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Abstract
The LHC Run II has seen hardware changes and perfor-

mance evolution of the LHC injection system. In this talk,
the evolution, over the whole run, of the main systems in-
volved in the injection process is presented. Particular atten-
tion is dedicated to the analysis of the data of the injection
quality and its evolution over the last years. Finally, a general
review of the performances and their reach for Run III is
discussed.

INTRODUCTION
The LHC injection systems comprises three major sys-

tems: the injection kicker MKI, the injection septum MSI
and the injection dump TDI (which is completed by the
auxiliary injection protection devices, TCLIA/B). The LHC
injection is a double plane injection as this allows the usage
of a Lambertson septum design for the MSI. The incom-
ing beam trajectory is adjusted horizontally with the MSI
and vertically with the MKI, bringing the beam on to the
nominal LHC orbit at the MKI exit. In case of missing or
excessive kick from the MKI, the incoming beam will be
intercepted by the injection dump, TDI. The TDI is installed
90° (vertical phase-advance) downstream of the MKI.

LHC INJECTION SYSTEM
AVAILABILITY 2018

During the LHC Run II, the overall availability of the
injection system has been above 99.2 % (where in 2016 was
reached the minimum). The maximum has been achieved
during 2017 operation with 99.7 % availability.

Looking closer at 2018 operation, the main faults recorded
regarding the injection system were related to the MKI. In
fact, it was accumulated about 7 h downtime due to a faulty
delay board. The problem has been fully understood and
countermeasures are being prepared during LS2. Another
issue was an electrical breakdown in the MKI2B which then
generated suspicious vacuum activity in this magnet. Hence,
it was decided to replace this magnet with the so-called “MKI
cool” prototype during LS2, as describe in the continuation
of this paper.

EVOLUTION OF INJECTION SYSTEM
OVER RUN II

During the LHC Run II, the MKI and TDI evolved quite
significantly to finally achieve the performance recorded
during last years of operation. In this section, both MKI and
TDI evolution over Run II are summarised.
∗ francesco.maria.velotti@cern.ch

MKI Run II evolution
Upgraded MKI8D An upgraded MKI was installed

in the LHC tunnel, at location MKI8D, during the YETS
2017/18 [1,2]. The new magnet has a Cr2O3 coating, applied
by magnetron suttering [3], on the inner part of the alumina
tube, that is placed in the aperture of the MKI as a support
for the NiCr conductors that shield the ferrite yoke from the
particle beam. The purpose of the Cr2O3 coating was to
lower secondary electron yield (SEY), compared to naked
Al2O3, and further improve the high voltage behaviour of
the beam screen [2].

In addition, the beam screen design is modified compared
to the one implemented in the existing magnets [1, 4] dur-
ing LS1. The new design reduces the beam induced RF
losses, by reducing the length of the overlap from 130 mm
to 56 mm (Fig. 1), and relocates them to more easily cooled
ferrite rings. However, it should be noted that the upgraded
MKI8D does not yet include a cooling circuit. Relocation
of losses is a crucial part of the baseline design of the MKI
kicker magnets for HL-LHC operation. Therefore, opera-
tional experience with LHC type beams was of paramount
importance in the validation of the approach.

Figure 1: Simplified schematic of the MKI beam screen for
the post-LS1 (130mm) and the upgraded magnet MKI8D
(56mm) installed during YETS 2017/18.

MKI Beam Induced heating Prior to LS1 one of the
MKIs occasionally exhibited high temperatures leading
to significant turnaround times [5]. After a successful
impedance mitigation campaign during LS1, the MKI fer-
rite yokes have remained below their Curie point and have
not limited LHC’s availability [6]. However, for HL-LHC
operation the yokes are expected to reach their Curie temper-
atures during long physics runs, unless mitigating measures
are taken. Prior to the YETS 2017/18, the MKI8D ferrite
yoke was significantly hotter than the other MKI magnets.
The 2018 run shows that the upgraded MKI8D has a sig-
nificantly lower side-plate temperature than those of the



Post-LS1 MKIs (Fig. 2): this validates the concept for re-
ducing power deposition in the upstream end of the ferrite
yoke.

Figure 2: Temperature measured during 2018, on the MKI
magnets side-plate, at the capacitively coupled end of the
MKIs.

Electron Cloud During TS3 (Nov. 2016), it was neces-
sary to replace magnet MKI2D. Hence, although ECloud
around MKI2D had not limited injection during Run II, the
alumina tube in the new MKI2D had not experienced pro-
ton beam and required conditioning with beam after the
Extended Year End TS (EYETS). Similarly, as mentioned
above, the MKI8D was exchanged during YETS 2017/18.

Figure 3 shows a comparison of the normalised pressure,
Pn, for 25 ns bunch spacing, of the Q5-MKI2D during 2017,
immediately followings its exchange, and Q5-MKI8D dur-
ing 2018, immediately following its exchange. The nor-
malised pressure is the measured pressure divided by the
number of circulating protons (p). Both of these kicker
magnets have upgraded pumping in the interconnection to
the Q5 quadrupole. The Pn in the Q5-MKI2D (2017) and
Q5-MKI8D (2018) interconnects start at a similar level for
the naked and coated Cr2O3 tubes: the reason for this is
not understood as, based on laboratory measurements of
SEY [2,6], the coated tube was expected to start at a lower
Pn [7]. Nevertheless, by an integral of 4 C the Pn in the
interconnects either side of both magnets has dropped by
∼2 orders of magnitude, and the coated tube has lower Pn

than the uncoated tube. The Q5-MKI8D pressure is histori-
cally between a factor of ∼3 (2012, 2015 and 2017) and ∼12
(2016) higher than Q5-MKI2D: this factor has “disappeared”
after YETS 2017/18 – no other vacuum changes have been
made in this sector. Hence the "disappearance" is thought to
be attributable to the Cr2O3 coating of the MKI8D alumina

Figure 3: Pn, versus integral of beam current for Q5-MKI2D,
from 29/4/2017, and Q5-MKI8D from 30/3/2018, following
their exchange: 25 ns bunch spacing.

tube. Following the exchange of MKI8D there were some
alignment issues, which were solved: simulations show that
any historical misalignment, of a few millimetres, would not
explain a higher Pn [8].

Extensive studies identified MKI UFOs as most likely
being macro particles, which originated from the alumina
tube when the screen conductors are installed in the slots [9].
Alumina tubes of all MKIs upgraded during LS1 underwent
extensive cleaning with high pressure nitrogen: post-LS1,
the MKIs no longer show up on the UFO statistics. Similar
cleaning was carried out for the Cr2O3 coated alumina tube.
Two to three UFOs were observed at both MKI2 and MKI8
during 2017: all were well below threshold for dumping the
beam. Similarly, only two to three UFOs were observed at
MKI8 during 2018, also all well below dump threshold [10].
Hence, there was no statistically significant change in UFOs
at MKI8 from 2017 to 2018, confirming that the Cr2O3 does
not result in an increase of UFOs.

TDI run II evolution

Figure 4: Image from endoscopy of TDI.4R8. Visible signs
of degraded coating.

During Run I, the TDI suffered several issues which have
limited operation all along Run I. Starting from LS1, two
major staged upgrades took place and lead the TDI to the
exceptional availability achieved from 2016. In this section,
the main upgrades put in place are summarised. This is
based on [11, 12].

The first of upgrades were put in place during LS1. In
fact, the changes included:

• NEG cartridges,

• 5 µm Titanium coating on Aluminium blocks,

• Reinforced beam screen,

• Temperature probes.

At the restart of operation after LS1 in 2015, the TDI.4R8
(B2) was the one suffering the most. Large vacuum spikes
were recorded, which led to pressure build up and, occa-
sionally, to beam dumps. Beam-based measurements on the
effect of both TDIs were performed and significant discrep-
ancy between the TDI in IP2 with respect to the the TDI



in IP8 were found. Thanks to an endoscopy performed in
TDI.4R8, it was discovered that the Ti coating was signifi-
cantly damaged. Degradation of the coating were also found
in TDI.4L2, but less severe than the one in point 8.

During the same year, tests to improve the cleanliness of
Hexagonal Boron Nitride (hBN) blocks were performed in
the lab. After treating the spare blocks in vacuum at higher
temperature than previously done (up to 1000°), about 20 %
of the blocks failed after a cycle at 800° and about 50 %
after a cycle at 1000 %. In order not to risk to damage the
TDI hBN blocks in the LHC with beam, limitations on the
maximum number of bunches injectable were put in place,
as summarised in Table 1.

To mitigate the just described issues and to reestablish
normal operation, a series of modifications were arranged
during the YETS 2015/16:

• hBN blocks were replaced with Graphite R4550 coated
with 2 µm Copper coating (reduce resistive heat load),

• Replacement of Copper Berillium (CuBe) blocks with
Copper Chromium Zirconium (CuCrZr) blocks (CuBe
blocks found deformed after bake-out),

• Interferometric system for direct measurements of TDI
gap.

After these modifications, the operational limits were re-
moved and beam-based measurements confirmed the ex-
pected improvements coming from the replacement of hBN
blocks with Graphite.

Since 2016, the LHC operation did not suffer any signifi-
cant downtime caused by the TDI.

Table 1: Intensity limitations imposed due to TDI in 2015.

Beam type TDI limitations (bunches)
Standard 25 ns 144
BCMS 96
50 ns 108

SPS-TO-LHC TRANSFER LINE:
STEERING AND LOSSES

The steering of the SPS-to-LHC transfer lines has been
subject of discussion since 2012. Many studies have been
performed investigating shot-to-shot variation and long term
drifts [13, 14]. Regarding the shot-to-shot variations, the
sources have been identified as follow:

• For TI2, the MSE in LSS6 was the main responsible for
trajectory jitter. In the YETS 11/12 the power supply
of the MSE was improved and the jitter was reduced
by a factor two.

• For TI8, the main sources were isolated as the MSE
and the MKE. The extraction was of course impacting
only the bunch-by-bunch trajectories.

Regarding the slow drifts, the sources identified were the
MSE in LSS6 (only impacting TI2) and the SPS orbit at
flat top. The main issue with the SPS orbit at flat top is
the impossibility to correct it with machine closed orbit
correctors as the beam rigidity is too high for their power
supplies. Operationally, the orbit is corrected to zero locally
in the extraction regions using orthogonal knobs, two per
plane, realised using the extraction bumpers. This is usually
done during the commissioning phase at the beginning of
each year.

In this section the steering frequency evolution, the losses
behaviour in the lines and in the LHC are described.

Steering analysis
In 2018, both TI2 and TI8 trajectories were corrected

more often than what done in 2017. When these numbers are
compared with the SPS injection (only TT10), the difference
between the two systems in 2018 (this is when the concept of
golden orbit and trajectory was also introduced in the SPS)
was only about 25 %.

In 2018, it was observed an increase in steering frequency
towards the end of the year. An extensive analysis of the
steering done all along 2018 was performed and documented
in [15]. A clear drift of the horizontal trajectory of both lines,
which depend strongly on correctors placed at the beginning
of both lines (Fig. 5) was observed. This clearly points
towards the SPS (the ring or its extraction channels), which
is in agreement with all previous studies and observations
[13, 14].

Also, a very large vertical drift of transfer line trajecto-
ries could be seen, in the middle of the 2018. As for the
horizontal plane, also in this case the amplitude of the resid-
ual rms is completely changed in module when the initial
correctors (TT40/60) are removed (Fig. 5). In fact, there
was a significant degradation of the vertical orbit in the SPS,
following the failure of Polyurethane alignment jacks used
for the machine quadrupoles.

It was possible to correct back on a multi-bunch trajectory
using a Single Value Decomposition (SVD) based correction
strategy. Such corrections has larger residuals in TI8 than
TI2, showing an energy–like error in TI8. This is still under
investigation.

Injection losses in 2017/18
During the LHC injection process, losses can be gener-

ated either with preceding or trailing unbunched particles
miss-kicked by the MKI, or due to particles with large trans-
verse amplitudes when crossing the transfer line collima-
tor (TCDI). In this paper, we will refer to longitudinal and
transverse losses, respectively, when addressing these two
mechanisms.

Due to the configuration of the transfer lines and the injec-
tion system, transverse and longitudinal looses can be easily
identified using available BLMs. For Beam 1 (B1), losses
originated from particles hitting the TCDIs are seen as high
readings of the LHC BLMs installed at the Q8. For Beam
2 (B2), the LHC BLM sensitive to transverse losses is the



Figure 5: Relative trajectory rms variation, for both horizontal and vertical plane, as obtained from the variation of
corrections with respect to the start of the run. In blue and yellow are the data of TI2 and TI8, respectively.

one installed at the Q7. For B1 though, also another BLM,
MBB-MBA interconnection BLM (BOT07), has shown to
be very sensitive to showers produced from transverse losses
at the TCDIH.29205. The main reason is because it is not
equipped with a filter, as instead done for all other BLMs in
this sensitive region (Fig. 6).

Longitudinal losses, for both beams, are clearly identified
by readings of the BLMs installed at the TDIs. This is due
to the fact that trailing or preceding particles are deflected
with different than nominal angles by the rise and fall time
of the MKI. As the TDI is at the optimum phase advance to
capture such particles, high losses at the TDI usually means
poor longitudinal quality of the incoming beam. This can
be due to satellites produced either in the PS or in the SPS.

In this sections, these BLMs are used to evaluate the
injection quality of the last two years of operation and predict
what we should expect in Run III.

Figure 6: Time response of the Q8 (top) and the BOT07
(bottom) BLM during injection.

In 2017, about 97 % of all injection recorded had losses be-
low 20 % of the dump threshold at “injection quality” BLMs.
Losses were dominated by longitudinal losses, i.e. by the
losses at the TDI.

In 2018, 87 % of the injections were below 20 % of dump
threshold, and losses were dominated by the interconnection
BLM, BOT07. Longitudinal losses were much lower than
in 2017.

Transverse losses The increase of injections with large
transverse injection losses of B1 in 2018 can be explained
with the increase of the jitter in losses in TI2 at the TCDIs,
as shown in Fig. 7. It is interesting to note the significant
difference between TI2 and TI8, which indicates as possible
source the LSS6 extraction channel or the transfer line ele-
ments themselves. The MSE in LSS6 was identified as the
source of shot-to-shot variations as well as one of the culprit
for the long term drifts of the horizontal trajectory in TI2,
from previous analysis [13].

The most sensitive TCDI at the MSE current jitter is the
TCDIH.29205, as it is almost 270° phase-advance from it.
Losses at the this collimator have been indeed increased
with respect to 2017. Also, such collimator is sitting just
upstream of the Q8 and the BOT07.

Investigating the correlation between the TCDIH.29205
BLM readings with the Q8 and BOT07 BLMs, a clear expo-
nential trend can be deduced. For seek of brevity, only the
correlation with the Q8 BLM are presented (the correlation
are basically identical and this will not impact the generality
of the discussion). Fig. 8 shows the correlation plots for both
2017 (top) and 2018 (bottom). Looking along the line, the
correlation with losses at the TCDIH.29205 is the first that
can be observed. In fact, looking at the correlation between
the readings of every TCDI BLMs with respect to the losses
at the TCDIH.29205, it is clear that there is direct corre-
lation from the losses at the TCDIH.29205 and all BLMs
downstream of it (Fig. 9). Also a weak linear correlation
can be seen between the losses at the TCDIH.29050 and
TCDIH.29205, although with larger scatter.

Using the correlation shown between readings at the
TCDIH.29205 and Q8 BLM, it is possible to build a simple
non-linear empirical model to estimate losses during injec-
tion, given the BLM readings at TCDIH.29205. Using the
data from 2018 to fit a function like:

a + bLBLM + cL2
BLM + deeLBLM ; (1)

where LBLM is loss reading at the TCDIH.29205, the read-
ings of the Q8 BLM can be estimated (Fig. 10).
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Figure 7: Time evolution of normalised losses at all TCDIs in TI2 (top) and TI8 (bottom).
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Figure 8: Correlation plots between losses at the Q8 and at every single TCDI in TI2. Top: data from 2017. Bottom: data
from 2018.

As the losses at the transfer line collimators are coming
from trajectory jitters or over-populated tails, a simple extrap-
olation to Run III can be done, accounting for the expected
emittance and intensity variation. The expected operational
scenarios assumed for the extrapolation to Run III are as
follow:

• BCMS: 1.4 × 1011 p/b of 240 bunches and same emit-
tance as in 2017/18

• Standard: 1.8 × 1011 p/b of 288 bunches with 20 %
larger emittance than in 2017/18.

Based on these assumptions and using the data collected in
2017 and 2018, the predictions for Run III can be made as
shown in Table 2. Such predictions do not account for the
increase in length of the TCDIs foreseen during LS2, nor
variation in shielding.

Table 2: Percentage of injections with losses at the Q8 and
BOT07 BLM below 20% of dump threshold. In red the
predictions for Run III based on 2017 and 2018 data.
∗Without filter
∗∗With filter

Q8 < 20% BOT07 < 20%
2017 >99% 98%∗

2018 >99% 87%∗

Run III (BCMS) 86-95% 92-98%∗∗

Run III (Standard) 65-70% 75-85%∗∗

FROM RUN II TO RUN III
What will change after LS2?

To cope with the increase in brightness to deliver the
requested HL-LHC beams, also the protection devices of
the transfer lines and at LHC injections had to be upgraded:

• TCDIL, new transfer line collimators;

• TDIS, new segmented injection protection device.
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Figure 9: Correlation plot between losses at the TCDIH.29205 and at every single TCDI in TI2. Top: data from 2017.
Bottom: data from 2018.
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Figure 10: In red, losses at the Q8 BLM as a function of
losses at the TCDIH.29205, for both 2017 (right) and 2018
(left). On the left, data from 2018 have been fitted to build
the empirical model used to estimate the readings at the Q8
for 2017 (right - green solid line).

The new TCDIL will be longer devices, going from 1.2 m to
2.1 m active length. These devices are designed to withstand
the HL-LHC beams, i.e. 288 bunches at 2.0 × 1011 p/b in
1.3 mm mrad emittance. Also, the transfer lines optics will
be adapted to cope with the location change and the required
minimum density at some of the collimators, mainly in TI8.

The new TDIS will be devices made of three blocks, 1.6 m
each, made with materials of increasing Z with the longitu-
dinal position. The TDIS have been designed for the same
HL-LHC parameters used for the TCDIL design.

During LS2, one of the MKI will be also replaced, as
mentioned in the introduction, by an MKI with a new design,
the so-called “MKI cool”.

Commissioning Many of the commissioning procedure
and methodologies used after LS1 have been automatised
and improved during Run II. The main changes have been
regarding the TCDI alignment and validation procedures.
During Run II, automatic alignment scripts have been devel-
oped. This was also tested in HiRadMat.

Regarding the setting validation procedure, an automatic
method was developed. Such a method automatically com-

pares data and tracking simulations evaluating the actual
TCDI jaw position, and hence the protection guaranteed.
A GUI is under development, as well as for the automatic
alignment tool.

Active development is ongoing to improve and automatise
many other commissioning measurements and procedure, e.
g. MKI waveform measurements, etc.

Transfer lines correction strategy
From the discussed studies and observations, a possible

strategy to optimise the LHC availability and improve the
injection quality is proposed. Below the main points pro-
posed:

• Upgrade the “golden trajectory” of both transfer lines
as soon as multi–bunch trains are extracted from the
SPS;

• Perform SVD steering cleaning campaigns periodically
– ideally this could be done every technical stop;

• Foresee two (or up to three) “12 bunches” in every
filling scheme to encourage transfer line steering at
every fill. A further optimisation for this proposal is
to envisage the possibility to dynamically switch to
a filling scheme with only one “12 bunches”, in case
steering is not needed.

Limitations from injection devices post-LS2
MKI Intensity margins for Run III To investigate in-

tensity limitations due to beam induced heating of the MKI’s
ferrite yokes and rings during Run III, analyses combining
electromagnetic and thermal simulations were performed.
The bunch intensity, the bunch length and the total number
of bunches are the main beam parameters that determine
the RF power loss and consequently the heating. Due to the
long thermal time-constants of the ferrite yoke, unknown du-
ration of fills, turnaround time between fills, and the number
of back-to-back high intensity fills, a steady state approach




