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Summary

This report summarises the results of MD3318 about impedance measurements of individual
LHC secondary and tertiary collimators. The measurements took place during the MD block III
of 2018, on the afternoon of the 27th of October. Individual collimators impedance can be esti-
mated from the tune shift induced by the collimator gap variation. The transverse damper was
set-up to coherently excite the beam, and its oscillations were recorded with the ADT ObsBox,
as done in previous MD activities. The beam was excited in quick successions, while varying
the collimator gap, to mitigate the effect of tune drift and tune jitter. This method allows to
measure tune shifts in the order of a few 10−5.

1 Introduction

At the top energy of 6.5 TeV the LHC collimation system is responsible for a sizeable fraction of
the LHC beam coupling impedance budget [1]. In order to accommodate increasingly smaller
values of β∗, the LHC operational settings of the collimators must be tightened increasing in
turn their contribution to the overall machine impedance budget. Moreover, brighter beams,
as foreseen for the High Luminosity LHC project [2], will be more prone to impedance induced
destabilising effects.

In this context, it is therefore important to accurately quantify the contribution of indi-
vidual collimators to the LHC impedance. Models of the machine impedance and numerical
simulations are fundamental predictive tools for coherent beam stability. It is therefore essential
to benchmark simulation results against accurate measurements with beam, either involving
entire families of collimators or selected ones.

Past MD activities (i.e. MD314 [3] in 2015, MD1447 [4] in 2016) were aimed at evaluating the
impact on impedance from all the IR7 secondary (TCSG) collimators at 6.5 TeV. The measure-
ment method was further refined to allow for individual collimators impedance measurements,
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such as in MD1446 [5] or MD1875 [6].
The present MD goal is to measure the individual contribution to the impedance of a selected

set of IR7 secondary collimators (TCSG), as well as the IR2 tertiary collimators. The TCSG
collimators are the largest contributors to the overall collimators impedance at top energy. This
is caused by their physical proximity to the beam, the low electrical conductivity of the jaw
material (CFC), their number and their total length. For the High Luminosity LHC project, an
upgrade of the LHC collimators is foreseen. The current secondary collimators in the betatron
cleaning insertion (IR7) will be upgraded to low resistivity collimators made of a Molybdenum-
Graphite bulk coated with Molybdenum. During the Long Shutdown 2 (LS2), four secondary
collimators of IR7 will be upgraded to low resistivity collimators. One of the MD goal was to
measure the tune shifts induced by the collimators currently installed to be able to compare to
the low impedance one after LS2. The TCSG measured during the MD activity are the ones
targeted by the LS2 collimation upgrade [7].

The second goal of the MD was to measure the tune shifts induced by tertiary collimators
(TCT). These collimators are made of tungsten, a better electrical conductor, and are placed
upstream of the Interaction Points (IPs) and thus have a large gap because of the larger beta
functions. The tune shifts induced by these collimators are thus expected to be small. Among
all tertiary collimators, those of IR2 have been chosen. The beam size in these collimators
is the smallest among TCTs. Therefore the physical gaps of the collimators will be smaller,
increasing the induced tune-shift.

The third goal of the MD was to measure the tune shifts induced by the TCSPM. The
TCSPM is a low resisitiy collimator prototype, with Molybdenum-Graphite (MoGr) jaws coated
alongisde with two stripes of different materials: Molybdenum (Mo) and Titanium-Nitride
(TiN) [8]. This collimator was installed during the 2016/2017 Extended Year End Technical
Stop (EYETS), and its impedance was already measured in 2017 [9]. The MD re-performed
the measurement to assess the effect of one year of beam exposure on the jaws.

Moreover, as the TCSPM activity took place on B2, two of the B1 primary collimators
(TCP) have also been measured. The results will be compared to past measurements carried
on the TCP during MD1446.

2 Procedure and Beam Conditions

To evaluate the impedance of single collimators, the beam tune shift was measured while varying
the gap of the selected collimators. The list of collimators measured is presented in Tab. 1.
The expected tune shifts caused by single collimators is smaller than the BBQ resolution. To
resolve the tune shifts, the procedure tested in MD1447 [4] was used. This method employs
the transverse damper (ADT) as an exciter to coherently kick the beam [10]. This allows for
a fine control of the kick excitation in terms of amplitude, time profile and bunch selection.
The turn-by-turn data were automatically recorded with the ADT ObsBox [11] each time an
excitation was applied.

This technique was further refined during MD2191 [12]: for this MD the tune shifts measured
were in the order of a few 10−5. To obtain this resolution, the beam was kicked in fast succession
with the ADT while quickly cycling the collimator gap between the upper and lower positions.
This allowed to mitigate the effects of tune drift and tune jitter observed in previous MD
activities [13].

The MD activity was carried out on the 27th October 2018, between 14h and 19h30 [14, 15].
The 6.5 TeV flat-top optics were used, at the end of the “ramp and squeeze” beam process. In
this configuration, the β∗ remains at 3 m in IP1/5, and the beams are kept separated in the
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Table 1: Collimators measured during the MD.

Family B1 B2

IR7 TCSGs

TCSG.D4L7 TCSG.D4R7
TCSG.B4L7 TCSG.B4R7
TCSG.E5R7 TCSG.E5L7
TCSG.6R7 TCSG.6L7

IR2 TCTs
TCTPH.4L2 TCTPH.4R2
TCTPV.4L2 TCTPV.4R2

TCSPM
- TCSPM.D4R7, Mo stripe
- TCSPM.D4R7, MoGr stripe
- TCSPM.D4R7, TiN stripe

IR7 TCP
TCP.C6L7 -
TCP.D6L7 -

IPs.
Figure 1 shows an overview of the main activities carried out during the MD. After injection,

the beams were brought to top energy. A careful set-up of the ADT and the beam parameters
was performed to obtain clear kick signals without noticeable beam losses. The negligible beam
losses and emittance blow-up allowed to perform the full MD program while maintaining an
almost constant brightness. Emittances were at ∼1.8 µm in the horizontal plane and ∼1.5 µm
in the vertical plane for both beams.

Figure 1: B1 (left) and B2 (right) overview of the MD activity. The coloured curves represent the
bunch intensity, with their bunch number in legend. The black curves represent the beam energy.
Intensity losses were negligible throughout the MD activity.

The detailed program of the MD was:

• a first set-up of the ADT was performed with the previous MD beam. The strength,
excitation rise/fall time, and kick duration were set-up in the FESA class as shown
in Fig. 2. The bunch number and the excitation command were sent using a Python
script using the PyJAPC library [16]. The MD beam was then injected, using the
Single 20b 0 0 0 Instabilities filling scheme, shown in Fig. 3.

In each beam two nominal bunches of 1.3 × 1011 protons per bunch were injected.
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Figure 2: FESA class setup used for the MD. The parameters were kept identical to previous similar
MD activities.

Figure 3: Filling scheme used for the MD. This scheme can host up to twenty bunches per beam,
ensuring neither bunch collisions nor long range interactions between the two counter-rotating beams.
Only the two first bunches in the scheme were injected for the MD (highlighted in green). The second
bunch was not kicked so to be used as a spare in case of large intensity losses on the first bunch.

• the beams were ramped to flat-top with full octupoles current (564 A). Chromaticity was
then reduced from the operational 15 units to 7 units for both beams and planes, in two
steps of -5 and -3 units.

• the ADT gain was then reduced by a factor of 2 in the trim editor. The blow-up gain was
also reduced from 0.04 to 0.035 in the trim editor. An example of a kick signal is shown
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in Fig. 4.

Figure 4: Example of a kick signal for B1H. The top plot shows the full turn-by-turn bunch po-
sition data recorded by the ADT ObsBox. The bottom plot shows the data selected for the tune
reconstruction.

• the gaps of the collimators to be measured were then cycled in quick successions while
kicking the beam with the ADT and recording the data with the ADT ObsBox. The
procedure can be visualised in Fig. 5. The collimators settings are reported in Tab. 2.

Figure 5: Collimators position versus time during the measurement of three collimators. The
solid curves denote the collimator gap of TCSG.D4L7 (blue curve), TCSG.B4L7 (orange curve) and
TCSG.E5R7 (green curve). The dots show the vertical tune computed from the kick signals. A tune
shift is clearly visible for the TCSG.D4L7 (a vertical collimator), and a smaller shift is also visible for
the TCSG.E5R7 (a skew collimator).

• a further chromaticity reduction by 2 units in the horizontal plane of both beams took
place. The chromaticity should have thus been 5/7 units in H/V for both beams. A
reduction of the octupole current to 370 A was also performed.
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Table 2: Collimators gaps set-up during the measurements. The second column gives the half-gap
in mm. The first value corresponds to the half-gap when the collimator is closed. The second value is
the value set to open the collimator. The third column gives the collimator gap in LHC collimation

beam size σcoll = 1√
γ

√
βxεcoll cos2 θ + βyεcoll sin

2 θ, where γ is the beam Lorentz factor, βx,y are the

betatron values at the collimator location, θ is the collimator azimuthal angle and εcoll = 3.5 µm is
the LHC nominal normalised emittance.

Family Half-gap / mm Setting / σcoll

TCSG.D4L7.B1 1.12 + 15 6
TCSG.D4R7.B2 1.12 + 15 6
TCSG.B4L7.B1 1.60 + 10 6
TCSG.B4R7.B2 1.66 + 10 6
TCSG.E5R7.B1 1.81 + 15 6
TCSG.E5L7.B2 1.81 + 15 6
TCSG.6R7.B1 2.47 + 15 6
TCSG.6L7.B1 2.47 + 15 6

TCTPH.4L2.B1 1.24 + 10 6
TCTPH.4R2.B2 1.24 + 10 6
TCTPV.4L2.B1 1.37 + 15 6
TCTPV.4R2.B2 1.37 + 15 6

TCSPM.D4R7.B2, MoGr stripe

1.09 + 10 6
1.00 + 10 5.5
0.95 + 10 5.2
0.91 + 10 5
0.87 + 10 4.8

TCSPM.D4R7.B2, Mo stripe

0.87 + 10 4.8
0.91 + 10 5
0.95 + 10 5.2
1.00 + 10 5.5
1.09 + 10 6

TCSPM.D4R7.B2, TiN stripe
1.09 + 10 6
0.91 + 10 5

TCP.C6L7.B1 1.38 + 10 5
TCP.D6L7.B1 0.89 + 10 5

3 Results of Impedance Measurements

The turn-by-turn transverse position of each excited bunch recorded by the ADT ObsBox was
used to compute the tune. The individual tune for each bunch was obtained using harmonic
analysis, specifically the Harpy code [17]. The data of the first 500 turns after the bunch
excitation were used, which corresponds to the transverse oscillation decoherence time.

The measurement results were compared to predictions obtained from ImpedanceWake2D [18]
and Sacherer’s formula, accounting for both the driving and detuning impedance induced by
collimators.

Figures 6 and 7 show the results obtained for Beam 1, both horizontal and vertical planes.
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It is notable that in 4 out of 8 cases the measured tune shift turned out to be significantly,
up to 100%, larger than expected. This is the case for the secondary collimators B4L7 and
6R7, in the horizontal plane, and D4L7 and E5R7 in the vertical plane. The primary C6L7
(horizontal) is particularly under-estimated (factor 3 higher tune shift than expected), while
the D6L7 (vertical) is close to the model within 10-20%.

Figure 6: Measured tune shift in the horizontal plane of Beam 1 (orange) compared to predictions
from the LHC impedance model (blue). The ratio between the measurement and prediction is reported
alongside the plot.

Figure 7: Measured tune shift in the vertical plane of Beam 1 (orange) compared to predictions from
the LHC impedance model (blue). The ratio between the measurement and prediction is reported
alongside the plot.

Figure 8 shows the results of the different measurements performed on Beam 2 collimators
during the LHC Run II, including those obtained during this activity. Most of the measured
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tune shifts agree with the predictions with their respective error bars with the only exception
being the latest measurement of the D4R7 collimator, which induces a larger shift than expected
in 2018. It is worth noting that 4 previous measurements of the same collimator taken in 2017
agree with their predictions. The discrepancy could either be related to the deterioration of
jaw conductivity or to the potential beam misalignment with respect to the jaw during the last
test. More systematic measurement data is needed to investigate the issue further and conclude
on the reason of this discrepancy.

Results for the horizontal plane of Beam 2 are missing due to an ADT ObsBox issue which
stopped the data recording for this specific beam and plane.

Figure 8: Measured tune shift in the vertical plane of beam 2 (orange) compared to predictions from
the LHC impedance model (blue). The results of the different measurement performed during LHC
Run II are shown. The ratio between the measurement and prediction is reported alongside the plot.

For the tertiary collimators, Figs. 6 and 7 show that their contributions are below the
resolution limit of the measurement method, which confirms the hypothesis that they have
negligible contributions with respect to the IR7 collimators.

The MD allowed also to re-measure the tune shift of the TCSPM collimator as a function
of the collimator half gap. Figure 9 summarizes the results [19]: the tune shift of the 2018 data
(squares) is increased by a factor of about 2 with respect to the 2017 data (circles). Possible
reasons for the increment could be related to collimator misalignment and/or jaw resistivity
degradation due to radiation. These aspects are under investigation and will be subject of
dedicated MDs during the LHC Run 3.

4 Conclusions

First, the measurement of tune shifts induced by tertiary collimators reached the resolution
limit of the measurement method of ∼ 2× 10−5. The obtained tune shift values below 5× 10−5
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Figure 9: Measured TCSPM tune shift as a function of the collimator gap in units of σ. Cirles and
squares with errorbars represent the data points of 2017 and 2018 respectively, dashed lines the fit to
the measured data of 2017, dotted lines the expected behaviour for the nominal material resistivities.

confirm the hypothesis that the tertiary collimators have negligible contributions with respect
to the IR7 collimators.

Second, the measurement performed on the secondary collimators showed a discrepancy of
up to a factor of 2 larger tune shifts compared to impedance model predictions. During this MD
activity beam parameters and in particular intensity losses were closely monitored, removing
some possible sources for discrepancies. Effects like collimator jaw material ageing or jaws
misalignment with respect to the beam are being investigated. Nevertheless, the large measured
tune shifts of secondary collimators confirms the need to reduce the secondary collimators
impedance as planned by the LHC collimation upgrade. Measurements done on the TCSPM
collimator showed an increase of the tune shift of a factor of about 2, which could be related to
collimator misalignment and/or jaw resistivity degradation due to radiation and will be subject
of dedicated MDs during the LHC Run 3.
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