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Abstract
Harmonics of the mains frequency (50 Hz) have been
systematically observed in the form of dipolar excitations
in the transverse beam spectrum of the Large Hadron Collider (LHC) since the beginning of its operation. The power
supply ripple, consisting of both fundamental and higher
frequency components, is proven not to be the result of
an artifact of the instrumentation systems with which they
are observed. Potential sources of the perturbation have
been identified through systematic analysis and experimental
studies. Single-particle tracking simulations have been performed including a realistic power supply ripple spectrum,
as acquired from experimental observations, to demonstrate
the impact of such noise effects on beam performance.

INTRODUCTION
Since the start of the Large Hadron Collider (LHC) operation, harmonics of the mains power frequency (50 Hz) in the
form of dipolar excitations have been perturbing the transverse beam spectrum. Similar observations of power supply
ripple, including high-order harmonics, have also been reported in the past by several other accelerators such as the
Relativistic Heavy Ion Collider (RHIC) and the Tevatron [1–
4]. The presence of such perturbation may degrade the accelerator’s performance by acting as an additional diffusion
mechanism through the excitation of specific resonances.
Together with the other resonances excited by the lattice
non-linear fields and the beam-beam interactions, this effect
can prove detrimental to the beam lifetime.
To this end, identifying the origin of the perturbation
and applying mitigation measures is of paramount importance, especially for the High-Luminosity LHC (HL-LHC)
era where a good understanding and control of all the beam
degradation mechanisms is necessary, as unprecedented values of integrated luminosity are envisaged [5]. The present
paper summarizes the main findings, which provide evidence
that the 50 Hz harmonics correspond to real beam excitations
rather than being an artifact of the instrumentation systems.
It furthermore presents the dedicated experiments and measurements performed to identify their origin and illustrates
the simulation analysis used to evaluate their impact on the
beam lifetime. A thorough analysis of the 50 Hz harmonics
in the LHC can be found in [6, 7].
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The presence of a series of 50 Hz harmonics in the beam
signal has been confirmed with measurements with several independent instruments. One of these instruments
is the transverse Observation Box (ADTObsBox) which provides bunch-by-bunch and turn-by-turn calibrated position
measurements [8–10]. The high-sampling rate allows the
spectrum to be computed in a broad high-frequency range.
Thanks to the calibrated metric of the turn-by-turn data used
to compute the spectrum, the amplitude of each harmonic
can be extracted.
Figure 1 shows the beam spectrum for the horizontal plane
of Beam 2 as computed with the data obtained from the
ADTObsBox for a frequency range up to 10 kHz. Two
regimes of interest are identified: a cluster of 50 Hz harmonics extending up to 3.6 kHz (blue), referred to as the
low-frequency cluster, and another regime with spectral components around 7-8 kHz (yellow), namely the high-frequency
cluster. Based on the fact that the LHC revolution frequency,
hence the sampling frequency, is not an exact multiple of
50 Hz (11.245 kHz), it can be seen that both clusters consist
of 50 Hz harmonics and not aliases that could arise from the
sampling of the data. Higher amplitudes of the harmonics
in the high-frequency cluster are observed. Similar observations have been collected for both beams and planes.

Figure 1: The horizontal spectrum of Beam 2 extending up
to 10 kHz using the bunch-by-bunch and turn-by-turn data
of the ADTObsBox. The low and high-frequency clusters,
both consisting of 50 Hz harmonics, are illustrated with blue
and yellow shaded areas, respectively.
Several observations confirm that the observed beam excitation is not an artifact of the instrumentation system. First,
the harmonics are visible in several unrelated instruments
and a comparison between the spectra before and after the
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Figure 2: The amplitude evolution of the ℎ=12 harmonic
observed on the beam spectrum (black) when changing the
phase advance between IP1 and IP5, as indicated by the
change of quadrupole current (red), while the tune is kept
constant.
As a complement to the amplitude-based observations, the
phases of the 50 Hz reveal additional information concerning
their nature. Figure 3 presents the dephasing of a high-order
harmonic (ℎ=156) as a function of the train number in the
accelerator for two pickups, Q7 (blue) and Q9 (green). The
two pickups are located at a relatively close distance with
respect to each other so that no other noise perturbation is
likely to be present in between them (e.g. no main dipole
magnets). The phase difference between the signal of the
two pickups (Δ𝜙=113.78 degrees) is in agreement with the
betatronic phase advance for the collision optics (Δ𝜇=110
degrees). Similar observations were collected for the majority of the 50 Hz harmonics. All the previous observations
confirm that the 50 Hz harmonics are a feature seen by the
beam and not an artifact of the instrumentation system.
The 50 Hz harmonics are visible in both beams, all beam
modes and all fills. Changes in the betatron tune do not
impact their frequency, which reveals the dipolar nature of
the source, as the presence of quadrupolar field errors would
lead to the appearance of sidebands around the tune. Further-
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Figure 3: The dephasing of the ℎ=156 harmonic as a function
of the train number, hence the bunch position in the beam,
for two closely separated pickups Q7 (blue) and Q9 (green).
The phase difference of the ripple between the two pickups
(Δ𝜙=110 degrees) matches the betatronic phase advance.

more, Fig. 4 illustrates a comparison between the horizontal
(magenta) and vertical (cyan) spectra of Beam 1 (left) and
Beam 2 (right). A comparison of the amplitudes, normalized
to the beam size, shows that the harmonics mainly impact the
horizontal plane, an effect that is compatible with a dipole
field error, while the attenuated perturbation in the vertical
plane appears to be the result of transverse coupling. The
maximum amplitude of the perturbation in the horizontal
plane corresponds to 10−3 𝜎. An asymmetry in the amplitudes of the 50 Hz between Beam 1 and 2 is systematically
observed, with Beam 1 being more impacted by a factor of
two.

Figure 4: The spectrum in the horizontal (magenta) and
vertical (cyan) plane at collisions for Beam 1 (left) and 2
(right), normalized to the beam size.

DEDICATED EXPERIMENTS AND
MEASUREMENTS
All the parasitic observations collected during the operation of the accelerator revealed the dipolar nature of the
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dump of the beam shows that they are visible only in the
presence of the beam, which is a first indication that they do
not emerge from instrumentation noise.
Secondly, modifications in the beam or machine configuration, such as changes in the betatron phase advance, tune
and beam energy have a direct impact on the amplitude evolution of the harmonics on the beam. Specifically, Fig. 2
depicts the response of the ℎ=12 harmonic (≈600 Hz) when
the horizontal betatronic phase advance between Interaction
Point (IP) 1 and 5 is modified within a range of ± 20 degrees while maintaining a constant tune. The current of the
quadrupole trimming the phase scan is shown (red) together
with the amplitude evolution of the 600 Hz line (black). The
clear correlation between the betatron phase and the amplitude of the harmonics confirms that this harmonic is not
caused by an instrumental effect.

ϕ 7.8 kH ϕdeg. )
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source. To determine the exact origin of the perturbation,
simple modifications to the configuration of the eight Silicon
Controlled Rectifier (SCR) power supplies of the main LHC
dipoles were applied. In particular, the active filters of the
main dipole power supplies, responsible for the attenuation
of the 50 Hz harmonics ripple, were enabled and disabled
sector-by-sector during dedicated experiments [11–13]. At
the same time, measurements of the beam’s spectrum were
collected and analyzed.
Figure 5 presents the amplitude evolution of the ℎ=12
harmonic (top) in Beam 1 (blue) and 2 (red) when the active
filters are switched on and off. The status of the active
filters is also depicted (bottom) color-coded with the sector
number. The abrupt changes in the amplitude of the 600 Hz
line when the filter status is changed provides evidence that
the eight power supplies of the main dipoles contribute to the
perturbation and the ripple is, thus, propagating across the
whole accelerator. This correlation is established for all the
harmonics in the low-frequency range (<3.6 kHz). However,
no clear impact was observed in the harmonics of the highfrequency cluster during these tests. It must be noted that the
active filters cover a lower range of harmonics and they do not
act on the high-frequency part of the spectrum. In addition,
although common power supplies are used for Beam 1 and 2,
a different behavior is observed between the two beams when
the status of the active filters is modified due to their different
betatronic phase advance along the arcs with respect to the
observation point.
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identifying its origin lies in the fact that the high-frequency
cluster components are expected to have a more important
impact on the beam performance as indicated by the simulations reported in the next section. Possible ripple sources
such as the Uninterruptible Power Supply (UPS) system are
currently being investigated.
Preliminary measurements in a spare LHC UPS system
were performed to identify whether the UPS output voltage
spectrum is a possible source of the high-frequency cluster.
Figure 6 presents the UPS output voltage spectrum in the
normal mode of operation (blue), i.e. a configuration similar
to the one used during operation with beam. The environmental and instrumentation noise was also measured (black).
A zoomed view of the spectrum (light blue box) shows that
the UPS voltage spectrum consists of several 50 Hz harmonics around the switching frequency of the inverter and its
first harmonic (4 and 8 kHz, respectively). Therefore, the
UPS spectrum contains 50 Hz harmonics in a regime that
corresponds to the high-frequency cluster observed on the
beam spectrum and further studies reveal that they depict a
similar signature to the one observed on the beam. However,
additional studies are necessary in the next LHC Run (from
2022) to determine whether there is a correlation between
the UPS and the high-frequency cluster and to identify the
exact coupling mechanism of the noise to the beam.

Figure 6: The UPS output voltage spectrum in normal operation (blue) and due to environmental noise (black). A
zoomed window (light blue box) depicts the harmonics
present in the UPS spectrum coinciding with multiples of
50 Hz (gray lines).
Figure 5: Amplitude evolution of 600 Hz line (top) in Beam
1 (blue) and 2 (red) during the experiments with the active
filters of the main dipole power supplies. The status of the
eight active filters, color-coded with the sector number, is
also illustrated (bottom).
Concerning the high-frequency cluster, the exact origin
has yet to be identified, although many similarities are observed with the low-frequency cluster. The importance of

IMPACT ON THE BEAM PERFORMANCE
Tracking simulations are performed to evaluate the impact of the 50 Hz harmonics in terms of tune diffusion and
beam lifetime. Using the single-particle element-by-element
tracking code SixTrack [14, 15], a distribution of particles is
tracked in the LHC lattice including strong non-linearities,
such as head-on and long-range beam-beam interactions.
The simulated conditions correspond to the start of colli-
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Table 1: The LHC parameters at Top Energy Used in the
Tracking Simulation That Correspond to the Start of Collisions
Parameters (unit)
Beam energy (TeV)
Bunch spacing (ns)
RMS bunch length (cm)
Bunch population (protons)
Normalized emittance (𝜇m rad)
Chromaticity
Octupole current (A)
IP1/5 Half crossing angle (𝜇rad)
IP1/5 𝛽∗ (cm)
Relative momentum deviation 𝛿 𝑝/𝑝

LHC (values)
6.5
25
7.5
1.25 × 1011
2.0
15
550
160
30
27×10−5

sions. Table 1 presents a summary of the most important
parameters.
A modulated dipole is used to simulate the power supply
ripple spectrum including the 40 largest 50 Hz harmonics
from both the low and high-frequency clusters. The applied
kick at each frequency is selected such that the offsets observed experimentally in the transverse beam spectrum are
reproduced in the simulations. Based on the observations of
the previous section, the power supply ripple is distributed
across the whole LHC ring. An accurate representation
of the power supply ripple propagation across all the LHC
dipoles requires a model of the transfer function for all the
frequencies present in the spectrum. However, an accurate
model of the LHC dipoles as a transmission line for such
high frequencies is not available at the moment. Therefore,
a simplified model is used where all the noise sources are
lumped in a single location and the power supply ripple
spectrum observed experimentally is reproduced.
Frequency Map Analysis (FMA) [16–19] is used to depict
the increase of tune diffusion due to the power supply ripple.
A distribution of particles is tracked for a specific number
of turns (104 ) and the turn-by-turn data are divided into twotime intervals. The tune of each particle is computed at each
time interval and the variation of the tune between these
two-time intervals defines the tune diffusion.
Figure 7 illustrates the frequency maps (left panel) and
the initial configuration space (right panel) in the absence
(top) and in the presence of the 50 Hz harmonics (bottom),
color-coded with the logarithm of the tune diffusion. The
resonances excited due to the non-linear fields such as beambeam interactions and magnet non-linearities are depicted
in gray. Including the dipolar perturbations, the strength
of some of the resonances is enhanced, while additional
resonances are excited in a location equal to the excitation
frequency (green) or its alias (purple) in the horizontal plane.
The increase of tune diffusion in the configuration space
illustrates that both the core and the tails of the distribution
are affected.

Figure 7: Frequency map (left panel) and initial configuration space (right panel) in the absence of power supply ripple
(top) and including a realistic 50 Hz spectrum (bottom). The
color-code illustrates the tune diffusion, the nominal resonances and the additional resonances excited due to power
supply ripple are also presented (gray and purple/green, respectively).

To compute the degradation of the beam lifetime due to the
power supply ripple, simulations with realistic beam distributions are performed. Experimental observations indicate that
the tails of the LHC bunch profiles have overpopulated and
underpopulated tails in the transverse and longitudinal plane,
respectively, compared to a normal Gaussian distribution.
For an accurate description of the simulated bunch profiles,
a weight is assigned in the post-processing depending on
the amplitude of each particle as derived by the Probability
Density Function (PDF) of a q-Gaussian distribution with
𝑞=0.88 and 1.15 for the longitudinal and transverse plane,
respectively [20, 21].
Figure 8 presents the intensity evolution for a duration of
106 turns, corresponding to 90 seconds of LHC operation,
in the absence of power supply ripple (black) compared to
the cases when including the spectrum of Beam 1 (blue)
and 2 (red). As the amplitudes of the 50 Hz harmonics observed in Beam 2 are lower by approximately a factor of two
compared to Beam 1, an asymmetry between the lifetime
of the two beams is observed. To quantify this effect, a fit
of the intensity evolution in each case is applied. Starting
from a beam lifetime of 28.4 h, the lifetime is reduced to
22.3 and 27.4 for Beam 1 and 2, respectively. Additional
studies show that the main contributor to the reduction of the
beam intensity is the high-frequency cluster. An asymmetry
between the lifetime of the two beams has been observed
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during the whole duration of Run2 and the simulations indicate that, amongst other mechanisms, the 50 Hz harmonics
can contribute to this effect.
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during the next operation of the accelerator will provide
more insight into the present research and the possibility
of identifying and applying mitigation measures for their
suppression.

REFERENCES
[1] P. Cameron, M. Gasior, R. Jones, and C. Tan, “The
effects and possible origins of mains ripple in the vicinity of the betatron spectrum”, Brookhaven National
Lab.(BNL), Upton, NY (United States), Tech. Rep.,
2005.

Figure 8: Intensity evolution in the absence of noise (black),
including the power supply ripple spectrum observed in
Beam 1 (blue) and 2 (red) and the fit used to compute the
beam lifetime (green).

SUMMARY
The present paper summarized the main findings concerning the 50 Hz harmonics that have been observed across
several unrelated instruments in the transverse LHC beam
spectrum since its commissioning. Two regimes of interest have been identified in frequency domain, namely the
low-frequency cluster extending up to 3.6 kHz and the highfrequency cluster located around 7-8 kHz. Both regimes
correspond to actual beam oscillations and the possibility
of an instrumentation artifact has been excluded based on
several beam observations. Both regimes consist of 50 Hz
harmonics and not alias frequencies.
By changing the status of their active filters and observing
the impact on the beam, it was shown that the eight SCR
power supplies of the main dipoles are the origin of the lowfrequency cluster. It is the first time that such a correlation
has been demonstrated in the LHC. Concerning the highfrequency cluster, the exact underlying mechanism has not
been clearly identified and other systems are currently being
investigated such as the UPS and the transverse damper.
Single-particle tracking simulations including realistic
power supply ripple spectra as acquired by experimental observations indicate that the presence of the harmonics results
in increased tune diffusion and eventually to the degradation
of the beam lifetime. It was found that the high-frequency
cluster is the main contributor and that the asymmetry in
the power supply ripple spectrum of Beam 1 and 2 can contribute to the lifetime asymmetry observed in operation. It
must be noted that a simplified model was used where all
the noise sources were lumped in a single location and further studies are needed for an accurate model of the ripple
transfer function across the LHC ring.
Based on the observations collected in Run2, the 50 Hz
harmonics are also expected to be present in the future operation of the accelerator. Additional studies and measurements

[2] P. Cameron, M. Gasior, R. Jones, and C. Tang, “Observations of direct excitation of the betatron spectrum by
mains harmonics in RHIC”, Brookhaven National Laboratory (BNL) Relativistic Heavy Ion Collider, Tech.
Rep., 2006.
[3] C.-Y. Tan, “Novel Tune Diagnostics for the Tevatron”,
in Proc. 21st Particle Accelerator Conf. (PAC’05),
Knoxville, TN, USA, May 2005, paper TOAD002,
pp. 140–144.
[4] V. Shiltsev, G. Stancari, and A. Valishev, “Ambient
betatron motion and its excitation by “ghost lines” in
Tevatron,” Journal of Instrumentation, vol. 6, no. 08,
p. P08002, 2011. doi:10.1088/1748-0221/6/08/
p08002
[5] G. Apollinari et al.,“High-Luminosity Large
Hadron Collider (HL-LHC),” CERN Yellow Rep. Monogr., vol. 4, pp. 1–516, 2017.
doi:10.23731/CYRM-2017-004
[6] S. Kostoglou, G. Arduini, Y. Papaphilippou,
G. Sterbini, and L. Intelisano, “Origin of
the 50 hz harmonics in the transverse beam
spectrum of the large hadron collider,” Phys.
Rev. Accel. Beams, vol. 24, p. 034001, 2021.
doi:10.1103/PhysRevAccelBeams.24.034001
[7] S. Kostoglou, G. Arduini, Y. Papaphilippou, G. Sterbini, and L. Intelisano, “Impact
of the 50 hz harmonics on the beam evolution of the large hadron collider,” Phys.
Rev. Accel. Beams, vol. 24, p. 034002, 2021.
doi:10.1103/PhysRevAccelBeams.24.034002
[8] L. R. Carver et al., “Usage of the Transverse Damper
Observation Box for High Sampling Rate Transverse Position Data in the LHC”, in Proc. 8th Int.
Particle Accelerator Conf. (IPAC’17), Copenhagen,
Denmark, May 2017, pp. 389–392. doi:10.18429/
JACoW-IPAC2017-MOPAB113
[9] M. Ojeda Sandonís et al., “Processing High-Bandwidth
Bunch-by-Bunch Observation Data from the RF and
Transverse Damper Systems of the LHC”, in Proc.
15th Int. Conf. on Accelerator and Large Experimental

TUAC2
174

Beam Dynamics in Rings

Physics Control Systems (ICALEPCS’15), Melbourne,
Australia, Oct. 2015, pp. 841–844. doi:10.18429/
JACoW-ICALEPCS2015-WEPGF062
[10] M. Söderń, G. Kotzian, M. Ojeda Sandonś, and
D. Valuch, “Online Bunch by Bunch Transverse Instability Detection in LHC”, in Proc. 8th Int. Particle Accelerator Conf. (IPAC’17), Copenhagen, Denmark, May 2017, pp. 397–399. doi:10.18429/
JACoW-IPAC2017-MOPAB117
[11] A. Verweij et al., “Performance of the Main Dipole
Magnet Circuits of the LHC during Commissioning”,
in Proc. 11th European Particle Accelerator Conf.
(EPAC’08), Genoa, Italy, Jun. 2008, paper WEPD029,
pp. 2473–2475.
[12] O. S. Brüning, P. Collier, P. Lebrun, S. Myers, R. Ostojic, J. Poole, and P. Proudlock, “Power converter
system,” in LHC Design Report, ser. CERN Yellow
Reports: Monographs, Geneva: CERN, 2004, pp. 275–
307. https://cds.cern.ch/record/782076
[13] J.-P. Burnet, “Test results of RPTE LHC thyristor rectifier with active filter,” 2019, unpublished.
http://sixtrack.web.cern.ch/
[14] SixTrack,
SixTrack/, 2019, accessed: 2019-11-26.
[15] R. De Maria et al., “SixTrack Project: Status,
Runtime Environment, and New Developments”, in
Proc. 13th International Computational Accelerator
Physics Conference (ICAP’18), Key West, Florida,
USA, Oct. 2018, pp. 172–178. doi:10.18429/
JACoW-ICAP2018-TUPAF02

HB2021, Batavia, IL, USA

JACoW Publishing

doi:10.18429/JACoW-HB2021-TUAC2

[16] Y. Papaphilippou, “Detecting chaos in particle accelerators through the frequency map analysis method,”
Chaos: An Interdisciplinary Journal of Nonlinear Science, vol. 24, no. 2, p. 024412, 2014. doi:10.1063/
1.4884495
[17] J. Laskar, “Introduction to frequency map analysis,”
in Hamiltonian systems with three or more degrees of
freedom, Springer, 1999, pp. 134–150.
[18] J. Laskar, “Frequency map analysis and particle accelerators,”in Proc. 20th Particle Accelerator Conf.
(PAC’03), Portland, OR, USA, May 2003, paper
WOAB001, pp. 378–382.
[19] J. Laskar, “Application of frequency map analysis,”
in The Chaotic Universe: Proceedings of the Second
ICRA Network Workshop, Rome, Pescara, Italy, 1-5
February 1999, vol. 10, World Scientific, 2000, p. 115.
[20] S. Papadopoulou, F. Antoniou, T. Argyropoulos,
M. Fitterer, M. Hostettler, and Y. Papaphilippou, “Modelling and measurements of bunch profiles at the
LHC,” Journal of Physics: Conference Series, vol. 874,
p. 012008, 2017. doi:10.1088/1742-6596/874/1/
012008
[21] S. Papadopoulou, F. Antoniou, T. Argyropoulos,
M. Hostettler, Y. Papaphilippou, and G. Trad, “Impact of non-gaussian beam profiles in the performance of hadron colliders,” 2018. arXiv:1806.
07317[physics.acc-ph]

TUAC2
Beam Dynamics in Rings

175

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

61st ICFA ABDW on High-Intensity and High-Brightness Hadron Beams
ISBN: 978-3-95450-225-7
ISSN: 2673-5571

