space charge is negligible. The footprint is point-like and the
resonances can be probed independently. Thus, we dynam-
ically scanned the tune diagram while measuring the loss
rate as function of the working point in the absence of RF.
As shown in Fig. 8, the highest loss rates were measured at
the point Qx = Qy = 20.33, where the diagonal (Qx −Qy ),
the third order integer (3Qx) and the third order coupling
(Qx + 2Qy ) resonances cross. Also the third order coupling
resonance (Qx − 2Qy ) is clearly excited. Resonances other
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Figure 6: Comparison of losses (up) and emittance blow-up
(down) along the FB for two consecutive cycles; the first one
with the RF ON (blue) and a second one in which the RF
tripped at t = 7 s (green).

than the normal third order resonances and the diagonal
appear to be much weaker.
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Figure 7: Tune diagram showing resonances up to third order.
The standard WP is represented by a green dot. Other WP
considered as alternatives are represented by pink dots. Solid
line correspond to normal resonances and dashed lines to
skew resonances, where systematic resonances are indicated
by red colors and non-systematic by blue.

The standard WP for Pb-ions, Qx = 20.30, Qy = 20.25,
is situated in an area of low loss rates. We also measured
an area with low loss rates placed opposite of the diagonal.
We explored some alternative WPs in this area, represented
as pink dots in Fig 7, by measuring the transmission and
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Figure 8: Dynamic tune scan using an unbunched beam.

transverse emittance blow-up along the 22 s FB in the case
of a bunched beam. As shown in Fig. 9 all alternative WPs
have a lower transmission compared to the standard WP.
It is interesting to note that the standard WP has a lower
horizontal emittance blow-up but a higher vertical emittance
blow-up compared to the alternatives studies.
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Figure 9: Top: transmission along the FB for the standard
WP (green dot) and alternative WP (pink dots). Bottom:
transverse emittance blow-up.

We repeated the transmission measurement along the FB
for many more points on the tune diagram. However, the
scan of a much larger area could only be done in parallel
MDs using the cycle with a 3 s long FB. In this case the

transmission difference between the standard and the alterna-
tive WP is not observed. Further analysis and investigations
need to be done.

Closed orbit distortions from BGI magnets
An additional observation was done during the MD runs

which we consider worth to be mentioned: the transmission
along the FB decreased as a function of the BGI vertical
dipole current. The transmission went down to 60% when
the BGI magnets were powered to their maximum current,
60 A. Simultaneously, the BPMs show large deviations from
the reference closed orbit (c.o.), which is a clear indication
that the orbit bump created by the dipoles is not fully closed.
After re-optimizing the correctors to minimize the orbit de-
viations the transmission could be recovered, as shown in
Fig. 10. This shows that the vertical closed orbit correc-
tion is critical for the ion beams, as the beam size is large
compared to the available aperture.
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Figure 10: Transmission along the FB (red dots) and RMS
c.o. deviation (green stars) for different current values of the
BGI vertical dipoles.

CONCLUSIONS
Strong degradation of the Pb-ion beam is observed on the

long injection plateau of the SPS, consisting of a significant
reduction of the transmission and a transverse emittance
blow-up. The transmission of the beam decreases linearly
with the bunch intensity. For the beam parameters used dur-
ing the MDs, i.e. about 50% larger horizontal than vertical
emittance at injection, the emittance blow-up occurs mainly
in the vertical plane. A bunch length reduction of the order
of 10% has also been observed along the FB.

The beam degradation is most likely due to collective ef-
fects (IBS, space charge), RF noise, and aperture limitations.
Vacuum seems to play a minor role, since there is no blow-up
and the losses stabilize when the RF is switched OFF.
It has also been observed that powering the vertical BGI
dipoles leads to c.o. distortions and a reduced transmission
along the FB. The transmission can be recovered if the cor-
rector settings are re-optimized.
WP scans have been performed to explore the tune diagram
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and measure the excitation of the beatron resonances. So
far no better WP has been found. However, a big amount of
experimental data is still available for further analysis.
During the year 2017 no Pb beam runs are planned. There-
fore, these measurements will only be continued in 2018.
However, machine development runs with Xe beams in SPS
could be of interest for exploring another region of the pa-
rameter space.
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PB-IONS IN HARMONIC NUMBER 4653 AT SPS FLAT BOTTOM
H. Bartosik, T. Bohl∗, A. Huschauer, CERN, Geneva, Switzerland

Abstract
Pb-ion beams suffer from strong beam degradation such

as transverse emittance growth and losses on the long flat
bottom of the SPS cycles used for LHC filling. A possible
contribution to the losses could come from RF noise, espe-
cially due to the frequency and amplitude modulation during
each revolution period of the fixed frequency acceleration
mode required for the acceleration of these beams. A ma-
chine development session in 2016 was devoted to a direct
comparison of a cycle with fixed harmonic number at flat
bottom and a cycle with the usually used fixed frequency
mode. The main results are reported here.

INTRODUCTION AND MOTIVATION
Pb-ion beams suffer from strong beam degradation (trans-

verse emittance growth and losses) on the long flat bottom
of the SPS cycles used for LHC filling. In fact, the SPS
is presently the bottleneck for Pb-ion beams and this is in
particular relevant for the performance reach in the context
of the LHC injector upgrade project (LIU) [1]. To better
understand the motivation for the machine development stud-
ies with harmonic number, h, of 4653, a short introduction
about the RF low level needed to accelerate the heavy ion
beams in the SPS should be made.

In a synchrotron the synchronism between the RF voltage
for acceleration and the beam is established by choosing

fRF = h f rev.

In this case h = const and h ∈ N (Fixed Harmonic Number
Acceleration, FHA). For lead ions, 208Pb82+, FHA is not
possible in the SPS. The frequency swing of the revolution
frequency, f rev, between injection and flat top is such that
with a constant value of h, the value of fRF would be outside
the bandwidth of RF system at a certain time during the
acceleration cycle. The solution which was adopted consists
of keeping fRF = const (Fixed Frequency Acceleration [2],
FFA) and allowing a variable h

h = h( f rev), h ∈ R
This comes at a price of frequency modulation (FM) and

amplitude modulation (AM) of fRF at f rev. At each SPS
revolution period of about 23 µs the RF is switched on before
batches enter the Lon Straight Section (LSS) in BA3, and
the RF is switched off when the beam has left LSS3 with
a 50% duty cycle at the same time while it is modulated
in frequency. At first sight it is expected that the RF noise
in amplitude and phase would be larger with AM and FM.
Therefore, in view of the future low level RF system (after
∗ thomas.bohl@cern.ch

Long Shutdown 2), the question was whether FHA (no FM
and noAM) at the flat bottom could improve the transmission
of the ion beam in the SPS.

COMPARISON OF FFA AND FHA
Conditions
In 2016 it was the first time that a comparison of FFA

with FHA was possible with the same optics and the same
injected beam. To make the comparison it was required to
i) make FFA and FHA ppm, ii) operate FFA with standard
conditions for iLHC beam, FM, AM and iii) operate FHA
with h = 4653, no FM, no AM.

Some limitations were encountered: The length of the flat
bottom was only about 20 s (in the past it had been nearly
twice as long) and no acceleration was possible due to soft-
ware limitations related to the Coarse Frequency Program.
Furthermore, the cavity phasing was not ppm: for h = 4653
VRF ≈ 0.5VRF,LSA, nevertheless equal VRF values could be
achieved at flat bottom.
In detail, the conditions for the FFA/FHA compar-

ison were that the Q20 optics was used in both cy-
cles, LHC_ION_7Inj_Q20, ID: 10127 (LHCION2) and
LHC_ION_7Inj_Q20_2016_MD, ID: 10877 (LHCION4).
The Nominal Beam with 4 bunches spaced by 100 ns was
injected with about NQ = 2.9 × 1010 charges per bunch. All
observations were made using the first batch and observing
i) the bunch length, ii) the bunch peak amplitude and iii) the
bunch position along the flat bottom.

Results
The bunch profiles at injection for the two cases of FFA

and FHA are shown in Fig. 1. They confirm that the injected
beam had been the same in the two cases. The bunch profiles
at the end of the flat bottom are shown in Fig. 2. Also here,
there is no difference between the bunch shapes for the two
cases of FFA and FHA.
Comparing the bunch length versus time, in each case

for the four bunches of the first batch, there is no visible
difference, see Fig. 3. The same applies for the bunch peak
amplitude versus time as can be seen in Fig. 4. Also with
a higher vertical resolution, there is no difference between
the two cases of FFA and FHA. This is true both for the
bunch length and the bunch peak amplitude versus time,
see Fig. 5 and Fig. 6. The numeric values of the bunch
length reduction and the bunch peak amplitude reduction
between t1 = 294 ms and t2 = 20 000 ms are identical, see
Table 1. Also the values of the standard deviation of the
bunch positions, a measure of the RF noise, during the same
period, do not show any difference.
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FFA FHA, h = 4653
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Figure 1: Typical bunch profile of the first injected bunch for the two cases of FFA and FHA.

FFA FHA, h = 4653

◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆
◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆

◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆
◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆

◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆
◆◆◆◆◆◆◆◆◆◆

◆◆
◆◆
◆◆
◆◆
◆◆
◆◆
◆◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆

◆
◆
◆

◆
◆

◆
◆

◆
◆

◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆◆
◆◆
◆◆◆
◆◆◆◆◆◆◆◆◆

◆◆◆◆
◆◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆

◆
◆

◆
◆

◆
◆

◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆◆
◆◆◆
◆◆◆◆
◆◆◆
◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆

◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆
◆◆◆◆◆◆◆◆◆◆◆◆◆◆

0 2 4 6 8 10

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Time[ns]

A
m

p
li

tu
d

e
[V

]

fit-Gauss.nb v09.00; 2017-03-15 15:11:41; $f123225

plotID: 201609230940

File: 2016-11-30/mr/mr123_1.asc
Version MR-TI 1.09; Date: 2016-11-30; Time: 15:22:03; Correction: NONE ;

Time between traces: 1280 turns; First trigger: 0 ms; Comment: ;

Time interval per data point (sec): 25.000000E-12;
Horizontal fastframe length: 20000; Number of frames: 750;

Number of data points: 15000000; Input coupling: DC;

Vertical bandwidth: 2.5000E+9; Scale Factor (dB): 6;

avgTrev[s]: .000023273494; nTraces: 750;

original data scaled by: 1.995, mrw.nb v18.02; 2017-03-15 15:01:38;

eliminated traces: 0; SeparateBunches.nb v03.01; 2017-03-15 15:01:55;

restoreBaseLineFlag: False; No. of Bunches per Trace: 4;;

iTrace: 680; nBunch: 1;

apk: (0.59 +/- 0.0014) V; 4 sigma: (2.83 +/- 0.0083) ns; eVar: 0.0000624;

pos: (5. +/- 0.0019) ns;

◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆
◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆

◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆
◆◆◆◆◆◆

◆◆◆◆◆
◆◆
◆◆
◆◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆

◆
◆
◆

◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆

◆
◆

◆
◆
◆

◆
◆
◆
◆
◆
◆
◆
◆
◆◆
◆◆
◆◆
◆◆
◆◆◆◆
◆◆◆◆◆◆◆◆◆◆◆◆

◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆

◆
◆

◆
◆

◆

◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆◆
◆◆
◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆

◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆◆

0 2 4 6 8 10

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Time[ns]

A
m

p
li

tu
d

e
[V

]

fit-Gauss.nb v09.00; 2017-03-15 15:17:41; $f123227

plotID: 201609230940

File: 2016-11-30/mr/mr203_1.asc
Version MR-TI 1.09; Date: 2016-11-30; Time: 20:24:16; Correction: NONE ;

Time between traces: 1280 turn ; First trigger: 0 ms; Comment: ;

Time interval per data point (sec): 25.000000E-12;
Horizontal fastframe length: 20000; Number of frames: 750;

Number of data points: 15000000; Input coupling: DC;

Vertical bandwidth: 2.5000E+9; Scale Factor (dB): 6;

avgTrev[s]: .000023273494; nTraces: 750;

original data scaled by: 1.995, mrw.nb v18.02; 2017-03-15 15:13:23;

eliminated traces: 11;

elim.: {740, 741, 742, 743, 744, 745, 746, 747, 748, 749}; elim.: {750};
SeparateBunches.nb v03.01; 2017-03-15 15:13:54; restoreBaseLineFlag: False;

No. of Bunches per Trace: 4;;

iTrace: 680; nBunch: 1;

apk: (0.599 +/- 0.0015) V; 4 sigma: (2.91 +/- 0.0088) ns; eVar: 0.0000705;

pos: (5. +/- 0.0020) ns;

Figure 2: Typical bunch profile of the first bunch at the end of the flat bottom for the two cases of FFA and FHA.
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Figure 3: Bunch length of the four bunches versus time for the two cases of FFA and FHA.
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Figure 4: Bunch peak amplitude of the four bunches versus time for the two cases of FFA and FHA.
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Figure 5: Bunch length of the four bunches versus time for the two cases of FFA and FHA.
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Figure 6: Bunch peak amplitude of the four bunches versus time for the two cases of FFA and FHA.

FFA FHA, h = 4653

Figure 7: Vertical emittance measured with the BGI along the flat bottom with FFA and FHA.

Table 1: Comparison FFA and FHA

FFA FHA
bunch length reduction -12% -12%
bunch peak amplitude reduction -6% -6%

Another comparison was made in terms of transverse
emittance blow-up. As reported in [3], relatively strong ver-
tical emittance blow-up is observed along the flat bottom of
the operationally used cycle with FFA. The same behaviour
is observed in the cycle with FHA, as seen by the vertical
emittance evolution measured with the Beam Gas Ionisa-
tion (BGI) monitor illustrated in Fig. 7. Unfortunately the
horizontal BGI monitor could not be used during the MD.

BEAM LOSS ALONG FLAT BOTTOM

As discussed in the previous section, the beam behaviour
in FHA compared to FFA is very similar both in terms of
bunch length and bunch peak amplitude evolution along the
flat bottom. Similarly, the evolution of the intensity along
the flat bottom was the same on both cycles. In particular,
important losses out of the RF bucket were observed. This is
shown in Fig. 8 for the case of the FHA. The integrated lon-
gitudinal bunch profile measured with a wall current monitor
clearly shows that some particles are not captured into the
RF bucket at injection (about 2%), but they remain in the
machine as observed by the DC beam current transformer
(BCT) measurements. In addition, since the discrepancy be-
tween integrated bunch profiles and BCT signal grows along
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Figure 8: Intensity along the flat bottom of the FHA cycle as measured with the DC-BCT (blue) and as obtained from
integrating the longitudinal profile measured with the wall current monitor (red).

Figure 9: Evolution of intensity along the flat bottom of
the FHA cycle as measured with the DC-BCT (top) and
losses at the moment of the tune kick to eliminate uncaptured
beam (bottom). The different colours correspond to different
trigger times of the tune kicker. An average of about 3 cycles
were used in each configuration and the errorbars indicate
the standard deviation.

the flat bottom, some particles are continuously spilling out
of the RF buckets. At the end of the flat bottom more than
5% of the particles are outside of the RF buckets. This was
also verified with an independent measurement by pulsing
the SPS vertical tune kicker at maximum voltage with a
waveform adapted to cover only the empty RF buckets of the

SPS circumference. By adjusting the trigger time of the tune
kicker the amount of uncaptured beam along the flat bottom
can be obtained from the BCT measurement as shown in
Fig. 9. Also this measurement shows that the amount of un-
captured beam increases along the flat bottom, from about
2% at injection to more than 5% at the end of 20 s storage
time, which is consistent with the measurement above.

SUMMARY AND CONCLUSION
The comparison of the two Q20 cycles with a 20 s long

flat bottom shows no significant differences between the
operation with FFA and FHA at h = 4653, both in terms
of bunch length and bunch peak amplitude evolution along
the flat bottom. Also the losses and the vertical emittance
evolution (horizontal could not bemeasured) are very similar.
Measurements in the FHA cycle show that more than 5%
of particles are spilled out of the RF bucket along the flat
bottom, similar as with FFA. No improvement of the flat
bottom transmission was observed with FHA compared to
the operationally used FFA.
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SMOOTH B-TRAIN
T. Bohl, A. Pashnin, CERN, Geneva, Switzerland

Abstract
The transmission of the 208Pb82+ Early Beam between the

time of Start Ramp up to transition of the LHCION cycles
in the SPS has been improved in 2016 by optimising the
transfer function of the Frequency Program Data used for
the generation of the Master DDS output.

MOTIVATION
The transmission of the 208Pb82+ between the time of Start

Ramp up to transition had been unsatisfactory for any of
the LHCION cycles in the SPS used in 2016. At the same
time it had been observed that there was a large transient
on the phase loop phase discriminator signal, ∆ΦPL, shortly
after a B+/B− pulse from the reference magnet arrived at the
DSP Frequency Program of the beam control used for Fixed
Frequency Acceleration. The signal ∆ΦPL and the B+/B−
pulses are shown in Fig. 1.

Figure 1: CH1 (top, blue): ∆ΦPL, CH3 (centre, blue):
B+/B− pulses, CH4 (bottom, green): AEWpk (bunch peak
amplitude), trigger: Start Ramp.

MECHANISM
The B+/B− pulses are treated in the DSP Frequency Pro-

gram, where they lead to the calculation of new Frequency
Program Data, see Fig. 2. These are then transmitted to the
Master DDS. The Master DDS generates a frequency which
is used to finally produce fLO. The fLO is up-converted to
fRF by mixing with a 10.7 MHz XTAL oscillator. This fRF
is then amplified by the RF power amplifiers and it is the RF
seen by the beam in the travelling wave cavities.

REMEDY
To reduce the deleterious effect of the B+/B− pulses, the

transfer function of the Frequency Program Data to the Mas-
ter DDS was improved. The result can be seen in Fig. 3 by
comparing the beam transmission for the two cycles without
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Figure 2: Part of the simplified block diagram of the low
level used for FFA relevant for the discussion of the smooth
B-train.

(blue trace) and with the improvement (black trace) in the
case of the Early Beam. The capture loss at the beginning
of the acceleration ramp starting at t = 620 ms is the same
in both cases. However, the following losses up to transition
at t = 1465 ms are completely removed (black trace).

Figure 3: BCT screenshot. low level used for FFA relevant
for the discussion of the smooth B-train.

OUTLOOK

The next step would be to apply this improvement and
optimise it for the case of the Nominal Beam.
On a longer time scale, for the new beam control after

Long Shutdown 2 (LIU SPS Upgrade), a better control of the
effect of the B-train on the fRF generation will be available
as well as an improved control of the phase loop transfer
function.
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