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Abstract

Complementary to the physics research at the LHC, sev-
eral fixed target facilities receive beams from the LHC in-
jector complex. To serve the fixed target physics program at
the Super Proton Synchrotron, high-intensity proton beams
from the Proton Synchrotron are extracted using the Multi-
Turn Extraction technique based on trapping parts of the
beam in stable resonance islands. Considering the num-
ber of protons requested by future experimental fixed target
facilities, such as the Search for Hidden Particles experi-
ment, the currently operationally delivered beam intensities
are insufficient. Therefore, experimental studies have been
conducted to optimize the Multi-Turn Extraction technique
and to exploit the possible intensity reach. The results of
these studies along with the operational performance of high-
intensity beams during the 2017 run are presented in this
paper. Furthermore, the impact of the hardware changes pur-
sued in the framework of the LHC Injectors Upgrade project
on the high-intensity beam properties is briefly mentioned.

INTRODUCTION

Since September 2015, the special beam extracted from
the CERN Proton Synchrotron (PS) for the Super Proton
Synchrotron (SPS) fixed-target physics programme has been
generated using the so-called Multi-Turn Extraction (MTE)
technique (see [1-4] for more detail). This peculiar extrac-
tion technique has superseded the Continuous Transfer (CT)
process, proposed in 1973 [5], which occurs over five turns
at 14 GeV/c to optimize the duty cycle by filling the SPS with
only two subsequent extractions from the PS. The downside
of the CT extraction is a significant amount of beam loss
occurring at multiple locations around the ring [6], lead-
ing to high radiation dose to personnel during accelerator
maintenance and repair, as well as to long cool down times.

MTE is a resonant extraction mechanism, which exploits
advanced concepts of non-linear beam dynamics and is based
on adiabatically crossing a stable fourth-order resonance to
perform beam splitting in the horizontal phase space. The
resulting beamlets - four islands and one core - are then
extracted over five subsequent turns (see [7] for the detail of
the implementation and [8] for the theoretical study on the
trapping and splitting mechanisms).

The efficiency of the transverse splitting is defined as

_ (I Island>
I Total

TIMTE , (D

where (Iig1ang) and Io stand for the average intensity in
each island and the total beam intensity, respectively. The
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nominal efficiency is 0.20, corresponding to an equal beam
sharing between islands and core. This figure of merit is
derived from the signal of the beam intensity measured in
the transfer line joining the PS and the SPS.

An essential challenge encountered during the beam com-
missioning phase of this unique extraction technique had
been the presence of significant fluctuations in nyrg, caused
by time-varying high-frequency ripples coming from power
converters crucial for the operation of the PS [9].

To satisfy the requests of the SPS fixed-target experiments,
the typical proton intensity per PS extraction has been in
the range of N, = 1.5 -2 X 10'3 in the years 2015-17.
Note that during the CERN Neutrinos to Gran Sasso [10]
run, the typical proton intensity extracted from the PS was
N, ~ 2.6 x 10" with extraction losses at an average level of
~ 7% [6].

The summary of the overall MTE performance in terms
of beam losses at the PS and SPS is shown in Fig. 1 where,
for the sake of comparison, the typical CT performance is
also reported. The overall reduction of losses along the ac-
celerator complex over the years is clearly visible. Moreover,
the main feature of MTE and the main reason for replacing
CT is clearly visible, namely the drastic reduction of losses
in the PS ring. In the transfer lines joining the two machines
a mild improvement (over the years and with respect to CT)
is also visible. The SPS performance is still slightly worse
for MTE with respect to CT, although an improvement over

the years is visible. Note that the main SPS performance -

limitation originates from the value of the delivered verti-
cal emittance being at the limit of the machine acceptance,
hence explaining the higher losses at injection.
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Figure 1: Summary of the beam losses for CT and MTE
over the years. For each case the total beam losses are split
into the various loss contributions occurring from the PS to
the SPS.

WEA1WA02
231

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



61% ICFA ABDW on High-Intensity and High-Brightness Hadron Beams

5 ISBN: 978-3-95450-202-8

and D

According to future proposals, like the Search for Hid-
5 den Particles (SHiP) experiment [11], much higher intensity,
2 reaching up to 2.4 — 2.5 x 10'3 protons per PS extraction,
%might be required. In light of these potential needs, an in-
2 tense experimental campaign has been carried out in 2017 to
£ assess the actual MTE performance for these high-intensity
£ beams. This has been considered an essential step in the
5 formal process of declaring MTE a suitable and definite op-
erational replacement of CT. Note that intensity-dependent
effects had been observed with MTE already during its in-
fancy [12] and the theoretical explanation, based on the
analysis of indirect space charge effects, has been provided
only recently [13].

This paper focuses on the results of the experimental cam-
paign carried out during the whole 2017 PS and SPS proton
run. A number of detailed parameter scans will be pre-
sented, which were crucial to start with a highly-optimised
MTE beam of intermediate intensity. The discussion of the
high-intensity tests follows later, including the various steps
undertaken in the whole accelerator chain starting from the
PS Booster (PSB) to the PS and the SPS.

her.

PREPARATORY STUDIES

Overview of MTE

Figure 2 shows a sketch of the PS ring with the main
non-linear magnets required for MTE, namely sextupoles
and octupoles. While the sextupoles and the close-by oc-
tupoles are located in areas with maximum horizontal and
minimum vertical S-functions to enhance their effect, the
other distributed octupoles are located in areas with maxi-
mum vertical and minimum horizontal 8-functions and are
§ used to minimise the non-linear coupling between the two
Q transverse planes [2—4].

The PS cycle for SPS fixed target beam production is
shown in Fig. 3 (upper) together with the evolution of the
strength of the non-linear magnets used to perform beam
trapping and splitting (lower). It is worthwhile mentioning
that a non-negligible boost to mytE is provided by the use of
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Figure 2: Sketch of the PS ring with the key elements of
MTE, i.e. sextupole (called ‘X’) and octupole (called ‘O’)
magnets.
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Figure 3: Upper: Sketch of the PS magnetic cycle with
the main events. Lower: evolution of the strengths of the
main MTE elements. The vertical dashed line indicates the
moment of resonance crossing.

a horizontal dipolar excitation during the resonance-crossing
process. Such an excitation is imparted by the transverse
feedback (TFB) used in open loop and its impact has been
analysed in detail in the past [4]. The important dependency
of nmTE on the excitation amplitude is shown in Fig. 4.

Transverse Excitation and Core Emittance

Extensive measurements of the transverse emittance of
the beam injected in the SPS revealed a large emittance
growth in the horizontal plane for the core. This observation
triggered a number of investigations. In fact, the use of the
transverse dipolar excitation is essential to achieve the nomi-
nal value of nyte. Nevertheless, the emittance growth could
be a negative side effect of the excitation of core particles.
This possibility has been verified by a detailed measurement
campaign, where 7yt and the horizontal emittance growth
of the core have been measured as a function of the excitation
frequency (see Fig. 5).
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Figure 4: nvtE as a function of the TFB excitation amplitude.

Its beneficial impact on g is clearly visible together with

a saturation effect.
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In the upper part, nyte shows a dip close to the resonant
tune and then stabilises for higher values of the transverse
feedback frequency. In the lower part, the emittance growth
reveals a rather broad plateau where the emittance increase
is smaller than 5%. The nice feature is that a relatively wide
range of frequency values exists, for which nyg is large
and constant, while the emittance growth is small. From
an operational point of view this means that the transverse
feedback can indeed be tuned to maximise its beneficial
impact, while keeping the undesired impact on the core
emittance under control. However, special care has to be
taken when setting the parameters of the transverse feedback.
Furthermore, the excitation frequency allows to optimize
nwMrtE to account for unavoidable drifts of the machine tune
over time.

Optimisation of the Non-linear Magnets

The operational settings of the non-linear magnets shown
in Fig. 3 (lower) have been defined to maximise nyre (by
means of ONO39 and ONOS55), to minimise the non-linear
coupling between the two transverse planes (by means of
the ODN family), and to reduce emittance dilution and ex-
traction losses during the change of the islands’ phase prior
to extraction (by means of the XNOS5S5 circuit) [4].

Nonetheless, some of the features of the time variation of
the sextupoles and octupoles have been revised in view of
the high-intensity tests. At first, the octupole circuits have
been probed, in particular to assess whether their maximum
strength or the slope from the maximum value at resonance
crossing to the final one before extraction were optimal. The
results of these scans in terms of distribution of measured
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Figure 5: MTE efficiency (upper) and core emittance growth
(lower) as a function of the excitation frequency of the TFB.
The shaded area corresponds to an emittance growth of less
than 5%. A tuning range compatible with high nvrg and
low core emittance growth is clearly visible.
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nmtE are shown in Fig. 6. A strong dependence on the value
of the maximum strength is clearly observed, while a mild
increase of the MTE efficiency is measured when the slope is
reduced, i.e. the time variation and therefore the adiabaticity
of the process is increased.

The impact of the maximum strength of the ODN mag-
nets, which are meant to control the non-linear coupling
between the two transverse planes has been probed too and
the measurements show that nyrg is essentially independent
on the settings of the plateau of the current function of the
ODN magnets.

As a final test, the strength of the sextupole XNOS55 has
been varied and its impact on the extraction losses measured
by means of beam loss monitors (BLMs) and the results are
reported in Fig. 7. The strength varied corresponds to the
final stage of the resonance crossing process, i.e. when the
islands are transported towards higher amplitude and their
phase is changed in order to prepare for the extraction. This
process had already been studied in detail during the first
stages of the MTE commissioning and once more, careful
setting of the sextupole XNOS5S5 is shown to importantly
impact the losses at extraction.

HIGH-INTENSITY TESTS

General Considerations

The constraints on the transverse emittances for the MTE
fixed target beams beam parameters are three-fold: firstly,
the horizontal emittance received by the PS should be large
to increase nyitg; secondly, the vertical emittance should be
as small as possible to overcome the acceptance issues in the
SPS; thirdly, extraction losses at PSB should be kept low.
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Figure 6: Distribution of efficiency as a function of the
maximum strength of octupoles ONO39 and ONOSS5 (upper)
and of their (lower). A strong dependence of nytg on the
strength is visible, while the slope is affecting it only mildly.
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Figure 7: Distribution of extraction losses as a function
of the final strength of the sextupole XNOS55 during the
separation of the islands and the rotation of their phase. A
clear dependence is visible.

The high-intensity tests started with a careful prepara-
tion of the beam in the PSB. This machine is essential for
defining the transverse emittances of the beam that will be
'3 transported through the chain to the SPS. Note that the hori-
+ zontal emittance will be reduced by the splitting process at
£ the PS, while the vertical one is essentially preserved due to
<4 the careful adjustment of the PS machine settings to linearly

and non-linearly decouple the horizontal and vertical planes.

maintain attribution to the author(s), title of the work, publisher, and D

Satisfying simultaneously the emittance constraints has
been a challenge for the PSB specialists, even more as high-
intensity beams require to accumulate the injected beam
from the Linac 2 over several PSB turns, which naturally in-
creases the emittances. While this is certainly beneficial for
< the horizontal plane, it is a potential issue for the vertical one.
& In the end, however, this could be improved by optimizing
§ the PSB working point at injection, which allowed to carry
© on with the optimization in the downstream accelerators.

£ PS Results

During the high-intensity tests, three main aspects have
een scrutinised at the PS ring: firstly, the dependence of
MTE On intensity; secondly the dependence of extraction
losses on intensity; thirdly the beam behaviour in the longi-
tudinal plane during the de-bunching applied after splitting
and prior to beam extraction. The last point will not be dealt
with in detail in this paper. It is only worth mentioning that
no particular issue was observed and that the beam could be
kept stable during the de-bunching even at high-intensity.

A comparison of the distribution of nyrg for the opera-
tional beam in 2017 (typical intensity around 1.5—1.6x10'3
rotons) and for that prepared for the high-intensity tests
2 (typical intensity around 2.4 < 10'3 proton) is shown in Fig. 8
= (upper). The two distributions are very similar, featuring a
rather similar median. The only difference is a larger tail
skewed towards low values of nyrg for the case of the high-
intensity beam. This is not considered to be a fundamental
issue as it could be fixed by working on the reproducibility
of the intensity delivered by the Linac 2 and the PSB.
In fact, as it can be seen in Fig. 8 (lower), while nytg
is practically constant for a wide range of beam intensi-
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ties (essentially from the operational one and up to about
2.2 x 10'3 protons), a small reduction is observed for the
case of 2.4 x 10'3 protons. Hence, a fluctuating beam inten-
sity could explain the tail.

The second aspect considered during the tests has been
the evolution of the beam losses at extraction, which is also
a means to evaluate whether the transverse beam properties
are changing with intensity. Figure 9 reports the losses at
extraction as measured by fast BLMs, which are devices
capable of providing the turn-by-turn losses with sub-turn
sampling rate. Thus, they allow distinguishing between the
losses for the islands (upper) and the core (Iower).

The losses are shown as a function of intensity and are
given for two key locations in the PS ring, namely the loca-
tion of the so-called dummy septum [2—4] in straight section
(SS) 15 and that of the magnetic extraction septum in SS16.
It is worth mentioning that the lower losses for the core ex-
traction are due to the faster rise time of the kickers, with
respect to those used for the four islands. The important fea-
ture visible in the plots is that the increase of beam losses is
to a large extent linear with intensity, thus indicating that no
new phenomenon is appearing when intensity is increased.

SPS Results

The final step of the high-intensity studies has been the
delivery of the optimised beam from the PS to the SPS. Due
to a number of external constraints it has been decided to
focus on the setting up of the first injection batch from the PS
as a sort of proof of principle, leaving the complete setting
up of both batches for later.
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Figure 8: Upper: Distribution of MTE efficiency for the
operational (left) and the high-intensity variant (right). The
median of the distribution is essentially the same, while a
low-efficiency tail is present for the high-intensity beam.
Lower: MTE efficiency for various beam intensities.
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Figure 9: Measured extraction beam losses for the islands
(upper) and core (lower) as a function of the total beam
intensity. The losses are given in the extraction region, i.e.
at the location of the dummy septum in SS15 and of the
magnetic septum in SS16.

The main outcome of these tests is reported in Fig. 10
where the transmission through the various stages of the SPS
cycle is shown. For the sake of precision, the performance
of both injected batches from the PS is reported, but only
the first one is meaningful in terms of possible performance-
reach estimate. The transmission of the operational MTE
beam is also reported for comparison. A reduction of trans-
mission at injection is clearly visible for the high-intensity
beam. This is mainly due to the increased value of the
vertical emittance, which goes beyond the vertical SPS ac-
ceptance, and therefore dominates the performance at injec-
tion. In all further stages of the SPS cycle the high-intensity

110
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Figure 10: Beam transmission in the SPS between the var-
ious stages of its cycle. The data are split up for first and
second injection into the SPS. It is worth stressing that a
careful tuning could be performed only for the first PS injec-
tion.
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beam performs similarly to the operational beam, at least
the high-end part of the distribution of transmission values
is comparable with that of the operational beam. It is worth
mentioning that the transmission up to 20 GeV/c includes
the start of acceleration as well as transition crossing, which
requires careful adjustment of the machine parameters.

These results have been considered as a sign that the SPS
can perform equally well with both beams (operational and
high-intensity) as long as sufficient commissioning time is
allocated and a smaller vertical beam emittance is provided
by the PS. Reduced emittances will become available as the
planned improvements of the LHC Injectors Upgrade (LIU)
project at CERN [14] will be implemented during the Long
Shutdown 2 (LS2) starting at the end of 2018.

CONCLUSIONS

MTE started operation in the second half of 2015, thus
replacing the CT extraction mode. Since then, the MTE
performance has been constantly improved, in particular in
the SPS, hence approaching that of CT. It is worth stressing
that the latter had gone through a series of optimisations and
improvements based on decades of operational experience.

A high-intensity version of MTE has been produced in
2017 and tests were carried out in the PSB, the PS, and the
SPS. At the PSB the main challenge has been the genera-
tion of the high-intensity beams with low extraction losses
while fulfilling the constraints imposed on the transverse
emittances by either the PS, i.e. a large horizontal emittance
to optimise the MTE efficiency, or the SPS, i.e. a small
vertical emittance to minimise the injection losses due to the
vertical acceptance. This was successfully achieved, thus
allowing to move to the downstream machines.

In the PS, the performance of high-intensity MTE beams
is comparable with that of the operational beam. The SPS
performance is dominated by the value of the vertical emit-

tance delivered by the PS, where the emittance delivered .

by the PSB is preserved. The larger vertical emittance with
respect to the nominal beam explains the larger losses ob-
served. Considering this aspect, it is clear that the novel LIU
beams will mitigate this limitation. All in all, in spite of the
very limited set up time, no sign of hard obstacle to further
improve the overall performance was found.

Based on the successful outcome of the tests carried out
in 2017, it was formally decided to discontinue CT operation
and to dismantle the corresponding hardware during LS2.
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