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Abstract

The Large Hadron Collider (LHC) has eight insertion re-
gions (IRs) which house the large experiments or accelerator
equipment. These IRs are interconnected with the arc sec-
tions consisting of a periodic magnet structure. During the
operation of the LHC small amounts of the beam particles
are lost, creating prompt radiation fields in the accelerator
tunnels and the adjacent caverns. One of the main loss mech-
anisms in the LHC arc sections is the interaction of the beam
particles with the residual gas molecules. The analysis of
the dose levels based on the beam loss measurement data
shows that the majority of the measurements have similar
levels, which allow to define baseline values for each arc
section. The baseline levels decreased during the years 2015,
2016 and stabilised in 2017 and 2018 at annual dose levels
below 50 mGy, which can be correlated with the residual
gas densities in the LHC arcs. In some location of the arcs
radiation spikes exceed the base line by more than two orders
of magnitude. In addition to the analysis of these dose levels
a novel approach of identifying local dose maxima and the
main driving mechanisms creating these radiation spikes
will be presented.

INTRODUCTION

The Large Hadron Collider (LHC) at the European Orga-
nization for Nuclear Research (CERN) is a circular collider
with a total circumference of almost 27 km, where two copla-
nar particle beams are accelerated and, in the centres of the
four large experiments (ALTAS, ALICE, CMS and LHCb),
collided [1]. Its operation leads to small but continuous
beam losses, that result in mixed field radiation. Therefore,
electronic equipment located close to the accelerator might
be affected through both single event effects (SEEs) and
cumulative effects, i.e. displacement damages and Total Ion-
ising Dose (TID). Consequently, the equipment failures may
induce the interruption of the LHC operation, thus decreas-
ing overall accelerator performance.

LHC Layout

The experiments are located in the 4 Long Straight Sec-
tions (LSSs). In total LHC contains 8 LSSs, where remain-
ing 4 constitute essential accelerator systems (collimators,
radio-frequency cavities or beam dump). The LSS are en-
closed by Dispersion Suppressor (DS) sections. Together
they form the Insertion Regions (IRs). The IRs are intercon-
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nected with the arc sections where the magnets are periodi-
cally arranged and the beam is being bent and focused. In the
LHC it is accomplished using a FODO structure consisting
of focusing quadrupole magnet followed by three bending
dipole magnets, defocusing quadrupole and another three
bending magnets. A schematic structure is illustrated in
Fig. 1.

The LHC is organized in small subsections that are called
half-cells. The arc section starts in the 12 half-cell of an
IR and ends in the 12 half-cell of the next IR [2], e. g. arc
45 spans between two DSs: the right of IR 4 and the left of
IR 5. An arc half-cell contains the half of the FODO cell.

Main Beam Loss Mechanisms

Various beam loss mechanisms are present during the
beam’s circulation in the LHC. With the focus on the con-
tinuous losses, the major expected one can be determined,
depending on the location in the accelerator. In the experi-
mental IRs collision debris is produced as a result of particle
interactions. It has strong forward momentum, resulting
in high radiation levels downstream of the experiments [3].
These losses scale with the luminosity of the nearby ex-
periment. In order to protect the machine from deviating
particles, dedicated collimation regions are inserted to stop
the particles which exceed the acceptance of the LHC. Parti-
cles with too large betatron oscillations are stopped in IR7
and particles with a too large energy deviation are stopped
in IR3. The analysis showed that under the same operational
conditions, these losses scale with the integrated beams in-
tensity. This paper focuses on the arc sectors, where the
dominating expected beam loss mechanism is the scatter-
ing of the beam on residual gas molecules in the vacuum
chamber. With the same operational conditions these losses
scale with the residual gas density, which is considered to be
constant along the arc section, and integrated beam intensity.

TID Monitoring in the LHC

The beam loss monitoring system was developed at CERN
to prevent the damages of accelerator components and mag-
net quenches. It consists of more than 3600 Beam Loss Mon-
itors (BLMs), i.e. ionisation chambers filled with nitrogen
gas, distributed around the LHC in the critical locations [4].
Thanks to the exact calibration of the BLMs, through the ded-
icated processing [5], this system can be additionally used
for TID measurements. In the arc sections the installation
pattern of the BLMs reflects the periodic magnet arrange-
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“Figure 1: Schematic representation of the LHC ARC FODO
5 cell with the BLMs locations (yellow rectangles). MQ de-
o hotes quadrupole magnets whereas MB(B/A) dipole ones.
f There are six different locations (BLM families) of BLMs
g with respect to the half-cell: 4 in the beams plane (B1_10,
'§B1_30, B2_10, B2_30) and 2 on top of the interconnec-
gtion between dipole magnets (BOT10, BOT20). Grey colour
2 letters vary depending on the half-cell.
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ment. As presented in Fig. 1, each ARC half-cell contains 6
BLMs at different locations which are periodically repeated.

DOSE LEVELS IN THE ARC SECTIONS

We carried out a detailed analysis of the TID levels during
4 the proton-proton (p-p) operation in the arc sections of the
LHC. It was confirmed that both the dose level and time evo-
§ lution for majority of the monitors within one BLM family
: were similar. Based on this fact we defined the baseline dose
= = level as an averaged TID within one BLM family in the arc
: sector caused by the interactions of the beams with residual
5 gas. Losses for the baseline BLMs scale with both residual
H gas density and time integrated beam intensity.
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Nonetheless, unexpectedly in some locations the dose
S levels exceeded the baseline by more than two orders of
amagmtude. For these spikes, the major beam loss mechanism
= was not anymore the beam-gas interaction. The causes are
8 being studied in detail. In most cases they are brought about
B/as a result of the luminosity production in the experiments.
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The detailed studies showed that the annual baseline TID
u levels for the p-p operation are low, i.e. below 100 mGy
£ (Gy in nitrogen). In Run 2 the maximum values (among
S BLM families and arc sectors) of annual baseline TIDs were
E following: 2015 — 77 mGy, 2016 — 99 mGy, 2017 — 49 mGy,
2201834 mGy. The levels normalised with the integrated
£ beams intensity were decreasing in the years 2015-2017 and
< S remained similar in 2018 (for all arc sections apart from 12).
; Moreover, the levels in 2018 were comparable among all
0;the arc sections for a given BLM family. We analysed not
g only annual TID baseline levels but also their evolution. An
zexample of such is depicted in Fig. 2. For all arc sectors, until
E the mid-2017, a nonlinear behaviour can be observed, which
8 would have not been the case if the residual gas density had
.« been constant. Since the slope of the trace was decreasing,
= residual gas density had to decrease as well. Provided that
S interaction with the residual gas was the major beam loss
E mechanism, it can be concluded that a conditioned state of
% vacuum has been achieved in late 2017.

© THPRB083
of
4010

IPAC2019, Melbourne, Australia

JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPRBO83

200

B1_10

150 4

100 A

TID (mGy)

50 A

Integrated intensity (ps) le22

Figure 2: An example of the baseline TID level evolution
(obtained as a non-spike TID averaged over one BLM family
[5]) in Run 2 for the arc section 45. The evolution and dose
levels are comparable for all arc sections.

Critical Locations

The least radiation tolerant electronics presently installed
in the LHC arcs has an estimated annual TID budget of a
few tens of Gy, which is well above the baseline dose levels.
However, the analysis showed that in the spike locations
the TIDs can get close to the radiation budget. Therefore,
it is critical to detect all the anomaly locations where the
radiation is higher than expected. Based on the distribution
of annual TIDs we selected the spike candidates [5]. In Run
2 in some locations the baseline dose levels were exceeded
by more than two orders of magnitude, e.g. as presented in
Fig. 3 for the arc sector 45. In this arc the majority of spikes
appeared in beam 2, that is outgoing from the experiment
located at IRS, and could be observed only during collisions.

Most of the spikes show dynamic behaviour, vanishing
or appearing from year to year. The detection based on the
annual TIDs is not sufficient in terms of effective prevention
of radiation induced failures, thus the new algorithm of the
evolution analysis has been developed. TID evolution for
each spike candidate was compared with the baseline evolu-
tion for the respective BLM family. Discrepancies between
both evolutions indicate time period of the anomaly occur-
rence. Applying the filtering by the beam mode [6] it was
possible to retrieve evolution for specific accelerator state,
e.g. collisions. Comparing the baseline evolution with the
spike evolution allows to narrow down the set of accelera-
tor settings that could drive the spike. Evolution analysis
follows the LHC operation on the daily basis, enabling the
discrepancies detection just after their occurrence. Conse-
quently, if necessary, the mitigation interventions can be
planned and performed more efficiently.

An insight of the spikes dynamics is presented in Fig. 4.
The TID evolution for spikes in the half-cells: 23R4, 29R4
and 33L5 was separated for beam modes that involve beam
collisions and the ones that do not. All of them are related
to the same BLM family — beam 2, position 30. The dis-
crepancies between the spike and corresponding baseline
evolutions can be observed only for collision beam modes,
indicating that the spikes are caused by change of machine
settings needed for collisions or by collisions themselves
(particle debris). In 2015 none of these spikes were ob-
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Figure 3: Annual dose levels in the Run 2, in the arc section
45. In each half-cell only side BLM with the highest TID is
plotted.

served. Then, in 2016 two of them — 23R4, 29R4 appeared,
but their evolution was not analogous. The growth of the
spike in the half-cell 23R4 decreased since the beginning
of September 2016, as opposed to the spike in the half-cell
29R4. In 2017 the spike in the half-cell 23R4 vanished, how-
ever new one appeared in the half-cell 33L5. Afterwards in
2018, losses for both spikes (29R4, 33L5) increased with
respect to the year 2017.

In the years 2015, 2016 and 2018, the LHC was operated
also with Pb ions but the runs were shorter (about 15% of an
annual beam present-time) and the intensities were reduced
(approximately by 4 orders of magnitude [2]). Therefore as
expected, the baseline TID levels were lower with respect to
the p-p operation. However, the spike pattern was different
and just a couple of them appeared in the same locations as
during p-p operation. Only in a few cases spikes exceeded
TID levels of 1 Gy in 2015 and 2016. The ion run 2018
brought some new anomalies. We identified position-wise
symmetric spikes at both sides of the ALICE experiment
(IR 2), in the half-cells: 16,14 and 12; with the TIDs up to
44 Gy. They occurred only in the experiment’s outgoing
beams. Additionally, some spikes arose in the half-cells:
18L3, 13L5, 13R7, 16R8; having the TID ranging from 3 to
6 Gy. Despite shorter operation, the TIDs for these spikes
exceeded the TID levels of the p-p 2018 operation at these
positions by up to a factor 100. These levels imply increased
risk of radiation damages in the nearby electronics.
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Figure 4: TID evolution over integrated beam intensity for
spikes in half-cells: 23R4, 29R4 and 33L5. The evolution
has been split into two traces — first involving only collision
beam modes, second involving the rest of beam modes.

The majority of the spikes in Run 2 occurred when the
beams were collided, hence the discrepancies with baseline
can be observed only for collision beam modes. Further-
more, the evolution might be spilt into each of beam modes,
narrowing the candidates for the causes. It is also possible
to classify spikes into groups that shares similar behaviour,
hence to find correlations and symmetries in the LHC loss
patterns.

CONCLUSION

We performed a comprehensive analysis of the TID levels
in the arc sections of the LHC. The baseline TID levels were
low, and in terms of TID damages, they were not danger-
ous for arc electronics. However, the localised anomalies
can exceed the baseline TIDs by more than two orders of
magnitude. The dynamism of their evolution implies that
continuous monitoring is critical. The developed algorithm
of the spikes analysis provides a powerful tool not only for
the spikes detection and monitoring, but also for the cause
studies. Through the comparison of the spike with the re-
spective baseline evolution the investigations are unbiased
by the accelerator parameters that affected losses in general,
and therefore the focus can be only on the spike itself. Some
LHC ARC half-cells are equipped with the dedicated radia-
tion monitors (RadMons). Before Run 3, we plan to integrate
them into the real-time radiation monitoring, that together
with FLUKA simulations, will enable dose evaluation at
equipment locations. Therefore, the preventive maintenance
will be easily anticipated, resulting in an improvement of
the LHC availability.
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