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Abstract

Measurements of the transverse beam halo in the Large
Hadron Collider (LHC) provide crucial input for the per-
formance evaluation of the collimation configuration in the
High-Luminosity LHC (HL-LHC) era. Such measurements
are carried out in various phases of the LHC operational
cycle by scraping the beam with movable collimators. Under-
standing the halo population and halo formation mechanisms
is crucial for optimising accelerator performance. Analysis
of collimator scan data allows the evaluation of future needs
for active halo depletion mechanisms at the HL-LHC, or
other ways of mitigating halo-related risks to machine avail-
ability and protection. This contribution analyses the LHC
Run 2 (2015-2018) and Run 3 (started in 2022) measure-
ments using measured bunch-by-bunch beam intensity data.
Different beam parameters are explored by profiting from
upgraded beam parameters in the LHC injector complex.

INTRODUCTION

The CERN Large Hadron Collider (LHC) is a circular ac-
celerator, approximately 27 km in circumference, accelerat-
ing and colliding two proton or heavy-ion beams at energies
of up to 7.0 TeV per beam particle. The LHC was designed
to store a total beam energy of 362 MJ, which has already
been surpassed in Run 3, reaching energies of 435 MJ. Such
high beam intensities can potentially damage the machine
if lost in an uncontrolled manner. Even small losses can
lead to quenching of its superconducting magnets, leading
to interruption of machine operation and loss of operational
efficiency. Therefore, the LHC is protected by a multistage
collimation system [1-3]. Primary (TCP) collimators are di-
rectly exposed to the circulating main beam and are located
in the betatron collimation insertion region IR7 and momen-
tum collimation region in IR3. All other collimators are
retracted from the TCPs. Details on all types of collimators
in the LHC are given in [4, 5].

In the following, we define the ensemble of beam particles
above a transverse amplitude of 3 oy as the transverse beam
halo, where oy is the beam size calculated for the nomi-
nal normalised LHC beam emittance of 3.5 umrad. The
beam halo population in the LHC is usually measured using
collimator scans, where the jaws of a TCP are moved in-
ward in steps. This procedure is a destructive method to the
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beam and requires dedicated beam time and elaborate post-
processing. In the analysis of the scraping data, the fraction
of particles removed as a function of the position of the colli-
mator jaw can be extracted using measurements from beam
current transformers (BCT). Two types of BCT are avail-
able in the LHC: a direct-current transformer (BCT-DC) that
measures the intensity of the entire beam; a fast-response
transformer (BCT-FR) that measures the intensity of each
bunch in the beam. Alternatively, a set of beam loss mon-
itor (BLM) signals can be used to estimate the amount of
protons lost at each collimator step. The BLMs are ionisa-
tion chambers that measure the flux of secondary particles
generated by protons interacting with matter, for example,
when particles are lost in collimators or other accelerator
equipment. The BLM signals close to the collimators, mea-
sured in Gy/s, can be calibrated to obtain absolute proton
loss rates in protons/s [6-9].

Beam measurements in LHC Run 2 (2015-2018) and
Run 3 (started in 2022) have shown that the beam halo pop-
ulation can considerably exceed that of a Gaussian distri-
bution [7, 10], with up to 5% of the total beam intensity
in the beam halo. With the HL-LHC upgrade, the stored
beam energy will be increased to 680 MJ [5]. When scaling
the LHC observations to the HL-LHC, the beam halo could
store up to 35 MJ, with the potential to damage the collima-
tion system during fast failures, such as sudden orbit jitters.
Understanding the population and evolution of the transverse
beam halo in the different phases of the LHC operational cy-
cle is therefore crucial to evaluate the associated risk. In this
article, we compare the LHC halo population measurements
from Run 2 with the Run 3 measurements, the latter carried
out after the LHC Injector Upgrade (LIU) [11] which are
expected to be more indicative of the conditions in HL-LHC.

COLLIMATOR SCRAPING ANALYSIS

For beam-halo measurements with collimator scraping,
horizontal (H) and vertical (V) TCPs in IR7 are used, start-
ing at their nominal position of 5 oy at the top energy of
6.8TeV in LHC Run 2 and 3 [12]. Measurements were
performed with operational physics beams. Before scrap-
ing, the collimator jaws are centred around the beam [13],
and then the TCP jaws are moved closer to the beam centre
in steps of roughly 10 um (~ 0.05 oy) every few seconds.
Measurement opportunities are limited because scraping is
destructive to the beam. Intensity changes derived from the
BCT intensity signal before and after each collimator step
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allow for the calculation of the amount of particles removed
at each position. The cumulative stored halo content is cal-
culated from these signals as a function of the transverse
beam amplitude.

Each collimator is equipped with a BLM. To determine
the number of lost charges, a calibration is applied to the
measured signals of a set of BLMs [6, 14]. Two types of
BLM calibrations, proposed in [9], were studied. One pro-
vides the total lost intensity per second (global calibration)
and the other provides the loss decomposition per plane.
The analysis with both approaches has produced results that
are in very good agreement. The analysis and calibration
process is described in [10, 14].

Comparison of Halo Content in Run 2 and Run 3

The summary of the halo population derived from the
BCT-DC and BLM data, during the halo measurements in
Run 2 and Run 3, is presented in Table 1. The measured halo
is reported at the transverse positions of 3.0 oy and 3.5 o
together with what is expected for a Gaussian distribution.
The halo content exceeds that of a Gaussian in both runs,
although to a lesser extent in Run 3. The data also show a
significant variation in the halo content from fill to fill.

We conclude that a single-halo model cannot comprehen-
sively describe the observed halo. Instead, a method based
on multiple models would be better suited. We consider the
possibilities of constructing the halo based on a model of
the entire beam (sum of all bunches), employing different
probability distributions, or as a bunch-resolved estimation.
The bunch-by-bunch halo measurement results are discussed
in further detail in later sections of this paper.

Table 1: Halo population across Run 2 and Run 3 scraping
tests. The halo, given in percent of the total beam intensity,
is shown at different betatron amplitudes and compared to a
Gaussian distribution (Gauss [%]).

TCP [on] Gauss [%] Run2[%] Run 3 [%]
3.0 0.3 0.2-4.0 02-1.2
3.5 0.05 0.2-2.0 0.05-1.5

Comparison of BLM and BCT Halo Measurements

The halo population obtained from the analysis of the
data collected in a single scraping measurement carried out
during LHC Run 3 is shown in Figure 1. It corresponds to
a horizontal scraping of LHC Beam 1 (B1). The halo pop-
ulation calculated from the BCT signal is coloured purple,
and from the BLM global calibration is coloured blue. The
Gaussian distribution corresponding to the nominal emit-
tance ey is drawn as a solid red line, while the Gaussian
corresponding to the emittance value measured during this
measurement (1.5 umrad) is drawn as a dashed red line. The
uncertainty of the BCT signal is evaluated from the minimal
and maximal signals observed at every collimator position.
The uncertainty of the BLM signal is propagated from the
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calibration error and the noise of the BLM signal without
beams.
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Figure 1: Halo population as a function of the amplitude

from the bunch centre in B1H, during a scraping measure-

ment of Run 3 fill 8387.

Comparing the BCT and BLM based halo estimates, we
can see that at high transverse amplitudes and low beam
intensities, the BCT-based estimate is noisier than that based
on the BLM signal. This can be explained by the sensitivity
of the BLMs being 4 orders higher than that of the BCT [10].
This observation is important for HL-LHC related measure-
ments. In the HL-LHC configuration, the TCP half-gap will
potentially be set at 8.5 oy, [15] (with the HL-LHC nor-
malized emittance of ey, = 2.5 um), which is beyond the
amplitudes probed in the measurements performed so far. In
these transverse regions, we expect smaller halo populations,
such that only BLM-based measurements could be used.

In conclusion, the estimate of the halo content is consistent
between the two methods employed when applied in regions
with sufficient beam intensity. The same conclusion was
drawn from the remaining measurements throughout Run 2
and Run 3, which are not presented in detail here.

Bunch-by-bunch Halo Reconstruction

The halo population can be reconstructed for each bunch
in a similar manner by using the bunch-sensitive BCT-FR
signal. In Fig. 2, the halo content above 3.5 o of each bunch
is shown as a function of the bucket slot for a high-intensity
fill in Run 3. The depicted halo population varies across the
bunch trains, showing a consistent pattern with lower halo
content at the head of each train and an increase toward the
tail of the train.

Following these findings, it was hypothesised that bunches
with a larger halo population could have larger initial emit-
tances. To study a potential correlation, the bunch-by-bunch
emittance before collimator scraping, measured with the
beam synchrotron radiation telescope (BSRT) [16], was com-
pared with the bunch-halo population for all available Run 3
measurements (Run 2 BSRT emittance data are not avail-
able). A weighted linear regression analysis was performed
and the Pearson correlation coefficient was calculated, using
the Python Statsmodels package [17]. The weight of the
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Figure 2: Measured B1H halo content for individual bunches
during the Run 3 high-intensity fill 8387 at the final position

of the TCP of 3.50 as a function of the bucket number.

fit was given as the intensity of the bunch before scraping,
normalised to the highest intensity of the bunch across the
bunches 1,,,.,/max(Ip,,.cn)-

Figure 3 shows the results of this analysis for selected
halo measurements in LHC Run 3, performed after several
hours of stable (colliding) beams. One measurement with
1200 bunches (Fill 8313, non-colliding) and 2462 bunches
(Fill 8387, colliding), both with 25 ns bunch spacing and at
B* = 30cm [18]. The colour reflects the intensity of the
bunch. The results of the analysis are summarised in Table 2
for the four cases with the strongest and weakest correlation
identified. The table shows the intercept value a, slope S,
p value and R? of the linear regression, and the Pearson
correlation coefficient p (unweighted, thus different from

VR2 presented here).

Table 2: Results of regression analysis: intercept a, slope 3,
p-value, and R? value of the regression fit, and the Pearson
correlation coefficient p.

Fill Plane|a [%] B [%pm™] p R | p
g3y3 BIH|[-294 2.66 <1073 0.72]0.87
B2H | -0.53 0.35 <1073 0.39]0.62
g3g7 BIH | 0.64 0.27 <1073 0.04{0.22
B1V | 0.29 0.18 <1073 0.04]0.19

For the measurement in Fill 8313 (see Fig. 3, top) a strong
correlation of p = 0.87 was found between the measured
halo content and the transverse emittance in B1H. For B2H,
a moderate correlation of p = 0.62 was found. For these ex-
amples, linear regression seems to describe the relationship
very well. It should be noted that the slope of the regression
lines for B1H and B2H is different by almost one order of
magnitude, indicating that the degree to which the halo con-
tent varies with the emittance can be very different, even if
a strong correlation is observed. As another example, for
Fill 8387 (see Fig. 3, bottom), a weak correlation was found
between the initial emittance and the halo content, both for
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Figure 3: Measured halo content vs. bunch emittance before

scraping measured for different planes and beams in Run 3

(Fill 8313 (top) and Fill 8387 (bottom)).

B1H (p = 0.22) and B1V (p = 0.19). Although a similar
B was found as in B2H for Fill 8313, the linear model has
much less explanatory power. Clear conclusions cannot be
drawn, as while in some cases the bunch emittance and the
halo seem to be correlated, in other cases the correlation
is weak. We plan to perform a deeper analysis and expect
further insights from future measurements.

CONCLUSIONS

The presented results of Run 3 halo measurements align
with previous reports of halo overpopulation. Based on the
strong variation of the measured beam halo from fill to fill,
more complex halo models than the previously employed
double Gaussian model will be explored [19].

The bunch-resolved halo analysis revealed new findings.
The halo population was shown to vary from one bunch to
another and exhibits a pattern along the bunch trains. Our
attempts to explain the pattern by differences in bunch emit-
tance have not resulted in a clear conclusion. In some cases,
the halo is indeed correlated with the initial bunch emit-
tance, while for other cases the correlation was weak. More
measurements and analyses are needed before a definitive
conclusion can be drawn on this matter.
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