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Abstract

The LHC Injector Upgrade (LIU) programme forms a
cornerstone of the High Luminosity LHC project. Among
its targets, a new BPM system has been deployed in LEIR to
facilitate new optics measurements. This paper reports on
the commissioning and analysis of turn-by-turn data from
the new BPM acquisition system. Furthermore, the specific
challenges and current limitations in LEIR for achieving
long-term coherent excitations with sufficient amplitude for
optics measurements are discussed, as well as some of the
optics measurements performed so far.

INTRODUCTION

The Low Energy Ion Ring (LEIR) is the first synchrotron
in the heavy ion accelerator chain for the LHC, and achieved
its target parameters for the LHC Injector Upgrade (LIU) at
an early stage [1-4]. The main parameters are summarized
in Tab. 1. As part of the LIU upgrade, a new Beam Position
Monitor (BPM) acquisition system has been deployed in
LEIR and since the start of Run 3 the acquisition software
has been further improved to facilitate detailed optics mea-
surements from turn-by-turn data [5, 6], as well as exploring
the various transverse beam excitation methods for optics
measurements. This paper discusses the tests and activi-
ties undertaken to achieve the first optics measurements at
flat bottom energy of LEIR in Run 3, using this new BPM
system.

Table 1: LEIR Parameters for the Nominal Cycle after the
LIU [1,2]

Parameter Value
Circumference 78.54 m

Rev. Frequency 0.36-1.41 MHz
Eyin 4.2 - 72.2 MeV/u

12 - 100 charges
9 - 10'0 charges
1.82,2.72

Capture Intensity (2b)
Extraction Intensity (2b)

Q)C’ Q}

BPM phasing

In order to achieve accurate optics measurements, it is
critical to have well phased BPMs. At the start of Run 3, The
LEIR BPMs did not take into account the time delays arising
from cable lengths and the time of flight of bunches between
BPMs. The calculation of the specific delays for each BPM
is based on the raw BPM data acquired at the last turn. At
the moment of beam extraction, the raw BPM signals should
be aligned such that the last detected bunches in each BPM
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all overlap. The compensation of cable length and time-of-
flight delays cannot be done internally in the hardware, and is
therefore carried out in the Front-End Software Architecture
(FESA) class processing [7-9].

Initial measurements showed significant contributions
from both cable length and time-of-flight delays, as shown
in Fig. 1. Notably, a shift of up to 1 full turn was observed
between the horizontal and vertical planes of some BPMs
located at the same location in the ring. From the extraction
energy and the machine geometry, the time-of-flight delay
can be easily calculated. As the BPM sampling rate is locked
to the RF cavity frequencies, this delay compensation is a
fixed number throughout the LEIR cycle. Inversely, since
the sampling frequency of the BPM system is varying, this
results in a changing time compensation for the cable length
offsets. The implementation of both the compensation of
the time-of-flight and that of the cable length delays results
in a properly phased BPM system, as presented in Fig. 1.

Limitations on total number of acquired turns

The BPM signal processing time is constrained to a single
cycle to avoid overlap and interference with the following
machine cycles, and thus limits the maximum number of
acquired turns. At flat-top, around 90% of the processing
time is spent on data readout, and is limited by the VMEbus
in the acquisition system. The main reason for this, is that
the LEIR BPM system does not have absolute knowledge
of where the bunches are, and thus outputs 69 data points
per machine turn for the peak detection. This sampling fre-
quency comes from the ratio between the maximum beam
revolution frequency and the maximum sampling frequency
of the analog-to-digital converters. The easiest path to in-
crease the number of turns in LEIR BPMs is thus to increase
the available time for the processing of acquisitions.

Over the course of 2022, the maximum number of ac-
quired turns has been increased from 300 turns to 1200 turns
at flat-bottom energy, by advancing the start of the BPM
signal processing earlier in the cycle. To achieve similar
gains at top-energy, a long flat-top period of the cycle needs
to be developed, or the hard time limit at the end of the
cycle should be relaxed. Currently, only 300 turns may be
acquired at top-energy.

The number of turns can further be increased by down-
sampling the data readout to once every n samples, effec-
tively increasing the number of turns by n. However, increas-
ing the decimation rate beyond 2 can significantly affect the
BPM accuracy.
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Figure 1: Comparison of raw BPM data before and after
correction of cable length and time of flight delays.
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Figure 2: Transverse turn-by-turn obtained in BPM UEV24
from measurements with a 500 V kick in both planes using
the tune kicker.

METHODS OF BEAM EXCITATION

Several methods are available in LEIR to provide coherent
beam excitations that are necessary for optics measurements
from turn-by-turn data. The LEIR beams can be excited with
single kicks using the transverse damper, the tune kicker,
or the extraction kicker [10, 11]. Furthermore, the trans-
verse damper can be used in an ac dipole mode to provide
forced transverse oscillations [12—14]. The following section
presents the results from beam excitation tests at flat-bottom
energy using the different excitation methods.

The tune kicker in LEIR provides single kicks and can
be safely operated up to 500V. Figure 2 shows the oscilla-
tion amplitude in low noise vertical BPMs. The maximum
peak-to-peak oscillation amplitude is around 0.5 mm. Beam
oscillations with such limited amplitudes are only clearly
visible in a few vertical BPMs. Therefore, reliable optics
measurements cannot be performed with the tune kicker.

Single kick measurements with the transverse damper
provided lower amplitude oscillations than with the tune
kicker, and are therefore not shown here.

The extraction kicker [10, 11] is used to extract the beams
at flat-top and can only kick in the horizontal plane. This
kicker consists of 3 different kickers (namely ER.KFH31,
ER.KFH32 and ER.KFH34) with their nominal strengths
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Figure 3: Transverse turn-by-turn obtained in BPMs UEH24
and UEV24 from measurements with a 13 kV kick in the
horizontal plane.

at around 54 kV. The challenge of using this kicker is to
advance the timing of the trigger, and to reduce its strength
with the present control system.

Measurements were carried out with the minimal 13 kV
kick strength using the ER. KFH32 kicker only, thus reducing
the effective kick further. Figure 3 shows horizontal turn-by-
turn data obtained from measurements with the extraction
kicker ER.KFH32 at 13 kV. The data shows a clean large
amplitude transverse oscillation. While the extraction kicker
only excites the horizontal plane, leakage of the kick into
the vertical plane can still be observed. The oscillation am-
plitude is significantly smaller than in the horizontal plane,
but can still be detected in most BPMs. The bottom plot in
Fig. 3 shows the maximum amplitude observed in vertical
BPMs from leakage of the horizontal kick.

The transverse damper is used in operation for providing
a chirp excitation to improve tune measurements. This mode
can be adjusted to provide a slow amplitude ramp up and
long flat-top excitation, yielding long coherent beam oscilla-
tions. The transverse damper in such an ac dipole mode will
simply be referred to as an ac dipole. Measurements have
been performed with the ac dipole at flat-bottom energy with
a single 20 dB attenuator removed per plane. Figure 4 shows
the turn-by-turn data obtained from such a beam excitation.
The ac dipole provides sufficient amplitude for optics mea-
surements in both planes. Furthermore, it is considered a
viable option for optics measurements at top-energy due to
the possibility of removing a further 20 dB attenuator per
plane.

OPTICS MEASUREMENTS IN LEIR

The improvements implemented during the commission-
ing of the new BPM system, as well as the exploration of
the different excitation methods, have allowed to perform
the first optics measurements of Run 3 at flat-bottom en-
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Figure 4: Horizontal turn-by-turn obtained in BPM UEH21
from measurements with ac dipole excitations. The number
of turns is large as a decimation rate of 2 was used for these
measurements.
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Figure 5: Measurement of beam intensity compared to the
RF cycle in the dedicated MDG6 cycle.

ergy in LEIR. Optics measurements at flat-bottom using
the ac dipole and the extraction kicker are compared in this
section. Both measurements were performed, after RF cap-
ture, at 1800 ms in the MD6 cycle, as shown in Fig. 5. The
optics measurements are currently compared to the design
model [15]. However, iterative and cumulative changes in
LEIR caused the machine to deviate from the design optics
models. As such, it will be necessary in the future to develop
better knowledge of the machine model for more accurate
optics comparisons.

Optics measurements were performed in the flat-bottom
part of the cycle on a shot-to-shot basis in the MD6 cycle. An
average can be taken over multiple shots to obtain statistically
representative measurements of S-beating. Measurements
with the ac dipole were only successful for very small tunes
split between ac dipole and natural tunes, i.e. Q—Qy4 ~ 0.001.
The measured optics could not be compensated for the ac
dipole optics distortions due to the small tune-split, but such
perturbations will be small (AS/B < 1%) [14]. Figure 6
shows the averaged A B/ for both the ac dipole (in both
planes) and the extraction kicker (horizontal plane). The
ac dipole measurements show a larger shot-to-shot varia-
tion compared to the extraction kicker, which translates into
larger measurement errors. This may be attributed to the
low tune stability causing varying amplitude responses to
the ac dipole. In general, a very good agreement is observed
between ac dipole and extraction kick measurements in the
horizontal plane, with both methods showing equivalent S-
beating and peak S-beating of 25%. In the vertical plane,
the ac dipole measurements show a peak f-beating of 22%.
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Figure 6: Horizontal and vertical f-beating measured with
ac dipole excitations in red, and horizontal kicks with the
extraction kicker in blue.

Figure 6 shows that using single kicks offers the most
reproducible optics measurements shot-to-shot. This clearly
motivates further studies to explore methods to obtain large
amplitude single kicks in the vertical plane, either by increas-
ing the available voltage in the tune kicker, or by stabilising
the leakage of the extraction kicker into the vertical plane.
Furthermore, the strength of the ac dipole can be increased
by removing an additional 20 dB attenuator. The presented
results offer a positive outlook to using the ac dipole and the
extraction kicker for optics measurements at flat-top energy.

CONCLUSIONS

The overhaul of the LEIR BPM system saw first operation
in 2022. Significant progress in the peak detection algorithm,
as well as BPM phasing, has been made to achieve reliable
transverse turn-by-turn data acquisitions.

All transverse beam excitation methods available in LEIR
have been tested at flat-bottom energy. The transverse
damper in ac dipole mode offers reliable coherent beam
oscillations in both planes with sufficient amplitudes for op-
tics measurements. Furthermore, the extraction kicker can
be used at 13 kV to provide high amplitude horizontal kicks.

The first optics measurements of Run 3 have been per-
formed at flat-bottom energy. Results have been obtained
with both the ac dipole and extraction kicker. The results
show a peak B-beating of 25% compared to the design
model, which is within operational tolerance. A more realis-
tic model that better represents the machine will need to be
developed.

Lastly, optics measurements at flat-top energy are foreseen
in 2023, using the ac dipole and extraction kicker as beam
excitation methods. An extended stable flat-top period will
be required to increase the number of available turns and
provide a more stable measurement point in the cycle.
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