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Harmonics of the mains frequency (50 Hz) have been systematically observed in the transverse beam
spectrum of the Large Hadron Collider (LHC) since the start of its operation in the form of dipolar
excitations. In the presence of strong nonlinearities such as beam-beam interactions, as many of these 50 Hz
harmonics reside in the vicinity of the betatron tune they can increase the tune diffusion of the particles in
the distribution, leading to proton losses and eventually to a significant reduction of the beam lifetime. The
aim of this paper is to determine whether the 50 Hz harmonics have an impact on the beam performance of
the LHC. A quantitative characterization of the 50 Hz ripple spectrum present in the operation of the
accelerator, together with an understanding of its source is an essential ingredient to also evaluate the
impact of the 50 Hz harmonics on the future upgrade of the LHC, the High Luminosity LHC (HL-LHC). To
this end, simulations with the single-particle tracking code, sixTrack, are employed including a realistic
50 Hz ripple spectrum as extracted from experimental observations to quantify the impact of such effects in
terms of tune diffusion, dynamic aperture, and beam lifetime. The methods and results of the tracking

studies are reported and discussed in this paper.

DOI: 10.1103/PhysRevAccelBeams.24.034002

I. INTRODUCTION

Power supply ripple at harmonics of the mains power
frequency (50 Hz) has been systematically observed in the
transverse beam spectrum of the Large Hadron Collider
(LHC) since the start of its operation. In a previous paper
[1], we investigated the source of the perturbation based on
a systematic analysis of experimental observations. It was
clearly shown that the 50 Hz harmonics are not an artifact
of the instrumentation system but correspond to actual
beam oscillations.

Two regimes of interest have been identified in the
transverse beam spectrum: a series of 50 Hz harmonics
extending up to approximately 3.6 kHz, referred to as the
low-frequency cluster, and a cluster of 50 Hz harmonics
centered around the alias of the betatron frequency, i.e.,
Jfrev — fx» Where f., = 11.245 kHz is the LHC revolution
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frequency and f, the betatron frequency, namely the high-
frequency cluster. Both clusters are the result of dipolar
beam excitations and it was demonstrated with dedicated
experiments that the source of the low-frequency cluster are
the eight silicon controlled rectifier (SCR) power supplies
of the main dipoles [2,3]. Table I presents the frequency and
the horizontal amplitude of the 12 most important 50 Hz
harmonics in the transverse spectrum of Beam 1 during
collisions as observed in the Q7 pickup of the transverse
damper observation box (ADTObsBox) [4-6]. The hori-
zontal amplitudes of the 50 Hz harmonics observed in
Beam 2 are also depicted, which are approximately lower
by a factor of two compared to Beam 1. Based on the
source, the 50 Hz harmonics are expected to be present in
the future operation of the accelerator.

In the presence of strong nonlinearities such as beam-
beam interactions and fields of nonlinear magnets, a
modulation in the dipole strength due to power supply
ripple results in a resonance condition [7,8]:

I'Qx+m'Qy+p'Qp:n (1)

where [, m, p, n are integers, O, and Q, are the horizontal
and vertical tunes, respectively, and Q,, is the power supply
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TABLE I. The beam horizontal amplitudes (abbreviated as
ampl.) observed in the Q7 pickup of the transverse damper for the
12 largest 50 Hz harmonics in the horizontal spectrum of Beam 1
(B1) and 2 (B2) during collisions.

Frequency (kHz) Cluster B1 ampl. (nm) B2 ampl. (nm)
7.6 High 166.2 76.51
7.7 High 109.75 51.38
1.2 Low 98.63 71.87
7.65 High 97.4 51.97
7.8 High 92.75 42.78
2.95 Low 91.62 32.21
2.35 Low 88.48 29.61
7.9 High 82.23 25.46
7.5 High 77.82 35.08
2.75 Low 67.43 31.77
7.85 High 67.37 18.86
0.6 Low 54.14 14.33

ripple tune. Power supply ripple can impact the beam
performance by introducing resonances in addition to the
ones excited due to the nonlinearities of the lattice. These
resonances can increase the tune diffusion of the particles in
the distribution, which may lead to the reduction of the
beam lifetime. The aim of the present paper is to determine
whether the 50 Hz harmonics act as a limiting factor to the
beam performance of the LHC, as well as its future
upgrade, the High-Luminosity LHC (HL-LHC) [9], by
including this power supply ripple in single-particle
tracking simulations. Throughout the present paper the
term power supply ripple refers to the 50 Hz harmonics
observed in the transverse beam spectrum in the form of
dipolar excitations. The impact of power supply ripple that
results in a tune modulation is discussed in a previous
paper [10].

First, the motion of a particle in the presence of a
modulated dipolar field error is described using a linear
formalism (Section II). Second, single-tone 50 Hz harmon-
ics in the form of dipolar excitations are considered in the
tracking simulations to define a minimum amplitude
threshold that results in a reduction of the dynamic aperture
(DA) in the presence of strong nonlinearities such as long-
range and head-on beam-beam encounters, chromatic arc
sextupoles and Landau octupoles. Then, the impact of the
harmonics on the beam performance in terms of tune
diffusion, DA and lifetime is discussed in Sec. III by

including in the simulations a power supply ripple spectrum
|

cos(2zQ,N) sin(27Q)

with the most important 50 Hz harmonics as acquired from
experimental observations. Finally, the impact of controlled
dipolar excitations on the beam lifetime, conducted with
the transverse damper, is described in Sec. IV, which
provides a tool for the validation of the DA simulations
in the presence of power supply ripple.

II. LINEAR FORMALISM FOR A MODULATED
DIPOLAR FIELD ERROR

In a circular accelerator, the kick related to a modulated
dipolar field error ®, with a deflection 6, and a frequency
of 0, oscillations per turn can be represented in normalized
phase space as:

Fu= (@f(n)) N (ﬂfep cog(anpn))’ @

where n is the turn considered and f is the -function at the
location of the perturbation.

In the linear approximation, considering only the hori-
zontal motion and assuming that the source and the
observation point are situated in the same location, the
vector representation of the position and momentum at turn
N is

< N
_ X -
S= ()= 2 wn, 9
XN n=—oo

where M is the linear rotation equal to:

MN — ( cos(27QN) Sin(zﬂQN)>

. (4)
—sin(2zQN) cos(2zQN)

with Q representing the machine betatron tune. Combining
Eq. (2), (3), and (4) and assuming that the perturbation is
present from n — —oo, yields:

N

Iy = \/BHP Z cos (27Q,n) sin (2(N — n)zQ),
N
Xy =+/B0, > cos(2mQ,n)cos 2(N —n)zQ).  (5)

In Eq. (5), using Euler’s formula and writing the sum
expressions in terms of geometric series yields for 0, # Q:

v = \/’59” kl—i>r—noo <2

(cos(27Q,) — cos(27Q))

= cos(27Q,(k = 1)) sin(2zQ(k — N)) + cos(27Q k) sin(2zQ(k — 1 — N)))
2(cos(27Q,,) — cos(27Q)) '
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o . (cos(2zQ,(N + 1)) — cos(2zQ ,N) cos(2zQ)
T \/Bgl’kgljloo( pZ(cos(2nQp) - cos(ZZQ))

N cos(27Q,(k — 1)) cos(2zQ(k — N)) + cos(2zQ ,k) cos(2zQ(k — 1 — N))

2(cos(27Q,,) — cos(27Q))

The limit of the terms in the numerator of Eq. (6)
involving k in the argument of the trigonometric functions
is bounded but indeterminate. Using the Cesaro mean the
trigonometric products involving k as an argument in
Eq. (6) is equal to zero and the expressions for the position
and momentum simply become:

- cos(2zQ,N)sin(27Q)

Xy = VPO, 2(cos (27Q,) —cos (22Q))’

o cos(27Q,N) cos(2zQ) — cos(2z(N +1)Q )
Xy = Vb0, 2(cos (27Q,) — cos (27Q)) ’

(7)

In physical coordinates, the maximum amplitude computed
from Eq. (7) is

B p0, sin (27Q)
|xmax,N| - Z(COS (271'Qp) - COS(ZﬂQ)) ‘

(8)

III. SIMULATIONS OF 50 Hz HARMONICS
WITH BEAM-BEAM INTERACTIONS

Tracking simulations are performed using the single-
particle symplectic code sixTrack [11,12]. A distribution of
particles is tracked in the element-by-element LHC and
HL-LHC lattice at top energy, including important non-
linearities such as head-on and long-range beam-beam
encounters, sextupoles for chromaticity control and
Landau octupoles for the mitigation of collective instabil-
ities. For the LHC case, the chromaticity in the horizontal
and vertical plane is Q' = 15 and the amplitude detuning
coefficients a, ,, = 00, /0(2J,,) with ny,n, € {x,y} are

Ay =168 x10* m™",  a, =-11.8x 10* m™,

ayy =165 x 10* m™! 9)

as computed from the PTC-normal module of the MAD-X
code [13].

The beam-beam interactions are simulated with the
weak-strong approximation. The maximum duration of
the tracking is 10° turns that corresponds to approximately
90 seconds of beam collisions in operation. The main
parameters used in simulations for LHC and HL-LHC are
presented in Table II. For the LHC, the simulated

conditions refer to the start of the collisions. The simulated
conditions in the HL-LHC case correspond to the nominal
operational scenario at the end of the f*-leveling, taking
place after several hours from the start of the collisions [14].

In a previous paper [1], it was demonstrated that, as far as
the low-frequency cluster is concerned, the power supply
ripple is distributed in all eight sectors. An accurate
representation of the power supply ripple propagation
across the chains of the LHC dipoles requires a model
of the transfer function as a transmission line for all the
spectral components in the low-frequency cluster, similarly
to the studies performed for the SPS [15]. Furthermore, as
the exact mechanism of the high-frequency cluster is not
yet clearly identified, an accurate transfer function is not
known at the moment.

To simplify these studies, the distributed power supply
ripple is projected to a single location with an equivalent
impact on the beam’s motion. Specifically, a horizontal
modulated dipolar source is included at the location of the
Q7 pickup of the transverse damper, which coincides with
the observation point. To simulate the dipolar excitation,
the strength of a horizontal kicker is modulated with a
sinusoidal function:

Ak(t) = 0, cos (2xf 1), (10)

where 7 is the time, 6, the deflection, f, = Q,, - fre, the
power supply ripple frequency and f,., the revolution
frequency listed in Table II. In this way, the contribution of
all the dipoles is represented by a single, equivalent kick
and the horizontal amplitudes observed in the LHC
spectrum are reproduced in the simulations. The maximum
amplitude induced on the particle’s motion due to the 50 Hz
harmonics is computed from Eq. (8) with the horizontal
p-function listed in Table II.

The simulations are then repeated for the HL-LHC case.
The need to perform projections for the HL-LHC is
justified by the fact that no modifications are envisaged
for the power supplies of the main dipoles. Consequently,
based on the source, the 50 Hz harmonic are expected to
also be present in the HL-LHC era. In the following
sections, the HL-LHC studies are based on the power
supply ripple spectrum acquired experimentally from LHC,
although it is expected that the foreseen upgrade of the
transverse damper system will lead to a more efficient
suppression of the harmonics.
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TABLE II.

The LHC and HL-LHC parameters at top energy used in the tracking simulations. The LHC parameters correspond to the

start of collisions, while the HL-LHC parameters refer to the end of the #*-leveling as envisaged in the nominal scenario [14].

Parameters (unit)

LHC (values)

HL-LHC (values)

Beam energy (TeV)

Bunch spacing (ns)

RMS bunch length (cm)

Bunch population (protons)
Beam-beam parameter &,

Horizontal tune Q,

Vertical tune Q,

Horizontal and vertical normalized emittance (umrad)
Horizontal and vertical chromaticity
Octupole current (A)

IP1/5 Half crossing angle (urad)
Horizontal and vertical IP1/5 f* (cm)
Total rf voltage (MV)

Synchrotron frequency (Hz)

Revolution frequency (kHz)

Relative momentum deviation ép/p
Horizontal f-function at Q7 pickup (m)

6.5 7
25 25
7.5 7.5
1.25 x 101 1.2 x 101
7.6 x 1073 5.8 x 1073
0.31 0.31/0.315"
0.32/0.315° 0.32
2.0 2.5
15 15
550 -300
160 250
30 15
12 16
23.8 23.8
11.245 11.245
27 x 1073 27 x 107°
105.4 102.3

*Nominal/optimized working point.

A. Impact of single-tone ripple spectrum
on the dynamic aperture

As a first step, we consider individual 50 Hz harmonics in
the power supply ripple spectrum for increasing values of the
deflection 6,,. For each study, a different combination of the
frequency f, and the amplitude of the excitation 6, is
selected. For each case, the minimum DA in the initial
configuration space, i.e., the initial horizontal x and vertical
y displacements is compared to the value derived in the
absence of power supply ripple. In these simulations, the tune
modulation due to the coupling of the synchrotron oscillations
to the betatron motion for a chromaticity and a relative
momentum deviation listed in Table II is also included.

The scan in the ripple parameter space (f,, €,) is
performed to define the most dangerous 50 Hz harmonics
of the low and high-frequency cluster, i.e., the frequencies
that, for a constant excitation amplitude, have a maximum
impact on the DA. Then, the amplitude induced in the beam
motion at the location of observation point is estimated
from Eq. (8) with the parameters f,, ¢, and the -function
of Table II. A threshold for the minimum amplitude at the
Q7 pickup that leads to a reduction of DA is determined.

Figure 1 presents the 50 Hz harmonics as a function of
the horizontal amplitude at the observation point after a
normalization with the horizontal beam size. The harmon-
ics of the low and the high-frequency cluster that reside in
the vicinity of f, and f,., — f, have been selected for the
analysis. A color code is assigned to the reduction of the
minimum DA to illustrate the regimes with a negligible
(blue) and significant (yellow) impact.

From the scan, it is evident that the 50 Hz harmonics
with the largest impact are the ones that reside in the

proximity of the tune and its alias. For the LHC, an
amplitude threshold of 0.4 ym is defined, while this limit
reduces to 0.2 um for the HL-LHC. For comparison, the
maximum excitation observed experimentally due to the
50 Hz lines is approximately 0.16 ym as presented in
Table I.

B. Frequency map analysis with a realistic power
supply ripple spectrum

A more significant impact on the beam performance is
anticipated in the presence of multiple 50 Hz harmonics,
similar to the experimental observations, than considering
individual harmonics due to the resonance overlap [16,17].

2.66
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6.22x107!
4.32x107!
3x107!
2.09%107!
1.45x107"
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FIG. 1. The 50 Hz harmonics as a function of the horizontal
amplitude in the Q7 pickup normalised to the beam size, as
computed from the deflection and Eq. (8). A color code is
assigned to the reduction of the minimum DA from the value
computed in the absence of power supply ripple.
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FIG. 2. The spectrum centered around the low (left) and high
(right) frequency cluster as acquired experimentally from the
horizontal plane of Beam 1 (black) and from tracking simulations
(green).

To this end, a realistic power supply ripple spectrum must
be included in the simulations. Similarly to Table I, the
amplitudes and the frequencies of the 40 largest 50 Hz
harmonics are extracted from the horizontal beam spectrum
as observed during operation. For each frequency, the
equivalent kick at the location of the Q7 pickup is
computed from Eq. (8) and it used as an input for the
power supply ripple simulations.

Figure 2 shows the horizontal spectrum of Beam 1 from
the experimental observations (black) centered around the
low (left) and high (right) frequency cluster. A single
particle is tracked in the LHC lattice including the most
important 50 Hz harmonics. The output of the simulations
(green) is also illustrated in Fig. 2. The comparison of the
two is a sanity check illustrating the good agreement
between the simulated and the experimental beam spec-
trum. A similar agreement (between simulated and
expected beam spectrum) is found for the HL-LHC case,
were the equivalent kicks have been recomputed due to a
small variation of the g-function as shown in Table II.

The studies are organized as follows. First, a study in the
absence of power supply ripple is performed that is used as
a baseline. Second, the largest 50 Hz harmonics of the low-
frequency cluster are considered. Then, a separate study is
conducted including only the most important harmonics of
the high-frequency cluster. Last, both regimes are included
in the simulations.

Particles extending up to 6 ¢ in the initial configuration
space are tracked for 10* turns in the LHC and HL-LHC
lattice. The particles are placed off-momentum as shown in
Table II, without however considering the impact of syn-
chrotron oscillations. A frequency map analysis (FMA) is
performed for each study [18-21]. The turn-by-turn data are
divided into two groups containing the first and last 2000
turns, respectively. The tune of each particle is computed for
each time interval using the Numerical Analysis of

Fundamental Frequencies (NAFF) algorithm [22-24].
Comparing the variation of the tune of each particle across
the two time spans reveals information concerning its tune
diffusion rate D that is defined as:

D=/(0 =02+ (0, - 0. (1)

where Q; ,Q;, with j € {x,y} denote the tunes of each
particle in the first and second time interval, respectively.

Figure 3 illustrates the frequency maps (left panel) and
the initial configuration space (right panel) for the four
studies in the LHC. For the frequency map, the particle
tunes of the second interval are plotted and a color code is
assigned to logarithm of the tune diffusion rate D to
distinguish the stable particles (blue) from the ones with
an important variation of their tune (red) due to the
resonances. The gray lines denote the nominal resonances,
i.e., the resonances that intrinsically arise from the non-
linear fields such as nonlinear magnets and beam-beam
effects without power supply ripple.

In the absence of power supply ripple [Fig. 3(a)], an
important impact is observed due to the third-order reso-
nance (3 - Q, = 1), which is in the vicinity of tune footprint
and it affects particles at large amplitudes (red).

From the FMAs, it is observed that the dipolar power
supply ripple results in an increase of the particles’
diffusion rate, first, by enhancing the strength of some
of the nominal resonances and second, through the exci-
tation of resonances in addition to the nominal ones as
described in Eq. (1). Including the low-frequency cluster
[Fig. 3(b)], the resonances with the largest impact are

Q.= 0, (12)

As the power supply ripple is injected in the horizontal
plane, these resonances appear as vertical lines in the tune
domain in a location equal to the excitation frequency
(green). Due to the coupling of the transverse planes, the
strongest dipolar excitations are also visible in the vertical
plane, appearing as horizontal lines in the frequency maps.

The excitations of the high-frequency cluster appear as
aliases (purple). For instance, the excitation at 7.8 kHz
in Fig. 3(c) is located at f,., — 7.8 kHz. For the high-
frequency cluster (Fig. 3c), the most critical resonances are

For the 50 Hz harmonics in the vicinity of the betatron
tune and its alias these additional resonances are located
inside the beam’s footprint. As clearly shown in the x—y
plane (right panel), the existence of such resonances
impacts both the core and the tails of the distribution.
Reviewing the impact of both clusters [Fig. 3(d)] indicates
that the main contributors to the increase of tune diffusion
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FIG. 3. The frequency maps (left) and the initial configuration space (right) color-coded with the logarithm of the tune diffusion rate

(Eq. (11) for the LHC simulation parameters of Table II (a) in the absence of power supply ripple, (b) with the 50 Hz harmonics of the
low and (c) high-frequency cluster and (d) combining both regimes. The gray lines represent the nominal resonances and the green and

purple lines illustrate the resonances [Eq. (12) and (13)] excited due to power supply ripple.

rate are the 50 Hz harmonics in the high-frequency cluster.
Similar results are obtained for the HL-LHC case.

C. Intensity evolution simulations

Quantifying the impact of the power supply ripple and
the nonlinearities on the intensity evolution requires
tracking a distribution with realistic profiles in all planes
that are similar to the ones observed experimentally. If
impacted by resonances, particles at the tails of the
distribution close to the limit of DA diffuse and will
eventually be lost. Therefore, a detailed representation of
the tails of the distribution is needed along with a realistic
longitudinal distribution that extends over the whole bucket
height.

The initial conditions form a 4D round distribution,
which is sampled from a uniform distribution, extending up
to 7o both in the initial configuration space, as well as in the
initial phase space. In the longitudinal plane, the relative
momentum deviation of the particles is a uniform distri-
bution that extends up to the limit of the bucket height (not
the value presented in Table II).

To reduce the statistical variations, 25 x 10* particles are
tracked in the LHC lattice including synchrotron oscilla-
tions. In the post-processing, a weight is assigned to each
particle according to its initial amplitude, as computed from
the probability density function (PDF) of the final distri-
bution that needs to be simulated. The weight of each
particle i is

3 PDF(r(;;,0;
w; = Jj=1 ( (J:1) ])’ (14)
2 n Wn

where j iterates over the three planes, r(j,i) = x<2j n T

p%m with x(; ;y, p(;;) the initial normalized position and

momentum coordinates of the i particle, o; represents the
RMS beam size in the j-plane and the denominator denotes
the normalization with the sum of the weights of all the n
particles in the distribution.

Experimental observations have shown that the tails of
the LHC bunch profiles are overpopulated in the transverse
plane and underpopulated in the longitudinal plane com-
pared to a normal distribution [25,26]. For an accurate
description of the bunch profiles, the PDF of the g-
Gaussian distribution is employed [27-29]:

2

2 -
Vire q=1
1
VG )™
= - 1 3
PDF(r, o) VAo () <g<
N e |
V2moT (141 q=<

(15)

The parameter g and the ratio of the RMS beam size of the
Gaussian (¢ = 1) to the g-Gaussian distribution 65 /6, are
presented in Table III for the longitudinal and the transverse
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TABLE III. The parameters of the q-Gaussian PDF shown in
Eq. (15) for the longitudinal and transverse plane [25,26].

Parameters Longitudinal plane Transverse plane
q 0.88 1.15
GG/UqG 095 105

plane (assuming the same profiles for the horizontal and
vertical plane).

Furthermore, a mechanical aperture is defined in the
post-processing at 6.6c to simulate the effect of the
primary collimators on the transverse plane based on
the settings of the 2018 operation. Particles beyond this
threshold are considered lost and their weight is set to zero.

Figure 4 presents the intensity evolution without power
supply ripple (black), including the 50 Hz harmonics of the
low (blue) or high (orange) frequency cluster and consid-
ering both regimes (red). The results indicate that the
presence of the 50 Hz harmonics leads to a reduction of the
beam intensity, which is already visible with a tracking
equivalent to 90 seconds of beam collisions. The results
also show that, for the time span under consideration, the
high-frequency cluster is the main contributor to the
decrease of the beam intensity. A similar effect is observed
when considering the same power supply ripple spectrum
for the HL-LHC case with the high-frequency cluster acting
as the main contributor.

To quantify the impact of the 50 Hz harmonics on the
beam performance, the instantaneous lifetime 7 is com-
puted from the intensity evolution / as:

I(nAt) = Io(nAt) - 757, (16)

where n is an integer representing a time interval of
duration At with an initial intensity /,. An approximation
of the instantaneous lifetime is estimated by fitting the

100.00
—— Reference
—— Low-f cluster
99.97 .
—_ High-f cluster
o
S —=— Both clusters
2 99.94
2]
=
3
=i
= 9991
99.88
0 30 60 90
Time (sec.)
FIG. 4. Intensity evolution without power supply ripple (black),

considering only the low (blue) or high (orange) frequency cluster
and including the 50 Hz harmonics in both regimes (red).

100.00
—— Reference
—— Spectrum of B1
99.97
—_ —=—Spectrum of B2
IS .
~ Fit
2 99.94
w
=
2
=
= 9991
99.88
0 30 60 90
Time (sec.)
FIG. 5. Intensity evolution in the absence of power supply

ripple (black), including the power supply ripple spectrum of
Beam 1 (blue) and 2 (red). The green line indicates the fits of the
exponential decay of the intensity to compute lifetime (Eq. (16).

exponential decay of the intensity with a sliding window,
with each step n consisting of a few thousand turns At.
Using a sliding window rather a single exponential fit
allows for a more accurate computation of the evolution of
the instantaneous lifetime.

Figure 5 illustrates the intensity evolution in the absence
of power supply ripple (black), including the power supply
ripple spectrum from the experimental observations of
Beam 1 (blue) and 2 (red). The green line indicates the
fits of Eq. (16) to compute the lifetime evolution.

As shown in Table I, the fact that the power supply ripple
spectrum of Beam 2 is lower by approximately a factor of two
compared to Beam 1 results in an asymmetry of the intensity
evolution between the two beams. Starting fromz = 28.4 hin
the absence of power supply ripple, the lifetime reduces to
7 = 27.4 h when including the ripple spectrum of Beam 2 in
the simulations and 7 = 22.3 h when considering the spec-
trum of Beam 1. As a reference, the LHC burn-off beam
lifetime during collisions is approximately 25 h. During the
operation of the accelerator in run 2 (2015-2018), it has been
observed that the lifetime of Beam 1 was systematically lower
than the lifetime of Beam 2 [30]. It is the first time that
simulations reveal that, among other mechanisms, the 50 Hz
harmonics can contribute to this effect.

IV. SIMULATION BENCHMARK WITH
CONTROLLED EXCITATIONS

During the latest LHC run in 2018, controlled dipolar
excitations were applied on the beam using the transverse
damper kicker. The goal of the experiment was to study the
impact of dipolar excitations at various frequencies and
amplitudes and to validate our simulation framework in a
controlled manner. The experiments were performed at
injection energy.

Experimentally, some of the excitations led to a signifi-
cant reduction of the beam lifetime. To retrieve the initial
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FIG. 6. The horizontal spectrum of a single bunch (black)
during a controlled dipolar excitation at 2.5 kHz (green marker)
performed using the transverse damper. The vertical lines
represent the multiples of 50 Hz.

deflection applied from the transverse damper, the ampli-
tude and the frequency are extracted from the calibrated
ADTObsBox beam spectrum. For instance, Fig. 6 shows the
horizontal spectrum of Beam 1 during a controlled excitation
at 2.5 kHz (green star-shaped marker) for a single bunch. The
gray vertical lines illustrate the multiples of 50 Hz. Then,
using the amplitude and the frequency, the equivalent kick is
computed from Eq. (8). This procedure is repeated for all the
excitations applied during the experiments.

The impact of the excitations on the beam lifetime is
compared against the DA scans computed with tracking
studies in the presence of dipolar power supply ripple. The
important parameters of the tracking simulations at injec-
tion energy are summarized in Table IV.

In each study, a different combination of the excitation
frequency and amplitude is selected. In particular, consid-
ering a constant excitation frequency, the value of the
deflection is increased and the minimum DA is computed
for each case. A ripple amplitude threshold is defined as a
function of the excitation frequency. Beyond this limit, a
reduction of DA is expected.

Figure 7 presents the frequency of the excitation as a
function of the deflection. A color code is assigned to the

TABLEIV. The LHC parameters at injection energy used in the
simulations with dipolar power supply ripple.

Parameters (unit) Values
Beam energy (GeV) 450
Bunch spacing (ns) 25
RMS bunch length (cm) 13

rf voltage (MV) 8
Betatron tunes (Q,, O,) (0.275, 0.295)
H/V normalized emittance (umrad) 2.5
H/V chromaticity 15
Octupole current (A) 20
Bunch population (protons) 1.15 x 10"
Horizontal f-function at Q7 (m) 130.9

%  No impact on lifetime

60

7.6 kHz

% Lifetime reduction

3 kHz

2.5kHz

_ 1
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FIG. 7. The frequency of the excitation as a function of the
deflection. A color code is assigned to the minimum DA
computed with tracking simulations including power supply
ripple. The star-shaped markers present the equivalent kicks,
as computed from the beam spectrum and Eq. (8) during the
controlled excitations with the transverse damper. The red
markers indicate that the excitation had an impact on the beam
lifetime. The blue markers denote the excitations that did not
affect the beam lifetime.

minimum DA to distinguish the regime where the power
supply ripple has no significant impact (blue) from the one
where a significant reduction of DA (red) is observed in the
simulations.

In Fig. 7, the star-shaped markers denote the experi-
mental excitation kicks and frequencies. A color code is
assigned to the markers that allows distinguishing the
excitations that had no impact on lifetime experimentally
(blue) from those that lead to a lifetime drop (red).
Although an excitation at 8.1 kHz was performed exper-
imentally, the position measurements at this time were not
stored and a star-shaped marker is not included.

The comparison between experimental observations and
the power supply ripple threshold defined by DA simulations
yields a fairly good agreement between the two for the
majority of the excitations, taking into account the simplicity
of the machine model and the absence of effects such as
linear and nonlinear imperfections in the simulations. This
comparison provides a validation of our simulation frame-
work including power supply ripple. The method to bench-
mark simulations and experimental findings presented in this
section is not only limited to the studies of the 50 Hz
harmonics but can be used to validate the tracking results for
different types of power supply ripple and noise effects.

V. CONCLUSIONS

The purpose of the current paper was to determine
whether the 50 Hz harmonics perturbation is a mechanism
that can impact the beam performance during the LHC
operation. To this end, single-particle tracking simulations
were performed in the LHC and HL-LHC lattice including
important nonlinear fields such as head-on and long-range
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beam-beam interactions, chromatic sextupoles, and Landau
octupoles.

Including a realistic power supply ripple spectrum in the
simulations shows that the 50 Hz harmonics increase the
tune diffusion of the particles through the excitation of
additional resonances, a mechanism that was clearly shown
with frequency maps. The high-frequency cluster is iden-
tified as the main contributor.

From simulations that correspond to 90 seconds of beam
collisions, the increase of the tune diffusion due to the
50 Hz harmonics results in a lifetime reduction of 21% with
respect to the lifetime in the absence of power supply
ripple. Based on these results, it is concluded that the 50 Hz
harmonics have an impact on the beam performance during
the LHC operation. Mitigation measures should be incor-
porated in the future operation of the accelerator to suppress
the high-frequency cluster from the beam motion.

Due to the asymmetry of the power supply ripple
spectrum between Beam 1 and 2 by a factor of approx-
imately two, the simulations illustrate a clear discrepancy in
the intensity evolution of the two beams. Including realistic
bunch profiles, the estimated lifetime is 7 = 22.3 h and
7 =274 h for Beam 1 and 2, respectively. An important
lifetime asymmetry between the two beams has been
observed since the beginning of run 2 and it is the first
time that tracking simulations show that power supply
ripple can contribute to this effect.

In the context of this study, a general simulation
framework has been developed. This paper illustrated a
method to define an acceptable power supply ripple thresh-
old for operation through DA scans. The results of these
scans were bench-marked against experimental observa-
tions with controlled excitations using the transverse
damper. Finally, a method to determine the intensity
evolution with weighted distributions and realistic bunch
profiles has been demonstrated. The analysis methods
presented in this paper can be applied to studies of other
types of power supply ripple and noise effects.
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APPENDIX: BENCHMARK OF ANALYTICAL
FORMALISM FOR A MODULATED DIPOLAR
FIELD ERROR WITH TRACKING
SIMULATIONS

A comparison between the results of tracking simula-
tions and Eq. (8) is performed as a sanity check. A single
particle is tracked in the LHC lattice with sixTrack, in the

10* 3
3 Onoise = | nrad
Analytical estimations
A Simulations

10° E

10° o

E ]
2 103
43 3
100 -
107

10 4 T T

0 4 8

f (kHz)
FIG. 8. The horizontal amplitude as a function of the dipolar

excitation frequency with 6, = 1 nrad as computed from the
closed form of Eq. (8) (black) and from simulations (blue).

presence of a dipolar modulation described by Eq. (10).
The amplitude of the kick is 1 nrad and the frequency varies
across the studies. The horizontal amplitude is computed
from the particle’s spectrum for each study and is then
compared to the analytical formula [Eq. (8)].

Figure 8 illustrates the amplitude as a function of the
frequency computed analytically (black) and from simu-
lations (blue) and a very good agreement is found between
the two. For a constant excitation amplitude, a resonant
behavior is expected as the frequency approaches to
k- fiy = fy, where k is an integer.

As a reference, the maximum amplitude observed in the
beam spectrum is equal to 0.84 x 1073 ¢ for a normalized
emittance of ¢, = 2 ymrad, a beam energy of 6.5 TeV and
a p-function equal to 105 m. Considering a single dipolar
excitation at the location of the observation point, the
equivalent kick, as computed from Eq. (8), is 6, =

0.09 nrad for Q = 0.31 and |Q — Qp| =5x1073.
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