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Since the beginning of the Large Hadron Collider (LHC) commissioning, spectral components at
harmonics of the mains frequency (50 Hz) have been observed in the transverse beam spectrum. This paper
presents an overview of the most important observations, collected during the latest physics operation of
the LHC in 2018, which clearly indicates that the harmonics are the result of a real beam excitation rather
than an instrumental feature. Based on these findings, potential sources of the perturbation are discussed
and a correlation with power supply ripple originating from the magnets’ power supplies is presented.
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I. INTRODUCTION

In particle accelerators, studies of the beam spectrum can
reveal important information concerning the existence of
external noise sources that perturb the motion of the
particles. Noise effects such as power supply ripple, ground
motion, and the noise induced by the transverse feedback
system are an important issue for the single-particle beam
dynamics in past, present, and future accelerators. In the
presence of nonlinearities such as nonlinear magnets and
beam-beam effects, depending on the spectral components
and the nature of the source, power supply ripple can act as
a diffusion mechanism for the particles in the beam
distribution, through the excitation of resonances in addi-
tion to the ones driven by the lattice nonlinearities, an effect
that can prove detrimental to the beam lifetime [1-4]. This
paper focuses on the investigation of such a mechanism that
has been observed in the transverse beam spectrum of the
Large Hadron Collider (LHC) [5], which is contaminated
by harmonics of 50 Hz [6-9].

Observations of harmonics of the mains power frequency
in the beam spectrum have been reported in the past
from several accelerators including the Super Proton
Synchrotron (SPS) [10-14], the Hadron-Electron Ring
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Accelerator (HERA) [3,15,16], the Relativistic Heavy
Ion Collider (RHIC) [17,18] and the Tevatron [19,20].
The studies in the SPS excluded the factor of instrumenta-
tion noise as the origin of the perturbation and it was shown
that the beam was excited by high-order harmonics, in the
form of dipolar excitations, mainly affecting the horizontal
plane [10]. The source of the perturbation was identified as
the main dipoles by injecting an external sinusoidal ripple
on their power supply.

The study conducted at RHIC demonstrated that high-
order harmonics (& > 100) were visible in several unrelated
instruments as a result of a real beam excitation rather than
an artifact of the instrumentation system [17]. By modi-
fying machine parameters such as the betatron tune and the
coupling the source was identified as a dipolar field error.
Through a set of experiments, a correlation with power
supply ripple was established and specifically, with the 12-
pulse line-commutated thyristor power supplies of the main
dipoles [18].

A similar observation of 50 Hz high-order harmonics
perturbing the beam spectrum in the form of dipolar
excitations is also systematically made in the LHC. In this
paper, we present the analysis of the experimental data
acquired during the 2018 LHC operation aiming to identify
the origin of the perturbation. The key observations that
lead to the understanding that the harmonics are the result
of a real beam excitation are presented in Sec. II.
A correlation with power supply ripple arising from the
power supplies of the main dipoles is confirmed with
dedicated experiments for the first time in the LHC
operation. The analytical formalism of dipolar power
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supply ripple and the tracking simulations aiming to
determine whether the observed power supply ripple leads
to a degradation of the beam performance are treated in a
second paper [21].

II. EXPERIMENTAL OBSERVATIONS
IN THE LHC

Throughout this paper, the main observable is the
representation of the beam signal in frequency domain
as computed with the fast Fourier transform (FFT). Based
on the Fourier analysis, information concerning the origin
of the 50 Hz can be extracted. This can be achieved by
following the evolution of the lines in frequency domain,
both in terms of amplitude and phase, during normal
operation, i.e., without any modification in the beam or
machine parameters (Sec. IIB). Then, the findings are
further extended by observing the response of the harmon-
ics during modifications in the beam or machine configu-
ration (Sec. II C). These modifications refer to changes,
first, in the betatron motion with parameters such as the
tune, the phase advance and the beam energy, second, in the
power supplies and last, in the settings of the transverse
damper.

A. Overview of the LHC beam modes

The fact that different beam energies and phases of the
LHC nominal cycle have been explored in this study
justifies the need to include a brief description of the beam
modes that are relevant to the next sections of this paper.
Figure 1 illustrates the operational cycle for a physics fill
(Fill 7333). The different beam modes (gray) are presented
along with the intensity evolution of Beam 1 (blue) and
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FIG. 1. The LHC operational cycle in 2018 (Fill 7333). The
intensity evolution of Beam 1 (blue) and 2 (red) and the beam
energy (black) are illustrated. The vertical gray lines denote the
beam modes and important modifications during the cycle such
as the change of tune (magenta) and the modification in the
transverse damper’s settings (cyan).

2 (red) in the right axis and the beam energy (black) in the
left axis.

In brief, the nominal LHC cycle is organized as follows.
After injecting low-intensity single bunches for machine
protection reasons, high-intensity batches (two or three
trains of 48 or 72 bunches and a bunch spacing of 25 ns) are
injected from the SPS to the LHC rings until the requested
filling scheme is reached. The injection is performed in the
interaction region (IR) 2 and 8 for Beam 1 and 2,
respectively, with an energy per beam equal to 450 GeV.

Then, during ramp, the current of the main dipoles and
quadrupoles increases while the beams are accelerated. An
intermediate squeeze of the f-functions at the IPs, f*, is
performed [22].

At flat top, each beam has reached the maximum total
energy of 6.5 TeV (as compared to the nominal design total
energy of 7 TeV). After a few minutes, the betatron tunes
are trimmed from the injection (Q,, Q,) = (0.28,0.31) to
the collision (Q,,Q,) = (0.31,0.32) values (magenta).
With the achromatic telescopic squeezing (ATS) optics
[23], the beams are squeezed to f*= 30 cm at the IPs of the
two high luminosity experiments (ATLAS and CMS).

During adjust, the separation bumps in the IRs collapse
and the beams are brought to collision. At the end of this
beam mode, the settings of the transverse damper are
modified (cyan).

The declaration of stable beams signals the start of the
data acquisition from the experiments. In this beam mode,
luminosity optimization techniques are employed such as
the crossing angle antileveling and the f*-leveling [24,25].
Finally, the beams are extracted from the ring to the dump.

B. Beam measurements in normal operation

The concept of the 50 Hz lines on the beam spectrum is
illustrated using the turn-by-turn data from the High
Sensitivity Base-Band measurement system (HS BBQ)
[26,27]. Figure 2 depicts the spectrogram of the horizontal
plane of Beam 1 (Fill 7056) for the last few minutes of the
fill, extending up to the first few minutes of the beam dump
(red dashed line). The Fourier analysis for each time
interval in the horizontal axis is performed with a window
length of 2'* consecutive turns and an overlap of 2! turns
between windows. The frequency range is zoomed below
the Beam 1 horizontal tune (x3.49 kHz) to observe the
50 Hz harmonics in its proximity. A color code is assigned
to the power spectral density (PSD) to distinguish the main
spectral components (yellow and red) from the noise
baseline (blue).

The spectrum clearly shows that a series of 50 Hz
harmonics are present in the beam signal. The fact that the
lines appear as multiples of 50 Hz and not as sidebands
around the betatron tune is one of the first indications
among others (see Sec. II C) that the nature of the power
supply ripple is dipolar.
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FIG. 2. Horizontal HS BBQ spectrogram of Beam 1 at the end
of a physics fill (Fill 7056), centered around 3 kHz and color-
coded with the PSD. The red dashed line indicates the end of the
fill and the start of the dump of the beam.

Furthermore, the harmonics are visible only in the
presence of the beam. All signals acquired after the end
of the fill (red dashed line) are dominated by the noise of
the instrument. A comparison between the signals prior and
after the dump of the beam provides a first indication that
the lines do not emerge as a by-product of instrumenta-
tion noise.

To further exclude the factor of instrumental or envi-
ronmental noise, the presence of these harmonics has been
validated from several unrelated beam instruments.
Position measurements from multiple pickups, located at
different positions in the LHC ring, are collected. The main
observables are the HS BBQ, the transverse damper
observation box (ADTObsBox) [28-30], the diode orbit
and oscillation system (DOROS) [31,32] and the multi-
band instability monitor (MIM) [33,34]. Measurements
from all the aforementioned instruments are available for
the machine development (MD) Fill 7343, dedicated to
studies concerning the 50 Hz harmonics [35].

Figure 3 shows the spectra for one of these instruments,
the HS BBQ, for the horizontal plane of Beam 1, while the
vertical gray lines represent the multiples of 50 Hz. To
illustrate that the lines in the beam spectrum correspond to
50 Hz harmonics, a zoomed region of the spectrum is
depicted (light blue). From the analysis of the various
spectra, it is confirmed that a series of 50 Hz harmonics is
visible across all unrelated instruments.

The turn-by-turn acquisitions, such as the ones from the
HS BBQ and DOROS, allow accessing a frequency regime
up to approximately 5.6 kHz, which is the Nyquist
frequency assuming a single observation point along the
accelerator (the sampling frequency is f, = f,, With
Jfrev = 11.245 kHz) [36]. If present in the signal, frequency
components beyond this limit will be aliased in the
spectrum.

On the contrary, the ADTObsBox and the MIM pro-
vide high sampling rate measurements. Specifically, the
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FIG. 3. The horizontal spectrum of Beam 1 at injection energy
during the MD Fill 7343 from the HS BBQ and with a zoomed
window (light blue). The vertical gray lines represent the multi-
ples of 50 Hz.

ADTObsBox instability buffer contains calibrated bunch-
by-bunch position measurements for 2'° turns. Firstly, the
fact that a calibrated metric is provided allows computing
the offsets induced on the beam motion from the 50 Hz
harmonics. Secondly, the bunch-by-bunch information is
needed to study the evolution of the 50 Hz in the cycle and
to compute a high bandwidth spectrum, in the presence of a
regular filling scheme.

As shown in the Appendix A, the noise floor of the
single-bunch ADTObsBox spectrum exceeds the amplitude
of the 50 Hz harmonics and therefore, a decrease of the
noise baseline is necessary to study their evolution during
the cycle. To overcome this problem, a method to combine
the information from several bunches has been developed,
taking into account the dephasing of the spectrum, due to
the time delay, across the different bunches (Appendix A).
Assuming a regular filling scheme (equal spacing between
bunches), this signal averaging algorithm not only provides
a reduction of the noise floor but also extends the
measurable frequency range of the beam spectrum, while
suppressing the aliases and preserving the signal metric.

The horizontal spectrum of Beam 2 is computed for the
physics Fill 7334 during collisions, using the bunch-by-
bunch and turn-by-turn acquisitions from the Q7 pickup of
the ADTObsBox. Although only the spectrum of Beam 2 is
depicted, similar observations exist for both beams and
planes.

Figure 4 illustrates the Fourier analysis, first, for a
frequency range up to 10 kHz (Fig. 4 top). From the
review of the spectrum, two areas of particular interest are
identified. The first regime (blue span) consists of 50 Hz
harmonics extending up to 3.6 kHz. The second area
(orange span) is a cluster of 50 Hz at 7-8 kHz. In particular,
the cluster is centered at the frequency f,., — f,, where f,
is the horizontal betatron frequency, which is ~3.15 kHz at
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FIG. 4. The horizontal spectrum of Beam 2 at Flat Top for a
frequency range up to 10 kHz (top), with the low and high-
frequency cluster indicated by the blue and orange span,
respectively, and centered around the high-frequency cluster
(bottom). The red and gray dashed lines represent the expected
position of aliased (f,., — fs0) and physical 50 Hz harmonics
(fs0). respectively.

injection and =3.49 kHz at collision energy(see also
Sec. IIC). In the frequency interval between the two
clusters, either no harmonics are present in the signal or
their amplitude is below the noise threshold of the
instrument.

Throughout this paper, the two regimes of interest are
referred to as the low-frequency cluster and the high-
frequency cluster, respectively. It must be noted that the
lowest order harmonics are excluded from the analysis as
their amplitude is affected by the noise of the instrument.
Then, the calibrated spectrum indicates that the harmonics
of the high-frequency cluster are more important in terms of
amplitude.

As the high-frequency cluster is situated at f., — f,, the
question that naturally arises is whether these frequency
components emerge from aliasing. In fact, even in the case
of a physics fill, the sampling rate is only approximately
uniform as not all trains are equally spaced. This error can
give rise to the aliasing of the low-frequency cluster around
the revolution frequency. It must be noted however, that the
beam revolution frequency (f., = 11.245 kHz) is not a

multiple of 50 Hz and therefore, the aliases can be
distinguished from the excitations at 50 Hz.

Figure 4 (bottom) presents the spectrum centered around
the high-frequency cluster. The red dashed lines represent
the expected position of aliased 50 Hz harmonics
Jrev — f50, Where fso are the harmonics of the low-
frequency cluster, while the gray dashed lines illustrate
the multiples of 50 Hz f5y = h-50 Hz, where & is a
positive integer. As the spectral components of the high-
frequency cluster coincide with the 50 Hz multiples (gray),
it is concluded that they are not aliased frequencies.

The time variation of the beam spectrum can reveal
important information concerning the source of the per-
turbation. Due to the variation of the power grid load, the
frequency of the mains power supply is not strictly 50 Hz.
The study focuses on the impact of the aforementioned drift
on the frequency evolution of the 50 Hz harmonics in order
to illustrate their distinct signature in the frequency domain.

The spectrogram of the horizontal position of Beam 1 is
computed from the MIM data for a time interval at stable
beams. In Fig. 5, the horizontal axis represents the time-
stamp of each spectrum with a window length of 2!* turns,
the vertical axis is centered around a value in the low (left)
and high (right) frequency cluster and a color code is
assigned to the PSD.

An important finding is that, although the lines are
harmonics of 50 Hz, a time variation of their frequency is
observed. Specifically, all harmonics evolve in a similar
manner, but the size of the frequency shift is proportional to
the order of the harmonic / as shown in Fig. 5. For this
reason, the aforementioned effect is more pronounced in
the harmonics of the high-frequency cluster, an observation
which provides yet another indication that these compo-
nents are not aliases.

To illustrate quantitatively that the harmonics experience
a similar frequency evolution, the amplitude of which
scales with the order of the harmonic A, an algorithm that
can precisely follow their evolution has been implemented.
The steps of the algorithm are the following: for each
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FIG. 5. The horizontal spectrogram of Beam 1 in a regime of
the low (left) and high (right) frequency cluster.
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measured time interval the amplitude of the Fourier
spectrum is computed. The algorithm focuses on a regime
in the vicinity of a single harmonic and, by employing a
maximization routine, an accurate determination of its
frequency is achieved by detecting the local maximum.
The algorithm returns the frequency and the amplitude of
the harmonic at each time step. This procedure is repeated
for all the time intervals in the spectrogram.

Iterating over all the harmonics in the spectrum with the
aforementioned algorithm validates the existence of a
similar frequency evolution with an amplitude proportional
to the order of the harmonic. Figure 6 shows the frequency
evolution of all the harmonics (black) after normalizing
with the order of the harmonic # and projecting to the
fundamental frequency (50 Hz). This evolution is visible in
both beams and planes, during all beams modes and across
several unrelated instruments. An explanation on the
proportional relationship between the amplitude and the
harmonic order is presented in Appendix B.

Figure 6 also presents the evolution of the network
frequency for the same time span (green) [37]. The origin of
the similar frequency evolution in the harmonics of the
beam is clearly related to the stability of the 50 Hz mains
from the electrical network, which then propagates to all
the harmonics.

The beam spectrum is compared to the output voltage
spectrum of the main bends power supply installed in sector
1-2. During the MD Fill 7343, voltage measurements of the
power supply were collected every minute with a sampling
rate of 50 kHz. The supply’s voltage spectrum consists of
50 Hz harmonics, extending up to 10 kHz. Applying a
similar analysis to the one used for the harmonics of the
beam yields an identical frequency evolution of the 50 Hz
components in the power supply. Figure 6 presents the
evolution of the lines in the power supply down-sampled to
50 Hz (blue).

50.16
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¥ Vpc 50 Hz harmonics
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FIG. 6. The mains power supply ripple frequency (green), the
frequency evolution of the harmonics observed in the voltage
spectrum of the main dipoles power supply of sector 1-2 (blue)
and the ones of the beam spectrum (black), after normalizing with
the order of each harmonic #.

It is interesting to note that, at the end of the MD (6 am
Central European Time or 4 am in Coordinated Universal
Time), a frequency drift above the usual variation of the
50 Hz is observed. To validate that this effect is reproduc-
ible, fills for the same time and different days have been
analyzed, yielding similar results. These variations appear
to be the result of the changing load of the power grid at this
time of the day.

The previous findings are not meant to establish a
correlation between the dipole power supply in sector
1-2 and the beam. The importance of these observations
resides on the fact that, if the 50 Hz harmonics are the
results of a real beam excitation, their frequency domain
signature points to a specific type of power supply as the
source.

The existence of multiple 50 Hz harmonics in combi-
nation with the similar frequency evolution induced by the
mains suggests that the origin of these frequency lines are
power supplies that are based on commutated Thyristor
Technology. This can be understood with a frequency
analysis of the variation of the magnetic field (B-Train)
in two other machines of the accelerator complex: the
Proton Synchrotron (PS) and the and SPS [38,39]. In the B-
Train system, a pickup up coil is installed in the aperture of
the reference dipole magnets. The measured signals cor-
respond to the rate of change of the magnetic field.

Figure 7 shows the spectrogram of the magnetic mea-
surements for the PS (top) and SPS (bottom). The PS
spectrum reveals a strong component at 5 kHz, which is the
frequency of some of its Switch-Mode power supplies [40].
The switching of this type of power supply is regulated by a
clock. Subsequently, a negligible variation in the frequency
evolution of the line is observed. As the switching
frequencies are well defined, they can be easily identified
and no 50 Hz harmonics are present in the signal.

On the contrary, in the SPS case, the power supply is a
silicon controlled rectifier (SCR). Hence, the 50 Hz har-
monics are visible on the signal and the stability of the
mains has an impact on the output current of the power
supplies. In the following studies, when the expected
position of the 50 Hz harmonics is illustrated, the drift
of the harmonics due to this evolution is taken into account.
The presence of 50 Hz harmonics in the output of a SCR
power supply is explained with a simplified model in
Appendix C.

Therefore, if environmental noise is excluded as the
origin of the perturbation, the signature of the 50 Hz
harmonics in the beam spectrum suggests that the possible
sources are limited to magnets with SCR power supplies.
The magnets powered by SCR in the LHC are presented in
Table I [41,42].

The phase evolution of the 50 Hz harmonics between
two locations in the ring can clarify whether the power
supply ripple lines are the result of a real beam excitation.
To this end, their phase advance is measured between two
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FIG. 7. The spectrum of the B-Train in PS (top) and SPS
(bottom). The strong component at 5 kHz in the PS spectrum is
one of the switching frequencies of the switch-mode power
supply. The SPS spectrum illustrates the signature of a SCR
power supply, which is characterized by a series of 50 Hz
harmonics with a similar frequency evolution induced by the
mains.

closely separated pickups and compared to the betatron
phase advance between the same pickups. For the validity
of the comparison, the two observation points must be
situated in a relatively close distance, so that the beam does
not encounter a noise perturbation while crossing this path.

TABLE 1. The SCR power supplies in the LHC [41,42].
Power supply type Use

RPTE Main dipoles

RPTF Warm quadrupoles (Q4, Q5)
RPTG Dogleg dipoles (D1-D4, spare)
RPTL Alice compensator

RPTM Dump septa

RPTI Alice and LHCDb dipoles
RPTN LHCb compensator

RPTJ CMS Solenoid

RPTH Alice Solenoid

RPTK RF Klystron

If the harmonics are a by-product of noise in the beam
instrumentation then their phase advance is not expected to
correspond to the betatronic one. Furthermore, an arbitrary
dephasing between the low and high-frequency cluster
should be observed. On the contrary, in the case of a real
excitation, the power supply ripple phase advance must
correspond to the betatronic one for all the harmonics
present in the spectrum.

Two pickups of the transverse damper, referred to as Q7
and Q9, are selected for the analysis. At collision energy,
the betatron phase advance between the two observation
points is defined by the optics and it is approximately equal
to 110 degrees. The first step is to compute the complex
Fourier spectra for a single pickup and for each bunch in a
physics fill to observe the dephasing of the lines across the
full machine. As previously reported, with the present noise
floor, the evolution of the lines cannot be determined with a
single bunch. For this reason, the average signal is
computed from five consecutive LHC trains, each one of
which consists of 48 bunches. Then, the phase evolution of
each harmonic is computed across the accelerator.

Figure 8 depicts the dephasing of a harmonic in the high-
frequency cluster (h = 156) as a function of the train
number for Q7 (blue) and Q9 (green). The cyan lines
illustrate the expected dephasing, which is proportional to
the frequency and the time delay of the trailing trains from
the first train in the machine (Appendix A). It must be noted
that by averaging over a few consecutive trains the signal is
subsampled to f,.,, similarly to the single bunch case. The
negative slope of the 7.8 kHz line shows that the phase
evolution of the harmonic was computed through aliasing,
i.e., by following the phase evolution of the reflected
frequency component around the revolution frequency
(frev — 7.8 kHz). The phase advance of each harmonic is
the difference in the phase determination of the two
pickups. A correspondence to the betatron phase advance
is found, an observation that clearly proves, for the first
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FIG. 8. The phase evolution of the 7 = 156 harmonic as a

function of the train number for Q7 (blue) and Q9 (green). The
cyan lines illustrate the expected phase evolution of the harmon-
ics in the accelerator (Appendix A).
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FIG. 9. The average phase advance from Q7 to Q9 for the
harmonics in the low (blue) and high (orange) frequency cluster.
The error bars represent one standard deviation and the gray
dashed line illustrates the betatron phase advance (110 degrees).

time, that the two harmonics correspond to a real beam
excitation. Similar results are obtained for all the harmonics
present in the beam spectrum.

The filling scheme of the physics Fill 7334 is divided in
three groups of consecutive trains. Each group corresponds
to approximately one-third of the total beam. The average
value and the standard deviation of the dephasing between
Q7 and Q9 are computed from the three groups for all the
harmonics above noise level.

Figure 9 demonstrates the average phase advance for the
harmonics in the low (blue) and high (orange) frequency
cluster. The error bars represent one standard deviation
since following the frequency drift of lower-amplitude
harmonics can introduce uncertainties. The gray dashed
line indicates the betatron phase advance. The average
value demonstrates that, within an uncertainty represented
by the standard deviation, the phase advance for all the
harmonics is the one of the beam, thus proving that the
observations are not instrumental.

C. Observations during changes in the beam
and machine configuration

The response of the harmonics during a simple modi-
fication of the betatron motion such as the change of the
tune at flat top is investigated. Figure 10 presents the HS
BBQ spectrogram for the horizontal plane of Beam 1 in the
physics Fill 7056. The spectrogram is centered around
the betatron tune for the whole duration of flat top and a
color code is assigned to the PSD. The black dashed
line represents an approximation of the horizontal tune
evolution.

First, one must observe that the frequencies of the lines
are not affected by the tune change. This fact proves that the
harmonics are the result of a dipolar field error rather than a
tune modulation [43]. Second, a comparison prior and after
the trim leads to the conclusion that the amplitude of the
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FIG. 10. The horizontal spectrogram of Beam 1 at flat top. The
black dashed lines represent an approximation of the injection
and the collision tune in the horizontal plane.

lines in the vicinity of the betatron tune is strongly
enhanced. This resonant behavior is in agreement with a
dipolar perturbation, with an excitation frequency that
approaches the betatron tune [21].

To investigate the impact of the tune change on the high-
frequency cluster, the high bandwidth spectrum is com-
puted from the ADTObsBox prior and after the tune trim.
Figure 11 shows the horizontal spectrum of Beam 2 up to
10 kHz (top) at flat top with the injection (blue) and
collision (black) tune. Similar observations exist for both
beams and planes.

The closest harmonics to the tune of the low-frequency
cluster are enhanced in terms of amplitude. A shift is also
observed at the position of the high-frequency cluster. To
further illustrate this effect, the spectrum is centered
around the high-frequency cluster in Fig. 11 (bottom).
Although the effect is dipolar in both cases (the har-
monics coincide with the 50 Hz multiples indicated with
the gray lines), this observation shows that the location of
the cluster is at f., —f, and thus, depends on the
betatron tune. The fact that the changes in the beam
configuration affect the amplitude of the power supply
ripple lines provides further proof that the harmonics are
the result of a real beam excitation.

The response of the harmonics is studied when another
modification is applied to the betatron motion and specifi-
cally, to its phase advance, while the tune is constant.
During the MD Fill 6984, the betatron phase advance
between the interaction point (IP) 1 and 5 were modified
[44]. This was achieved through the incorporation of a set
of optics knobs, which allow scanning the phase between
the two IPs, based on the ATS scheme [23]. The knobs lead
to a trim in the current of the quadrupole families
responsible for the control of the tune. Throughout these
modifications, the betatron tune is constant.

Figure 12 illustrates the supply current for a single
quadrupole (red). The evolution of the current corresponds
to a change of the phase advance within a range of
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FIG. 12. The amplitude evolution of the 600 Hz lines (black)
during the change of the phase advance between IP1 and IP5.
while the tune is kept constant. The red line represents the current
in the quadrupole trims employed for the phase scan.

Figure 12 also denotes the response of the h =12
harmonic (black curve). The amplitude evolution of the
lines in the low-frequency cluster is clearly impacted by the
variation of the betatron phase advance, an effect that
provides definitive indications that they correspond to
actual beam motion. As far as the high-frequency cluster
is concerned, no impact is observed in their amplitude
evolution throughout these tests, which is possibly due to
the mitigation of these lines from the transverse damper as
shown later in this paper.

Following the change of the betatron tune and phase
advance, we explore the evolution of the spectrum across
different beams modes and thereby, different energies and
optics. Some of the magnets in Table I can be excluded as
potential sources by observing the evolution of the spec-
trum across the cycle.

First, due to the fact that the 50 Hz harmonics are
systematically present in all beam modes and fills, the
power supplies of the spare magnets and the septa
are excluded. Specifically, the separation/recombination
dipoles D1-D4 are currently powered by switch-mode
power supplies, while the SCR power supplies of these
dipoles are only used in case of failure. An analysis of the
fills where the spare SCR power supplies were employed
did not reveal any modification on the beam spectrum and
thus, can be excluded. In addition, the magnetic field of the
dump septa only affects the beam during extraction and not
in operation.

Second, the amplitude of the power supply ripple lines
does not significantly attenuate with increasing beam
energy. Considering a non-ramping power supply as the
source, a reduction of the angular deflection and thus, of the
amplitude of the power supply ripple, should be observed
with increasing beam rigidity. The absence of such
an attenuation leads to the conclusion that the power
supply ripple originates from a ramping power supply.
Consequently, all non-ramping power supplies can also be
excluded.

Through this process of elimination, the remaining
candidates of Table I are the main dipoles and the warm
quadrupoles. Combining this finding with previous indi-
cations of the dipolar nature of the source, the investigation
focuses on the power supplies of the main bends. The main
dipoles have undoubtedly the highest filling coefficient in
the ring and, as previously mentioned, the studies con-
ducted in other synchrotrons have proved that the arc circuit
was systematically the dominant contributor.

Based on the previous findings, the pursued investiga-
tions focus on the main dipoles circuit. To establish a
correlation between the harmonics of the beam and the ones
in the output of their power supplies, a modification in the
configuration of the latter is needed. An important obser-
vation was made when the status of the active filters of the
Main Bends, which are installed for the attenuation of the
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FIG. 13. The horizontal spectrogram of Beam 1 during the tests
of the active filters at injection centered around 600 Hz. The blue
lines represent the amplitude evolution of the spectral compo-
nents in this regime.

50 Hz ripple [45-47], was changed. During dedicated MD
fills, the eight active filters were disabled sector-by-sector.

Figure 13 depicts the 3D spectrogram for the horizontal
plane of Beam 1, as acquired from the MIM, for the time
interval of the tests conducted at injection (Fill 7343). For a
first demonstration, the frequency range is limited around
600 Hz. The projection of the spectrogram, which repre-
sents the amplitude evolution of the & = 12 harmonic, is
shown with the blue curve. Disabling the eight filters leads
to abrupt changes in its amplitude evolution.

The amplitude evolution of the A4 = 12 harmonic is
extracted from the 3D spectrogram. Figure 14 (top)
presents the response of the 600 Hz line in Beam 1 (blue)
and 2 (red) at injection energy. The status of the eight active
filters is presented for the same time span (bottom) and a
color code is assigned to each sector. The distinct changes
in the amplitude coincide with the disabling of the filter of
each sector. As a last step, the filters were disabled
simultaneously, which led to an important increase in
the amplitude of the line. Similar observations are collected
by conducting the same tests at top energy.

The observations on the 4 = 12 harmonic provide
evidence that all eight power supplies contribute to this
effect. The question that arises is whether the most
impacted sectors in terms of power supply ripple can be
identified. Reviewing the results of Fig. 14 yields that the
positive or negative impact of the filter compared to the
baseline, which is defined as the amplitude of the harmonic
prior to the test, depends on the sector. For instance, at
injection in Beam 1, disabling the Filter of sector 1-2 leads
to an increase of the ripple amplitude. Therefore, the filter,
when active, suppresses the harmonic and its impact is
characterized as positive. On the contrary, sector 5-6 has a
negative contribution at injection. Then, comparing the
same sector across the two beams reveals a different impact
between the two (e.g., sector 5-6 at injection). This can be
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FIG. 14. The response of the 7 = 12 harmonic (top) during the
tests with the active filters for Beam 1 (blue) and Beam 2 (red) at
injection energy. The status of the active filters is color-coded
with the sector number (bottom).

possibly attributed to the different phase advance of the two
beams in the ring. Finally, a comparison between the results
at injection and top energy reveal that the contribution for
the same beam and sector also depends on the beam energy.

The correlation with the power supplies is not only valid
for the 600 Hz line, but for most of the 50 Hz harmonics
included in the low-frequency cluster. Figure 15 shows the
amplitude evolution of various harmonics at injection,
represented with a different color code. The abrupt changes
in the amplitude when disabling the active filter of each
sector are reproduced for harmonics up to 3.6 kHz. In
addition to the observations at 600 Hz, the contribution of
each sector also varies across the harmonics.

Applying a simple modification in the configuration of
the dipole power supplies, such as modifying the status of
the active filters, has a direct impact on the low-frequency
cluster harmonics of the beam. These results provide
evidence that the power supplies of the main dipoles are
the source of the harmonics up to 3.6 kHz observed in the
beam spectrum. It is the first time that such a correlation has
been demonstrated in the LHC. As no modifications are
envisaged for the power supplies of the main dipoles, this
perturbation is expected to be present also in the future
upgrade of the LHC, the High Luminosity-LHC (HL-LHC)
[48]. It must also be underlined that no change in the
amplitude evolution of the harmonics in the high-frequency
cluster is reported during these tests.

Figure 16 demonstrates the voltage spectrum of the
power supply in one of the LHC sectors, first, when the
active filter is enabled (top) and, then, disabled (bottom).
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FIG. 15. The amplitude evolution of the harmonics in the low-

frequency cluster (up to 3.6 kHz) during the tests with the active
filters. The status of the active filters is color-coded with the
sector number (bottom).

In this case, the vertical lines represent the multiples of
600 Hz. The comparison of the spectrum prior and after the
modification shows that the active filter is suppressing
some of the harmonics up to approximately 3 kHz, while it
enhances the high-order harmonics [47]. However, the
amplitude of the high-frequency cluster in the beam
spectrum did not increase when disabling the active filter
possibly due to the interplay of this cluster with the
transverse damper as explained later in the present paper.

The spectra of both beams and planes in a physics fill are
measured and compared. As the pickups for the two beams
and planes are located at different positions in the ring, the
ADTObsBox calibrated spectra are normalized with the
corresponding S-functions. The f-functions at the location
of the ADTObsBox Q7 pickup for both beams and planes,
at injection and top energy are listed in Table II.

Figure 17 shows the spectra for the horizontal (magenta)
and vertical (cyan) plane for Beam 1 (left) and 2 (right).
Comparing the amplitudes of the spectral lines yields that
the perturbation is mainly affecting the horizontal plane, an
effect compatible with a field error of the main dipoles. Due
to the transverse coupling of the machine, an attenuated
perturbation is also present in the vertical plane. To
demonstrate that this effect results from the coupling,
controlled excitations have been applied using the trans-
verse damper during dedicated experiments. Although only
the horizontal plane was excited, the oscillation was visible
also in the vertical plane. To further validate the hypothesis
that the 50 Hz harmonics in the vertical plane originate
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FIG. 16. Voltage spectrum of the power supply of the main
dipoles in one of the LHC arcs (Sector 1-2) with the active filter
enabled (top) and disabled (bottom). The vertical gray lines
represent the multiples of 600 Hz.

from coupling, a variation of the coupling will be per-
formed in the future operation of the accelerator, while
observing the impact on the harmonics’ amplitude.

The maximum offset observed in the horizontal spectrum
of Beam 1 is approximately 0.1 xm, which corresponds to
1073 6. As shown in [21], assuming a single dipolar
perturbation, this value corresponds to a deflection of
0.09 nrad at a location with f = 105 m for an excitation
frequency in the vicinity of the tune (|Q — Q,| =5 x 1073,
where Q is the betatron tune and Q) is the ripple tune).
Comparing the equivalent kick with the bending angle of a

TABLEII. The f-functions at the position of the Q7 pickup per
beam and plane with injection and collision optics (#* = 30 cm).

Beam Plane p at injection (m)  f at collision (m)
1 Horizontal 130.9 100.7
1 Vertical 173.6 99.6
2 Horizontal 151.1 109.6
2 Vertical 166.3 166.3
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FIG. 17. The spectrum of the horizontal (magenta) and vertical
(cyan) plane of Beam 1 (left) and 2 (right) in stable beams,
normalized with the corresponding f-functions.

single dipole in the LHC (=5 mrad) and neglecting addi-
tional effects (e.g., transverse damper, magnet’s beam
screen) yields a field stability of 1.8 x 1078, a value which
is well within the power supply specifications.

Comparing the spectra of the two beams yields an
asymmetry in the amplitude of the ripple between Beam
1 and 2 and that a more significant effect is visible in Beam
1. To verify the reproducibility of this observation, the
spectra of both beams and planes are computed for all the
proton physics fills of 2018. For each fill, the maximum
offset induced by the 50 Hz harmonics is computed, which
corresponds, in stable beams, to a frequency of 7.7 kHz.

Figure 18 depicts the maximum amplitude observed in
the spectrum as a function of the fill number for the
horizontal (magenta) and vertical (cyan) plane in Beam 1
(blue) and 2 (red). The dashed lines represent the average
offset over all the fills for each plane. These results confirm
that the power supply ripple is systematically more pro-
nounced in Beam 1 than Beam 2 by approximately a factor
of two in the horizontal plane. Although the dipole power
supplies are common for both beams, this discrepancy is
possibly attributed to the different phase advances of the
two beams in the accelerator.

The fill-by-fill analysis of the spectra in Fig. 18 reveals
an increase of the ripple amplitude in the physics Fill 7035.
An additional parameter that has not been included in the
analysis so far is the activity of the transverse damper and
the interplay with the 50 Hz harmonics.

In the nominal LHC cycle, the ADT settings are modified
and in particular, the extended ADT bandwidth is changed to
standard bandwidth at the end of adjust [49,50]. An increase
in the gain of the transverse damper is reported for the
standard bandwidth compared to the extended one. In
the Fill 7035, this modification was not applied and the
extended bandwidth was used at stable beams.

Figure 19 illustrates the horizontal spectrum of Beam 2
at stable beams centered around the low (left) and high
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FIG. 18. The maximum amplitude of the 50 Hz harmonics for

the horizontal (magenta) and vertical plane (cyan) of Beam 1
(blue) and 2 (red) for all the proton physics fills of 2018.

(right) frequency cluster and for the Fills 7033 (top) and
7035 (bottom) with the standard ADT bandwidth and
extended bandwidth, respectively. Comparing the two
spectra yields an increase in the amplitude of the 50 Hz
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FIG. 19. The horizontal spectrum of Beam 2 at stable beams
centered around the low (left) and high (right) frequency cluster
for a fill with the standard (Fill 7033, top) and (b) extended (Fill
7035, bottom) ADT bandwidth.
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harmonics in the regime above 3 kHz, which is particularly
important for the high-frequency cluster.

This observation indicates that the amplitudes of the
high-order harmonics are reduced by the damper in normal
operation. This also explains why an amplitude increase of
the high-frequency cluster was not observed when the
corresponding harmonics in the power supply’s voltage
spectrum increased during the active filters tests. The
impact of the ADT settings is also systematically observed
in other beam modes of the machine cycle during which the
bandwidth was modified such as the adjust.

The importance of this finding resides on the fact that a
strong asymmetry is present between the frequencies of the
low and high cluster in terms of amplitude. In particular,
these observations indicate that, lowering the transverse
damper gain or in the absence of the damper, the amplitude
of the harmonics in the high-frequency cluster is expected
to be further enhanced compared to the values that have
been observed experimentally.

In contrast, Fig. 16 shows that the ripple in the power
supply voltage spectrum attenuates with increasing fre-
quency. Although the active filters enhance the high-order
harmonics in the power supply voltage spectrum, their
amplitude is still lower than the ones of the low-order
harmonics. Furthermore, high-frequency perturbations
such as the high-frequency cluster strongly exceed the
cutoff frequency of the LHC main dipoles due to
the shielding effect of the beam screen [51]. To this end,
if the high-frequency cluster is driven by a direct excitation
due to power supply ripple, a significant attenuation of
its amplitude should be observed compared to the low-
frequency cluster, while experimentally we observed the
opposite.

Additionally, it should be mentioned that the increase of
the power supply ripple by a factor of two in Fill 7035 did
not lead to an increase of losses or emittance growth
compared to the rest of the fills. However, as the duration of
the fill was limited to 40 minutes, the impact of the power
supply ripple lines on the beam lifetime cannot be
excluded.

To conclude, Table III presents a summary of the most
important experimental observations for each cluster.
Combining this information suggests that, rather than a
direct excitation, the high-frequency cluster is the result of
the interplay between ripple in the dipole power supplies
and a mechanism originating from the beam. The transfer
function from the power supply voltage to the magnetic
field seen by the beam does not consider the beam’s
response. Therefore, the asymmetry between the two
clusters can be explained if there is a higher sensitivity
of the beam’s response in the regime f., — f, compared to
[ leading to important offsets from small power supply
ripple perturbations at these frequencies. A potential
candidate is the interplay of the beam with the machine
transverse impedance, as the first unstable mode is at

TABLE IIl. The summary of the observations for the low and
high-frequency cluster.

Low-frequency cluster® High-frequency cluster”

Presence of 50 Hz harmonics
Frequency evolution from the mains
Phase advance Q7-Q9 compatible
with betatronic
Dipolar nature
Mainly in the horizontal plane
Larger amplitudes in Beam 1
Impact from IP1/5 phase scan Impact from change of tune
Impact from active filters Mitigation from transverse
damper

*Extending up to 3.6 kHz.
"Located at 7-8 kHz, depending on the tune.

Sfrev — fx [52]. Other ripple sources such as the uninterrup-
tible power supply (UPS) system must be investigated [53]
during the next operation of the accelerator. The results of
preliminary measurements performed in a spare LHC UPS
are presented in Appendix D. Further observations and
experiments are necessary to identify the exact mechanism
that is responsible for the high-frequency cluster.

III. SUMMARY AND CONCLUSIONS

The purpose of the current study was to investigate the
origin of the 50 Hz harmonics, an effect that has been
observed in the beam signal since the start of the LHC
operation. For this reason, a detailed review of the beam
spectrum during several beam and machine configura-
tions has been performed that revealed the existence of
harmonics in two regimes in the frequency domain: the
low-frequency cluster that extends up to 3.6 kHz and the
high-frequency cluster at the location f., — f,. The meth-
odology presented in this paper allowed us to identify, for
the first time in the LHC operation, the existence of the
high-frequency cluster on the beam signal. Although many
similarities have been identified between the low and high-
frequency cluster, the need to distinguish the two regimes is
justified by their different response when modifications in
the machine configuration are applied.

Itis concluded that the two regimes are the result of a real
beam excitation. A common signature between the two
clusters has been identified; both regimes consist of a set of
50 Hz harmonics, that experience a similar frequency
evolution induced by the mains. Based on the fact that
the harmonics are multiples of 50 Hz rather than sidebands
around the tune, and that the horizontal plane is mainly
affected, it is concluded that the nature of the source is
dipolar.

In terms of amplitude, an asymmetry between the two
clusters has been identified. In particular, more significant
amplitudes of the beam oscillations are reported for the
high-frequency cluster. During the proton run of 2018, the
measured effect of the power supply ripple in the horizontal
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plane of Beam 1 was larger than the one of Beam 2 by a
factor of two.

As far as the low-frequency cluster is concerned, a
correlation with the eight thyristor, line-commutated power
supplies of the Main Bends is established, through experi-
ments with the active filters. It is concluded that the eight
power supplies of the main dipoles are the source of the
low-frequency cluster in the transverse beam spectrum. It is
the first time that such a correlation has been demonstrated
in the LHC operation.

The amplitude of the beam oscillations in the high-
frequency cluster is larger if compared to the low-frequency
cluster, hence the importance to identify its origin. If both
clusters emerge from a common source, the question that
arises is what is the mechanism that allows these high-
frequency components to excite the beam. Oscillations at
such high frequencies are expected to be significantly
attenuated by the shielding effect of the beam screen in
the dipole magnets. A review of the power supply’s voltage
spectrum reveals that there is a reduction of the ripple with
increasing frequency.

On the contrary, experimental observations indicate the
presence of important spectral components in the high
frequency cluster. More interestingly, the amplitude
increase of the lines when the ADT settings are modified
indicates that, in normal operation, a mitigation of the high-
frequency cluster occurs due to the transverse damper. This
fact underlines that, in the absence of the damper, the
amplitude of the high-frequency cluster is expected to be
further enhanced. The exact mechanism responsible for the
appearance of the high-frequency cluster on the beam
spectrum must be identified in the future operation of
the accelerator.

Based on the source and the fact that no modifications
are foreseen for the power supplies of the main dipoles, the
50 Hz harmonic are also expected to be present in the HL-
LHC era. It has been demonstrated that the transverse
damper can effectively reduce the amplitude of these
harmonics and its capabilities can be employed in the
future to mitigate this power supply ripple perturbation.

The analysis presented in this paper improves our
understanding of the ripple effects that were present during
the LHC operation. In the context of these studies, a general
framework for the analysis of the experimental data has
been developed, which can also be used to address other
types of noise effects.
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APPENDIX A: BEAM SPECTRUM FROM
BUNCH-BY-BUNCH ACQUISITIONS

In the presence of a regular filling scheme, the bunch-by-
bunch and turn-by-turn ADTObsBox data can be combined
to increase the effective bandwidth of the instrument.
Signal averaging is not only needed to access the high-
frequency components of the signal without aliasing, but
also to reduce the noise floor of the spectrum compared to
the single bunch case. Averaging the signals of N, bunches
yields a \/N,, increase in the signal to noise ratio, in the
presence of random noise with zero mean that is uncorre-
lated with the signal [54].

The spectrum of individual bunches and after averaging
over all the bunches in the machine is shown in Fig. 20 for
the horizontal plane of Beam 1, for a physics fill and a
window length of 4 x 10* turns. The colored lines show the
envelope of the spectra of several individual bunches,
which is computed by setting a parametric peak threshold
of 2 x 107 6. The single bunch noise floor is approx-
imately one order of magnitude higher than the 50 Hz
harmonics and thus, signal averaging is necessary.

The time delay At; of a trailing bunch i with respect to
the first bunch in the machine, considered as the reference,
results in a phase angle:

Ag; = 2rnfAt;, (A1)
where f is the frequency wunder consideration.
Consequently, the dephasing of the signals across the ring
is proportional to the frequency and the longitudinal
spacing of the bunches in the machine.
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FIG. 20. The spectral envelope of several individual bunches
(colored lines) and the spectrum after averaging over all the
bunches in the machine (black).
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FIG. 21. Phase evolution of the excitation at 3 kHz as a function

of the bunch position for three trains of 48 bunches in the LHC
ring. The dashed gray line represents the expected dephasing
computed from Eq. (Al).

To illustrate this effect, three trains of 48 bunches are
considered in simulations with a dipolar excitation at
3 kHz. The bunch spacing is 25 ns and the trains are
equally spaced in the LHC ring. The complex spectrum is
computed for each bunch and the phase evolution of the
3 kHz line is extracted.

Figure 21 depicts the phase evolution of the excitation
for the three trains as a function of the bunch position in the
ring. The color code represents the bunch number and the
gray line is the expected phase evolution of Eq. (A1), with
respect to the first bunch that is considered as the reference.
The linear phase evolution of an excitation across the trains
in the machine has been experimentally verified by inject-
ing power supply ripple with the transverse damper kicker.

For frequencies much lower than the sampling frequency
(f < frev)> the dephasing is negligible and the bunch-by-
bunch data can be directly averaged in time domain. For
frequencies comparable to the revolution frequency, such as
the high-frequency cluster, the dephasing between the
bunches cannot be neglected. In this case, simply averaging
the bunch-by-bunch information will lead to an error in the
resulting metric. To illustrate this effect, the first bunches of
the three trains are selected.

Figure 22 illustrates the spectra for the first bunches
[Fig. 22(a)] of the first (black), second (blue), and third
(green) train, respectively, in the presence of a dipolar
excitation at 3 kHz. The excitation results in an offset of
13.9 ym (red dashed line), while the second peak corre-
sponds to the betatron tune.

Then, the complex Fourier coefficients at 3 kHz are
computed. Figure 22(b) presents the vector of the excitation
in the spectrum, whose angle corresponds to the phase of
the excitation, for each bunch (left). For a filling scheme
consisting of three trains located in azimuthally symmetric
locations in the ring, the dephasing at 3 kHz is important.
Averaging over the three vectors without correcting for the

(a) 10" g T 3 3
E = 1% bunch, 1% train E = 1% bunch, 2™ train E = 1% bunch, 3" train
o1 X3kiz = 13.93 pm 1 1
10° 3 1 3 3
3 1 3 3
] H ] ]
10' 3 E E
£ E ] ]
=1
=~ 10° o E E
=
=
= 10! E - E
1
1072 1 - i
E 1
1
107 4 : - ]
T T T T T T
0 2 4 0 2 4 0 2 4
f (kHz)
(b)
2 .
)1
&
I 1 I I
-10 0 10 -10 0 10
Im(FFT3,) (106) Im(FFT3,) (106)
FIG. 22. (a) Spectrum of the first bunches of the first (black),

second (blue), and third (green) train in the presence of a dipolar
excitation at 3 kHz (red dashed line). (b) Phase of the excitation
for the three bunches before (left) and after (right) the correction
as computed from Eq. (A2).

dephasing will lead to an error in the offset of the final
spectrum.

To this end, an algorithm that applies a phase correction
has been implemented. The steps of the method are the
following: first, the complex spectra F,;(w) are computed
for each bunch, where @ = 2z f. Then, a rotation is applied
to correct for the dephasing of Eq. (A1). The impact of the
rotation is depicted in the second plot of Fig. 22(b). Finally,
the average over all bunches is computed. The procedure is
described by the following expression:

1 & A
F(w):—N E Fi(w)e /@ht, (A2)
b =1

APPENDIX B: IMPACT OF THE FREQUENCY
EVOLUTION OF THE FUNDAMENTAL
FREQUENCY ON ITS HARMONICS

This section presents the impact of a frequency evolution
on a harmonic dipolar excitation, similar to the one
observed in the 50 Hz harmonics. To simulate this effect,
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a single particle is tracked in the LHC lattice using the
single-particle tracking code SIXTRACK in the presence of a
dipole field error [55,56].

To mimic a non-linear transfer function, similar to the
ones of the LHC power supplies, the dipole strength is
modulated with the absolute value of a sinusoidal function:

Ak(t) = |A, cos (wt)], (B1)
where ¢ is the time, A, the amplitude and w = 2xf,, the
angular frequency, which experiences a low-frequency
evolution. The expression of @ as a function of the
fundamental frequency ) is:

@ = + AFM sin (a)FMt), (BZ)
where Ay is the amplitude and wgy; the frequency of the
low-frequency evolution. Using the Fourier trigonometric

series expansion of the absolute value of the cosine
function:

1 cos(2mwt),

2 4R
N ==+-
jos(@n)] = 2423
and replacing with the time varying angular frequency of
Eq. (B2) yields:

2 4R (-
N ==+-
[cos (wr)] T[+ Zl—4m2

r m=1

x cos (2mawgt + 2mAgy sin (wpyit)t).  (B4)
The first term within the cosine function of Eq. (B4) reveals
that the nonlinear transfer function of Eq. (B1) leads to the
excitation of all the even harmonics of the fundamental
angular frequency w@g. Similarly, using a sine function

N
T
< 1.0
-

05

1 2 3
Time (sec.)

FIG. 23. The impact of a low-frequency excitation on a

harmonic dipolar excitation described in Eq. (B1) for a funda-
mental frequency f, = 100 Hz.

results in the excitation of odd harmonics. The second
term describes the low-frequency evolution of these har-
monics with a frequency of wgy and an amplitude equal to
2mAgy, Which thus, depends on the order of the harmonic.

Figure 23 illustrates the spectrogram as computed from
the tracking simulation for a frequency range up to 1.8 kHz,
color-coded with the PSD with a fundamental frequency
fo =100 Hz. All harmonics experience a similar fre-
quency evolution with a peak-to-peak variation propor-
tional to the order of the harmonic as described in Eq. (B4).

APPENDIX C: VOLTAGE SPECTRUM OF A
SILICON CONTROLLED RECTIFIER

The SCR power supplies of the LHC main dipoles are
three-phase full-wave controlled rectifiers. In the following
section, a simplified model of a 6 pulse rectifier is used to
demonstrate the presence of harmonics in its output
voltage. The results can be extended to the 12 pulse
LHC main dipole rectifiers using two 6 pulse bridges with
a phase shift of 30 degrees. A more detailed model of a
SCR power supply and its spectrum can be found in [18].

To obtain an output voltage on the load, two thyristors
must simultaneously conduct. Figure 24 presents the output
voltage due to the three pairs of conducting thyristors
(black, blue and green dashed lines) as a function of the
phase. The output voltage as a result of the rectification
process (gray line) is also depicted for a firing angle of
a = 0 (top) and o = 30 degrees (bottom).
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FIG. 24. The output voltage of the three pairs of conducting
thyristors (black, blue and green) as a function of the phase. The
gray line illustrates the output voltage due to the rectification
process for a firing angle of a =0 (top) and a = 30 degrees
(bottom).
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FIG. 25. The frequency spectrum of the SCR rectifier (gray line
in Fig. 24) for a firing angle of @ = 0 (top) and a = 30 degrees
(bottom).

The Fourier analysis of this signal is shown in Fig. 25 for
the two cases. As presented in Appendix B, a non-linear
transfer function such as the rectification process results in
the appearance of harmonics of the fundamental frequency.
For @ = 0 degrees, harmonics of 300 Hz are present, while
several other harmonics of the mains frequency are excited
for non-zero values of the firing angle.

APPENDIX D: MEASUREMENTS OF A SPARE
LHC UNINTERRUPTIBLE POWER SUPPLY
VOLTAGE SPECTRUM

Measurements of the voltage of a spare LHC UPS took
place during the second Long Shutdown (LS2) of the
accelerator to determine whether the UPS is a potential
candidate for the high-frequency cluster observed on the
LHC transverse beam spectrum. An oscilloscope was
connected to the output of a double-conversion UPS of
the same type as the systems present in the accelerator. The
configuration of the measured system was similar to the
one used during the operation with beam (normal mode
operation) [57,58]. In normal mode operation, the AC input
is connected to the rectifier and the output DC power is
used as an input to the inverter, the output of which feeds
the load.

Figure 26 presents the spectrum of the UPS output
voltage in normal operation mode (blue) for a frequency
range extending up to 12 kHz. For comparison, the noise
due to the instrumentation system and other environmental
factors was also measured (black). A zoomed window of
the spectrum is included (light blue) to illustrate that the
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FIG. 26. The UPS output voltage spectrum in normal operation
mode (blue) and with a zoomed window (light blue). The vertical
gray lines represent the multiples of 50 Hz. The spectrum
measured due to environmental noise is also illustrated (black).

distinct spectral components correspond to 50 Hz harmon-
ics (gray lines). In particular, apart from the low-order
50 Hz harmonics, the UPS spectrum contains clusters of
50 Hz harmonics around 4 kHz and 8 kHz. These regimes
correspond to the switching frequency of the inverter
(4 kHz) and its first harmonic. The existence of 50 Hz
harmonics as sidebands around the inverter’s switching
frequency and its harmonics is an expected feature as the
inverter is based on pulse width modulation (PWM)
technology [59]. Therefore, the UPS system spectrum
contains 50 Hz harmonics in a regime that corresponds
to the high-frequency cluster observed on the beam
spectrum.

The spectrogram of the UPS output voltage is computed
to determine whether the harmonics produced by the UPS
system have a similar frequency evolution as the one

100
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FIG. 27. The UPS spectrogram in normal mode of operation

centered around the low-frequency cluster (left) and the high-
frequency cluster (right). The color-code represents the PSD.
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observed on the harmonics of the beam (see Sec. II B).
Figure 27 depicts the spectrogram, color-coded with the
PSD and centered around a frequency regime that corre-
sponds to the low-frequency (left) and high-frequency
cluster (right) of the beam. These measurements validate
that the UPS 50 Hz harmonics experience a frequency
evolution with similar characteristics as the one observed
on the 50 Hz harmonics of the beam. Based on these
observations, the UPS system is a potential candidate for
the high-frequency cluster observed on the beam. However,
additional measurements are needed with beam during the
next operation of the accelerator to investigate whether a
correlation of the UPS noise and the high-frequency cluster
of the beam can be established.
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