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We present the results of numerical simulations and experimental studies about the effects of resonant
and random excitations on proton losses, emittances, and beam distributions in the Large Hadron Collider
(LHC). In addition to shedding light on complex nonlinear effects, these studies are applied to the design
of hollow electron lenses for active beam halo control. In the High-Luminosity Large Hadron Collider
(HL-LHC), a considerable amount of energy will be stored in the beam tails. To control and clean the beam
halo, the installation of two hollow electron lenses, one per beam, is being considered. In standard electron-
lens operation, a proton bunch sees the same electron current at every revolution. Pulsed electron beam
operation (i.e., different currents for different turns) is also considered, because it can widen the range of
achievable halo removal rates. For an axially symmetric electron beam, only protons in the halo are excited.
If a residual field is present at the location of the beam core, these particles are exposed to time-dependent
transverse kicks and to noise. We discuss the numerical simulations and the experiments conducted in 2016
and 2017 at injection energy in the LHC. The excitation patterns were generated by the transverse feedback
and damping system, which acted as a flexible source of dipole kicks. Proton beam losses, emittances, and
transverse distributions were recorded as a function of excitation patterns and strengths. The resonant
excitations induced rich dynamical effects and nontrivial changes of the beam distributions, which, to our
knowledge, have not previously been observed and studied in this detail. We conclude with a discussion of

the tolerable and achievable residual fields and proposals for further studies.
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I. INTRODUCTION

In circular accelerators and storage rings, beam quality
can be affected by the interplay of external excitations with
machine lattice. This work, through calculations and
experiments, focuses on how a certain class of resonant
excitations influences beam dynamics and to which extent
these excitations can cause beam losses, emittance growth,
or changes in the particle beam distributions. Besides their
general relevance to the topic of complex nonlinear
dynamics, these studies were motivated by the need to
assess the effects of a pulsed hollow electron lens for active
beam halo control.

Considering past, current and future high energy col-
liders, each new machine has represented a considerable
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leap in stored beam energy (Table I). Furthermore, recent
measurements at the LHC show that the tails of the
transverse beam distribution are overpopulated compared
to a Gaussian distribution. This results in a considerable
amount of energy being stored in the beam tails. In
particular, in the case of the LHC, about 5% of the beam
population is stored in the tails (i.e., above 3.56, where ¢ is
the standard deviation of the Gaussian beam core), com-
pared to 0.22% in an ideal Gaussian distribution, leading to
19 M1J of stored energy for nominal LHC parameters and
34 MJ in the case of HL-LHC [1]. This leads to the
conclusion that a mechanism is needed to deplete the beam
tails in a controlled manner. Further information on the
needs for halo control in LHC can be found in Ref. [2].
The most direct approach is to decrease the collimator
gaps or to periodically scrape the tails. However, this is not
feasible, as it would generate unacceptably large loss spikes
and possibly component damage. Most promising are
methods which increase the diffusion speed in the region
of the halo particles, resulting in a smooth and continuous
removal of the high amplitude tails, while leaving the core
of the beam unperturbed. The diffusing halo particles are
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TABLE 1.
beam energy.

Stored beam energy for a few examples of past, present and future colliders. New machines represent a leap in stored

Collider Tevatron (protons) [3] LHC 2016 [4] LHC nominal [6] HL-LHC [7] FCC [8,9]
Beam energy [TeV] 0.98 6.5 7.0 7.0 50.0
Number of bunches 36 2220 2808 2748 10600
Number of particles per bunch 2.90 x 10! 1.15 x 101 1.15 x 10" 2.2 x 10" 1.0 x 10"
Stored beam energy [MJ] 1.6 265.9 362.2 678.0 8480

then intercepted by the collimation system and removed.
This concept is also referred to as active halo control,
designed to enhance a conventional passive system, which
is still needed to robustly intercept the halo particles. An
illustration of the concept is shown in Fig. 1.

In a recent review, the need for such an active
halo control system for HL-LHC has been assessed, with
the conclusion that it would considerably increase the
operational margins and reduce the risks for machine
protection [2]. In view of the need of active halo control
for HL-LHC and for future high power accelerators, like
HE-LHC and FCC-hh [10,11], different active halo con-
trol methods have been studied [12]. The hollow electron
lens (HEL) is considered the most established, flexible
and suitable technology for the HL-LHC [2,13]. In
December 2019, the CERN Council approved the inclu-
sion of hollow electron lenses in the baseline of the
HL-LHC Project.
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However, the beneficial effects of an HL-LHC HEL for
machine protection and for collimation cannot come at the
expense of performance degradation due to losses or
emittance growth in the beam core. In standard electron-
lens operation, a proton bunch sees the same electron
current at every revolution. It is also possible to have
different currents for different groups of bunches. Under
these conditions, the imperfections of the hollow beam
have a negligible effect. On the other hand, in order to
extend the range of achievable removal rates, pulsed
operation is also being considered. In this case, different
currents can be set to act on the same bunch at each turn. If
a residual field is present at the location of the beam core,
core particles can be exposed to resonant transverse kicks
and to noise.

In this paper, we concentrate on the experimental and
numerical assessment of possible detrimental effects on
the beam core of a pulsed electron lens. Section II gives

Beam population density, f(x, r)
HOLLOW ELECTRON BEAM.
COLLIMATOR
Diffusion coefficient, D (x)

0 2 4 6 8
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FIG. 1.

Left: sketch of passive halo control with a conventional collimation system (top) and active halo control, with the addition of a

hollow electron lens (bottom). Right: illustration of a simplified model of active diffusion enhancement in the transverse plane. The
diffusion coefficient as a function of amplitude (orange) is enhanced in a specific amplitude region when the hollow beam is turned on
(from solid to dashed line). A corresponding reduction in beam tail population (black) is created (from solid to dashed line).
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FIG. 2. Layout of the hollow electron lens for HL-LHC. (Figure is courtesy of CERN EN-MME mechanical engineering group).

an introduction to the concept of HELs and summarizes
the design parameters of the HL-LHC HELs. Section III
is dedicated to the sources of residual fields from the
HEL in the core region. Sections IV and V describe the
experimental conditions and the setup of the numerical
tracking simulations. Results and comparisons between
simulations and measurements are given in Sec. VI, with
discussion and summary in Sec. VII. Further information
can be found in the discussions, data and plots reported
in Ref. [14].

II. HOLLOW ELECTRON LENS FOR HL-LHC

A. General overview

Electron lenses are based upon continuous or pulsed
low-energy, magnetically confined electron beams [15-18].
The electron beam is generated in an electron gun, guided
and confined by strong solenoids and finally dumped in a
collector. As an example, the conceptual design of the
HL-LHC HEL is shown in Fig. 2.

The circulating beam (protons in the LHC case) is
affected by the electromagnetic field of the electron
beam. For the application of active halo control, the
electron beam needs to generate an electromagnetic
field only at the location of the halo particles.
This field distribution can be achieved, for instance,
by using a hollow charge distribution in radius
r=+/x*>+y? uniformly distributed between inner
radius R; and outer radius R, (Fig. 3). In this case,

the circulating proton beam experiences the following
radial kick 6(r):

f(r)

o) = 7Ry

: amax’ (1)

where f(r) is a shape function with

0 r < Rl’
2_R2

f(r) = R%—Rl% Rl <r< Rz, (2)
1 R2 S r

and 0, = 0(R,) is the maximum kick angle given by

o 2LIT(1 iﬁeﬂp) i
~dmey - (po/q), - BByt Ry

Omax = e(RZ) (3)

with L the length of the HEL, I; the total electron
beam current, f, and f, the relativistic velocity param-
eters of electrons and protons, (py/q), = (Bp), the
magnetic rigidity for the proton beam reference particle,
¢ the speed of light and ¢, the vacuum permittivity.
The +£-sign in Eq. (3) represents the two cases of the
electron beam traveling in the direction of the proton
beam (v,v, > 0) leading to “=” or in the opposite
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FIG. 3. Illustration of the hollow electron beam charge dis-
tribution (blue), of the magnitude of the transverse kick expe-
rienced by the proton beam (red), and of the position of the
primary collimators (gray).
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TABLE II. HL-LHC design parameters at top energy [7] and
parameters relevant to the HEL. Optics parameters at the HEL are
based on a position of —40 m for beam 1 (B1) and +40 m for
beam 2 (B2) from the interaction point IP4, using HL-LHC optics
V1.3 with p* =0.15 m [19].

Value
Beam parameters B1 B2 Unit
Beam energy, E, 7 TeV
Number of bunches, n, 2748
Bunch population, N, 2.2 x 10"
Normalized emittance, ey ,/y 2.5 um
Bunch spacing 25 ns
Optics parameters at HEL (B1)*
P, at HEL 197.5 280.6 m
B, at HEL 211.9 262.6 m
Dispersion D, at HEL 0.0 0.0 m
Dispersion D, at HEL 0.0 0.0 m
Proton beam size o, , at HEL 0.26 0.31 mm
Proton beam size o, , at HEL 0.27 0.30 mm
Scale of scraping positions
6, =max(6,,.0,,) 0.27 0.31 mm

As the Twiss parameters at IP4 do not change during the entire
squeeze of the optical functions, and IP4 and the HEL are only
separated by a drift space, the Twiss parameters stay constant also
at the HEL during the squeeze.

direction (v,v, < 0) leading to “+”. For hollow electron
beam collimation, electrons and protons are chosen to
counterrotate, so that the magnetic and electric kicks
add up. [For simplicity, the dependence of the electron
axial velocity on radius is neglected in Eq. (3).]

In the case of HL-LHC HEL design parameters (Tables II
and III), the maximum Kick is

Omaxp1 = 392 nrad (4)

for an inner radius of R, = 40, outer radius R, = 7.5¢5,,
peak current of /, = 5.0 A, using the beam 1 lattice of the
LHC. Similar values are obtained for beam 2.

B. Operation modes and effects on the beam core

For the HEL, two modes of operation are currently under
consideration: the continuous mode (also referred to as
“dc,” or direct current, in this paper) as standard operation
mode, described above; and the pulsed mode. The main
benefit of pulsed HEL operation is the increase in halo
removal rates. A wider range of removal rates may become
important under operating conditions with small nonlinear-
ities, in particular low chromaticity and octupole current,
when the dc mode may be too slow [21,22].

Two different pulsing patterns are considered for
the HL-LHC. In both cases, at each passage, a given
bunch sees a different electron-lens current and, therefore,

TABLE II. HL-LHC hollow electron lens parameters, as
defined in Ref. [20].

Geometry Value Unit
Length, L 3 m
Desired range of scraping positions 3.5-95 o)
Magnetic fields

Gun solenoid, B, 0.2-0.4 T
Main solenoid, B,, 2-6 T
Collector solenoid, B, 0.2-0.4 T
Compression factor, k = /B,,/B, 2.2-55

Electron gun

Peak yield I, at 10 keV 5.0 A
Gun perveance, P 5 uA V32
Inner/outer cathode radii, R,/R, 6.75/12.7 mm
High-voltage modulator

Cathode-anode voltage 10.0 kV
Rise time (10%-90%) 200 ns
Repetition rate 35 kHz

experiences a different transverse kick. The patterns are
defined as follows.

Random excitation.—The extraction voltage in the
electron gun is modulated according to the following
expression:

Ue-gun = (1 - a) “Umax T @1 Upaxs (5)

where U, is the maximum voltage, a is the modulation
strength, with a € [0, 1], and # is a uniformly distributed
random number in the interval [0, 1]. Simulations and
experiments, discussed below, were usually conducted
with a = 1.

Resonant excitation.—The electron beam is switched on
only every kth turn. The excitation can be represented by
the following expression:

“+00

f@)y="Y" 8lt—n- (k1)) (6)

n=—0o0

where 7 is the turn number and 7 is the revolution period.
Its Fourier representation is

+o0
) =M = > e, ()

with f, = n - f,.,/k and where III; is the Dirac comb. In
general, kth-turn pulsing drives kth-order resonances [23].
This type of pulsing pattern was used in the Tevatron during
regular collider operations for abort-gap cleaning [24].
For an axially symmetric electron lens, the field at the
beam core vanishes. Effects on the proton core arise
from imperfections, with two main sources: the injection
and extraction bends of the HEL (discussed below in
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Sec. Il A), where the electron beam crosses the proton
beam; and distortions of the electron beam profile during its
propagation under magnetic focusing and space charge
(Sec. III B). Both sources result in nonlinear kicks [25,26].
In continuous operation, these nonlinear kicks are usually
much smaller than the machine nonlinearities. Tolerances
on imperfections are therefore not particularly stringent.
The picture changes significantly in case of pulsed oper-
ation. If the electromagnetic field does not vanish at the
proton beam core, noise or resonant kicks are transferred
not only to the halo particles, as intended, but also to the
beam core. Tolerances on the residual fields in this case
become much more stringent. Studies of the effects of the
HEL on the beam core therefore focus on this mode of
operation, which is also the main subject of this paper.

III. SOURCES AND ESTIMATES OF
RESIDUAL FIELDS

Parasitic kicks on the proton beam core can be due to
electron-beam profile imperfections in the overlap region,
or to the injection and extraction toroidal bends, where
electrons and protons overlap, as shown in the layout
of Fig. 2.

Because no HEL is currently installed in the LHC, the
kicks on the proton beam core must be emulated by other
devices to determine their effects experimentally in a given
machine and to guide design and tolerances. In particular,
during the experiments presented in this paper, the LHC
transverse damper system (described in detail in Sec. [V B)
was used for this purpose. This system can generate
transverse dipole kicks with a wide range of excitation
patterns.

For comparison with experiments and simulations, here
we estimate to first order the magnitude of the dipole kicks
that may be expected from the HEL. As one can see below,
the contribution from the central region is in general
dominating.

A. Kicks from injection and extraction bends

To estimate the dipole component of the kicks that
originate from the injection and extraction bends, we used
the approach described in Ref. [25]. The bends are modeled
as a bent cylindrical pipe with a static charge distribution of
electrons. The resulting electric field is calculated, with the
vacuum pipe as boundary, using the solvers of the WARP
particle-in-cell code [27,28]. (The contribution of the
magnetic field generated by the electron current was
neglected in this study.) The field, integrated over the
trajectory of the protons, is then translated into a symplectic
kick map.

In case of a U-shaped electron lens, where electron gun
and collector are on the same side, the transverse (and
possibly pulsed) dipole kicks generated by the electron
charge at the entrance and exit add up. For an S-shaped

electron lens, on the other hand, where gun and collector
are on opposite sides, these kicks compensate each other.
For this reason, an S-shape was chosen for the HL-LHC
HEL (Fig. 2). A disadvantage of the S-shape is that the
static magnetic kicks due to the toroidal sections do add up,
but they can be compensated by conventional dipole
correctors, especially in a high-energy machine.

In the case under study of an S-shaped electron lens,
residual uncompensated kicks arise from differences in
electron charge distribution between the injection and
extraction bends. Here we conservatively assume 10%
fluctuations between the entrance and exit and, further-
more, that these differences add up.

The maximum values of the integrated electric fields
calculated in Ref. [25], based upon an electron beam of 1 A
at 5 keV, are

22
/ E,,dz =10 kV. (8)

2

Scaling to HL-LHC and HEL design parameters (Tables II
and III) yields the following integrated field and corre-
sponding kick:

/ Y E,dz=36kV = Ay =51 nrad,  (9)

|

as described in detail in Ref. [23]. Assuming a residual
difference of 10% between entrance and exit, the expected
kick is approximately

x', Ay" = 0.5 nrad.
Ax', Ay =05 d 10

B. Kicks in the central overlap region

For a perfectly annular and axially symmetric electron
beam profile, the electromagnetic field in the region of the
proton beam core vanishes. This is expressed by Eq. (2) and
is illustrated in Fig. 3. Fields at the location of the proton
beam core can arise if the axial symmetry is broken.

Recently, a hollow electron gun prototype for the LHC
(called CHG1b) was characterized at the Fermilab electron
lens test stand [29]. An example of a measurement of the
electron beam current density is shown in Fig. 4.

In the test stand, only resistive solenoids are available.
One can estimate the fields generated by the compressed
electron beam profile in the superconducting solenoids of
the HL-LHC HEL using a combination of experimental
measurements and calculations.

Experimentally, it was verified that the current-density
profiles scale with electron beam current and confining
axial field according to space-charge evolution [30,31].
Specifically, the same profile is obtained for a given family
of experimental conditions with constant ratio v/V/B,
where V is the accelerating voltage and B is the axial
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FIG. 4. Example of current-density distribution measurements for the hollow electron gun prototype CHGI1b, taken at the Fermilab
electron lens test stand in 2017 [30]: two-dimensional transverse profile measurement (left) and calculated one-dimensional radial

projection (right).

field. This ratio is proportional to the space-charge evolu-
tion number g = wy, - T < v/V /B, representing the number
of E x B rotations in the propagation time 7, with wp =
w?%/(2w,) the diocotron frequency, w, the plasma fre-
quency, and w,. the cyclotron frequency of the magnetically
confined electrons in the solenoid [32].

For a given HL-LHC HEL configuration, the corre-
sponding current-density profile measured in the Fermilab
test stand is used as input to calculate the electromagnetic
fields. For the purpose of estimating the residual fields,
the measured distribution is compressed to the inner
electron beam radius of 1.24 mm, corresponding to 40,,,

.
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FIG. 5.

as described in Tables II and III. A distribution with about
65000 particles is generated according to the measured
current-density profile. As boundary condition, the LHC
inner beam pipe radius » = 30 mm is used. The potential
and fields are then calculated with WARP [27,28]. The
resulting relative electric field strengths are shown in Fig. 5.
The electric field is obviously proportional to the charge
density of electrons. Its relative strength is rather insensitive
to the hollow beam radii, as long as these remain small
compared to the beam pipe radius. Further details on the
measurements and WARP simulations can be found in
Ref. [30].

100 +

50 A

20 A

10 A

Relative electric field strength [%]

x or y [mm]

Calculated relative electric field for the hollow electron gun CHG1b in the transverse x-y plane (left) and as one-dimensional

cuts through the x and y axes (right). The field calculations are based on measurements at the Fermilab electron-lens test stand combined
with WARP calculations of the electric potentials and fields in a cylindrical beam pipe.
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TABLE IV. Beam parameters and machine configuration for the two resonant excitation experiments of 2016 and 2017 [33,34]. The
plane of the excitation is abbreviated as H for horizontal, V for vertical and H + V for horizontal and vertical at the same time. MOF and

MOD refer to the focusing and defocusing Landau octupoles.

Parameter Experiment 2016 Experiment 2017
Beam Beam 1

Beam energy Injection energy, 450 GeV

Single bunch intensity 0.7 x 101

Normalized emittance 2.5-3.5 ym

40 bunch length 1.3 ns

1o bunch length 9.7 cm

Number of bunches

Injection optics, f* =11 m
Landau-damping octupoles

Ivio

Working point (Q,, Q,)
Chromaticity (Q%. Q})

Pulsing patterns

12 x4 =48

Standard optics 2016

7th turn H
10th turn V

3x72=216
(+1 pilot +12 nominal)

Standard optics 2017
Ivio = +19.6 A for MOF circuit and

= —19.6 A for MOD circuit (standard 2016 settings)
(64.28, 59.31)

(62.27, 60.295)
(+15, +15)
7th turn H, V, H+V

8th turn H, V, H+V
Random H, V, H+ V

Using these measurements and calculations of the
relative electric field strengths in the transverse plane
(Fig. 5), we obtain a median field in the hole of

<Ehole>/Emax =5%. (11)

For a maximum kick of 392 nrad, as derived in Eq. (4), the
estimated dipole kick amplitude at the proton beam core is
therefore approximately

Ax', Ay" = 20 nrad. (12)

The relative magnitude of the residual field depends on
several factors, including cathode quality, electron gun
geometry, solenoid field configuration, space-charge evo-
Iution, etc. It can be improved, if needed.

For the purposes of this paper, only the approximate
magnitude of the residual dipole kick is considered. In
general, the field map, including its multipolar components,
can be parametrized in symplectic form, as described for
instance in Ref. [25], and used in tracking codes to estimate
the effects on the circulating beam.

IV. EXPERIMENTAL SETUP

A. Overview

The purpose of the experiments at the LHC is to quantify
the effects of a pulsed excitation on the proton beam core.
In addition, these measurements provide an experimental
basis to guide the design and tolerances on the residual
HEL fields at the location of the beam core, in case resonant
excitation is needed for HL-LHC.

Two experiments were conducted, one in 2016 [33] and
one in 2017 [34]. Beam and machine parameters are
summarized in Table IV.

During the experiments, losses were measured with the
fast beam current transformers (FBCTs). Transverse beam
profiles and emittances were provided by the beam syn-
chrotron radiation telescope (BSRT) [35]. All instruments
were capable of delivering bunch-by-bunch data. The data
analysis of the BSRT profiles is quite involved. In this
paper, we focus on the direct comparison of the resulting
profiles. A detailed description of the profile analysis can
be found in Ref. [36], with individual experiments reported
in Refs. [33,34].

The choice of excitation patterns for the experiments was
guided by losses and emittance growths calculated in
numerical tracking simulations, described below. It was
chosen to study experimentally the two pulsing patterns
with the largest calculated effects on the beam (seventh and
tenth-turn pulsing), one pattern with no effect (eighth-turn
pulsing), and the random excitation. In order to quantify the
reproducibility of the results under different machine
configurations, one pulsing pattern (seventh-turn pulsing)
was tried first in 2016 and then repeated in 2017.

B. Excitations with the transverse damper
and bunch filling schemes

The primary function of the LHC transverse damping
and feedback system, also known as ADT, is to mitigate
injection oscillations and to actively damp the coupled-
bunch instabilities driven by machine impedance [37,38].
The main building blocks of the system are the following:
strip-line pickups at positions Q7 and Q9 near interaction
point 4 (IP4) of the LHC, which are connected to the beam
position measurement modules at the surface; the digital
signal processing modules (mDSPU); and a set of tetrode
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power amplifiers feeding electrostatic kickers in the same
radio-frequency sector of the LHC (IP4).

Because of its flexibility and state-of-the-art hardware,
the system is being routinely used for sophisticated beam
excitations. These include abort- and injection-gap
cleaning, excitation of individual bunches for tune and
linear-coupling measurements, and other special modes of
operation for dedicated experiments in the LHC.

The transverse feedback is in general active during all
phases of LHC operation. The typical machine cycle
requires a short damping time of 10-20 turns (high feed-
back gain) for injection oscillation damping. During the
acceleration ramp and during collisions, the damping time
is increased to 50-100 turns (lower feedback gain).

Because the damper is always active in operations,
it is critical that the noise introduced by the system does
not cause any measurable emittance growth, and this fact
was verified experimentally [39]. All excitation signals
described in this paper were digitally synthesized in the
ADT’s digital signal processing units and are therefore
assumed to be “noise-free.” The observed effects on the
beam are attributed to the applied excitations and the effects
of unwanted residual noise are assumed to be negligible.

The resonant excitation experiment in 2017 involved
simultaneous measurements on three groups of 72 bunches,
with dedicated excitation patterns and transverse feedback
configurations (i.e., damper active or damper off) on each
subset of six bunches. In 2016, a similar configuration was

2016 experiment
Horizontal/vertical plane
100F \ T T ]
3 S0F .
o
- o 1l H
B0 i !
Y
& 501 U H Filling scheme ||
Excitation H/V
-100 - | | | l | — Damper active H
I T
0 500 1000 1500 2000 2500 3000 3500
Bunch slot (25ns)
2017 experiment
Horizontal plane
100 r T T T T ]
=
g o ! ]
& sol H H Filling scheme | |
@ Excitation H
-100 - | | | | | — Damper active |
0 500 1000 1500 2000 2500 3000 3500
Vertical plane
100 T T T ]
S s0- .
= I
w0 |11
= . .
& sol H H Filling scheme | |
@ H Excitation V
-100 | | : | | — Damper active |
0 500 1000 1500 2000 2500 3000 3500
Bunch slot (25ns)

FIG. 6. Bunch filling scheme and excitation patterns for the 2016 (top) and 2017 (bottom) LHC experiments. In 2016, a total of
48 bunches was used, whereas in 2017 there were 216 bunches. Each bunch is represented by a vertical cyan bar. The bunches were
grouped in subsets of 4 in 2016 and in subsets of 6 in 2017. Each subset experienced the same excitation pattern and amplitude. The
excitation amplitudes and relative phases are shown in blue or red. In 2016, the excitation was only applied in one plane. In 2017, more
injected bunches were allowed without compromising machine protection, so it was possible to test all three excitation planes in the
same fill. The transverse damper was active on half of the bunches, indicated by the black lines.
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used, with 48 bunches in total and subsets of four bunches.
Both schemes are illustrated in Fig. 6. A total of five
different amplitudes could be applied simultaneously to
different subsets of bunches, denoted as nAA, with
n=1,...,5. In addition, there were reference bunches
without excitation for each transverse feedback configura-
tion and excitation plane. Observables (losses, emittances,
etc.) were averaged over each subset of bunches experi-
encing the same excitation and damping conditions.

In 2017, the excitations in the horizontal and vertical
planes were generated by a different set of signal-processing
devices, but synchronized at a turn-by-turn level. Therefore,
the bunches of the third group of 72 bunches (see Fig. 6)
were affected by the kicks in both horizontal and vertical
planes during the same turn.

The experiments were usually split in time into three
different periods: (i) period 1—no excitation was applied,
to allow the beam to reach an equilibrium state after
injection; (ii) period 2—the excitation was applied with
a first maximum excitation amplitude of A, ; = 5AA;
(iii) period 3—the maximum excitation amplitude was
further increased to Ao = SAA; > A

Each period lasted approximately 10-15 minutes, which
was considered long enough to allow the beam to reach its
new equilibrium state. In the discussion of the experimental
results (Sec. VI below), the three periods are labeled
according to the maximum excitation amplitude A,
and subsets of bunches with the same excitation amplitude
nAA (n=1,...,5) are grouped by color.

The proton deflection angle generated by the ADT
kicker was calculated from the kicker geometry and from
the excitation voltage on the deflection plates. The voltage
depends on a complex chain of hardware (digital signal

processor, transmission lines, low- and high-power ampli-
fiers, etc.). In 2016, the kick was estimated from the
operational system parameters and it was assigned an
uncertainty of 50%. In 2017, the excitation voltage could
be indirectly measured once, using the probes mounted on
the kickers, with an estimated uncertainty of 10%—-15%. A
precise in situ calibration was not possible due to the
limited machine availability for dedicated studies.

The maximum ADT kick strength that could be obtained
at injection without risking saturation was approximately
100 nrad. For the experiments, a maximum nominal kick
strength of 96 nrad was chosen.

During the 2017 experiments, the horizontal and vertical
oscillation amplitudes of each bunch centroid were captured
by the LHC real-time transverse activity monitor. The
typical amplitude of unperturbed bunch centroid excursions
was 1 ym at the location of the ADT. When the beam
was excited every eighth turn, for instance, the centroid
excursions reached 6 ym. Bunch-by-bunch centroid oscil-
lation amplitudes closely reflected the expected excitation
pattern [14].

V. NUMERICAL TRACKING SIMULATIONS

For the preparation and interpretation of the experiments,
two different types of simulations were performed:
(i) tracking of a Gaussian distribution, referred to as
“distribution tracking” in this paper, to obtain particle loss
rates and emittance evolution; (ii) frequency-map analysis
(FMA), to visualize the location and intensity of resonances
[40]. For both simulation types, the tracking code LIFETRAC
[41] was used. The simulation parameters are summarized
in Table V. Further details are given in Refs. [23,34].

TABLE V. Summary of parameters used in numerical simulations of distribution tracking and frequency-map analysis (FMA). Further

details can be found in Refs. [23,34].

Parameter Distribution FMA

Beam Beam 1

Beam energy 450 GeV

Normalized emittance 3.5 um 2.5 ym

46 bunch length 1.3 ns

1o bunch length 9.7 cm

Particle distribution 6D Gaussian distribution with 10* particles Equally spaced grid in x, y up to 106, with (Ap/py) =0
Turns tracked 10° 10*

Optics 2016 or 2017 injection optics, with f* = 11 m at IP1 and IP5

Machine imperfections
Octupoles

Tunes (0. Qy)
Chromaticities (Q. Q)

Transverse aperture 5.7¢
Longitudinal aperture 106

Standard errors, with a; = by = 0°
IMOF = +196 A, IMOD = —196 A
(64.28, 59.31) for 2016, (62.27, 60.295) for 2017

No errors

(+15, +15)

*Orbit errors are disabled due to different implementation of the a;, b, coefficients in LIFETRAC and MAD-X. b, errors are adjusted to
yield an average peak f§ beat of 15% over 60 seeds, as observed in optics measurements in the LHC.
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Quantitative predictions of loss rates and emittance
growth are in general challenging, as both observables
are influenced by several factors. For instance, the natural
noise present in the machine (originating from mechani-
cal vibrations, current ripple in the magnet power
supplies, etc.) may have complex interactions with the
external excitations. In the LHC, noise sources at top
energy are well characterized, whereas they are not well
known at injection, presenting an influential but unde-
fined input for simulations. An estimate is obtained by
scaling the value at 6.5 TeV [42,43] with proton magnetic
rigidity to the injection energy of 450 GeV. This yields a
maximum kick amplitude at the transverse damper of
approximately

Hrandom, ADT, max (45 0 GeV) = 6 nrad. (13)

Collective effects, such as intrabeam scattering and
electron cloud, influence the time evolution of losses
and emittance as well. To minimize their effects, experi-
ments were done at low bunch intensities (0.7 x 10!
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protons per bunch). The presence of collective effects
was neglected in these simulations.

The results of tracking simulations are discussed below
in Sec. VI together with the experimental results, to
enhance the understanding and interpretation of the models
and observations.

VI. RESULTS

In this section, we present the experimental observations
and compare them with the results of numerical simula-
tions. In Sec. VI A, we show which pulsing patterns are
predicted to be the most efficient in the LHC. Next, we
present results for each of the specific excitation patterns
that could be tested experimentally, namely pulsing every
tenth turn (Sec. VI B), seventh turn (Sec. VI C), eighth turn
(Sec. VID), and the random excitation (Sec. VIE). In
Sec. VIF, we describe how the transverse damping system
influenced the effects of the external excitation sources on
losses, beam distributions, and emittances. An extended
discussion of these calculations and observations is given
in Ref. [14].
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Relative intensity (top left), bunch length (top right) and horizontal (bottom left) and vertical (bottom right) emittances for

different pulsing patterns, calculated by distribution tracking based on the 2016 injection optics with (Q,, Q,) = (64.28,59.31) and
standard lattice errors. The resonant and random excitations are applied in both planes, with an amplitude of 96 nrad. No random noise
component is added. Because of its much larger effects, the random excitation is shown with separate vertical axes.
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A. Dependence on the pulsing pattern

The effect of each pulsing pattern is characterized in
terms of the resulting losses and emittance growth, calcu-
lated in distribution-tracking simulations.

As an example, the simulation results for the 2016
experiment are shown in Fig. 7. A clear dependence of
both losses and emittances on the pattern can be seen. The
largest losses are predicted for third-, seventh- and tenth-
turn pulsing, and for a uniform random excitation. Because
the bunch length decreases with the number of lost
particles, losses are attributed to off-momentum particles
hitting the transverse aperture. Significant emittance
growth is visible only for seventh- and tenth-turn pulsing
and for the random excitation. Compared to any resonant
excitation, the random excitation shows by far the strongest
effect.

No excitation

0.32

Qx 0.28

The effects of seventh- and tenth-turn pulsing are also
observed in the absence of machine lattice errors. In this
case, the only sources of nonlinearity are sextupoles and
octupoles [23], suggesting that these nonlinearities are
responsible for the pronounced beam sensitivity. The
driven resonances are revealed by the frequency-map
analysis, shown in Fig. 8. The 7Q, resonance is excited
by the seventh-turn pulsing, and the 10Q, and 10Q,
resonances by the tenth-turn pulsing. As octupoles can
only drive even resonances, the sources of the 7Q,
resonances are the sextupoles, while the octupoles
generate the tune footprint. The other pulsing patterns
do not exhibit any increase in losses or emittance
growth without magnetic errors. Their effect can thus
be attributed to an interaction of the excitation with the
machine errors, implying also a sensitivity to the chosen

10th, H+V

Q«

032

0.26 !

FIG. 8. Frequency-map analysis in betatron tune space based on the 2016 injection optics with no machine errors and tunes (64.28,
59.31): without excitation (top left); tenth-turn pulsing in both horizontal and vertical planes (top right); seventh-turn pulsing in the
horizontal (bottom left) and vertical (bottom right) planes. The excitation amplitude is 120 nrad in the corresponding plane. The colors
(blue to red) represent the tune jitter of tracked particles starting at each given location in tune space [40]. The absence of a strong
excitation of any resonance in case of vertical seventh-turn pulsing and the strong excitation in case of horizontal pulsing confirms the
excitation of the 7Q, resonance. For tenth-turn pulsing, there is in contrast no significant difference between H, V, or H+ V [14].
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FIG. 9. Calculated beam distributions as a function of vertical position from distribution-tracking simulations based on the 2016
injection optics with (Q,.Q,) = (64.28,59.31) and standard lattice errors: no excitation (top left), random excitation (top right),
seventh-turn pulsing (bottom left), and tenth-turn pulsing (bottom right). The excitations are applied in both planes with an amplitude of
96 nrad. For each of the four cases, three plots are shown. The top plot shows the normalized transverse distributions: “initial” (after 107
turns, in gray), “final” (after 10* turns, in black), and their Gaussian fits (light and dark red, respectively). The middle plots show the
relative residuals (i.e., differences, in percent of the peak value) between final and initial distributions (in black) and between each
distribution and its Gaussian fit (in light and dark red). The ratios between final and initial distributions are drawn in black in the bottom
plots. The residuals emphasize changes near the core of the distributions, whereas ratios (when statistically significant), reveal variations

in the tails.

random seed in simulations and to the specific error
distribution in experiments.

In Fig. 7, one can see that, in the cases of seventh- and
tenth-turn pulsing, the emittances start from an increased
initial value and then stay almost constant for the duration
of the simulation. This behavior is typical of the resonant
excitation and it is not an artifact of the simulation. It was
verified that it is due to the adjustment of the input beam
distribution to a new equilibrium during the first 10* turns.

In all long-term simulations (10° turns, corresponding to
89 s) presented in this paper, the beam distribution is saved
every 10* turns. Therefore, this initial fast adjustment
manifests itself in an increased initial emittance value.
Besides having a larger emittance, the new distribution
also differs from a Gaussian distribution. This is illustrated
in Fig. 9, which shows, for different excitation patterns, two
snapshots of the normalized transverse beam distributions,
the initial one at 10? turns and the final one at 10* turns, and
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FIG. 10. Summary of the 2016 experiments on tenth-turn pulsing in the vertical plane: losses (left), horizontal emittances (middle) and
vertical emittances (right), relative to their initial values. The transverse damping system was not active in this case. The three excitation
periods are labeled in black according to the value of the maximum excitation amplitude A,,,, = SAA: no excitation, 48 nrad or 96 nrad.
The four bunches experiencing the same excitation amplitude nAA (n = 0, ..., 5) are grouped by color. The data are averaged over the
four bunches, with the envelope representing the standard deviation. The area with a blue background highlights qualitatively the fast

adjustment period of the beam distribution, transitioning into a new equilibrium state (indicated by the gray background).

how they differ from each other and from a Gaussian
distribution. For instance, for seventh-turn pulsing (bottom
left plot in Fig. 9), simulations indicate a clear shift in beam
population from the core (<1o) towards the regions at
+1.50 and towards the tails at +4o.

Although on a different time scale (minutes instead of
seconds), a similar readjustment of the beam distribution
was directly observed for the first time, to our knowledge,
during the 2016 and 2017 LHC experiments presented in
this paper, as discussed below.

If only the resonant excitation is present, without
noise, simulations show that the modified distribution is
stable, with constant emittance. By adding a random noise
component, representative of the natural noise present in
the LHC, one calculates, after the initial adjustment phase,
emittance-growth rates that increase with the amplitude of
the excitation. As discussed below, an increase of the
emittance-growth rates with the applied excitation ampli-
tude was also observed experimentally.

In the case of random excitation, there is constant
emittance growth, without any initial adjustment phase.
The interaction with the natural noise sources in the
machine results in increased losses and emittance growth,
as it is basically equivalent to the application of a random
excitation with an increased amplitude. In addition to the
experiments presented in this paper, the effect of a random
excitation was also studied in a separate experiment at the
LHC for the case of colliding beams [42,43].

B. Pulsing every tenth turn

The tenth-turn pulsing pattern was tested in 2016 with an
excitation in the vertical plane only. As this was the first
time a resonant excitation was tested in the LHC, only
48 bunches were injected, in order to guarantee safe
operation of the machine. To test different excitation
amplitudes during one fill and have enough statistics, the
excitation was only applied in one plane. The experiment

started with a period of 12 minutes without excitation,
to let the beam distribution fully adjust to its equilibrium
state after injection. The excitation was then applied for
11 minutes, with the excitation scheme shown in Fig. 6 and
a maximum excitation amplitude of A,,, =5AA =48 nrad.
The excitation was then further increased to the maximum
value of A, =5AA =96 nrad and kept for another
period of 11 minutes.

The main observations are collected in Figs. 10 and 11.
In Fig. 10, one can see the evolution in time of losses and
emittances for the control bunches and for the affected
bunches, as a function of excitation amplitude. In brief,
during both phases of the experiment, the excitation
induced the following changes: (i) loss rates increased
with excitation amplitude (Fig. 10, left); (ii) emittance
growth increased with amplitude in the vertical plane, but
not in the horizontal plane (Fig. 10, center and right); (iii) a
change of the beam distribution for the excited bunches was
directly observed (Fig. 11).

As loss rates, emittance-growth rates and beam distri-
butions of the four reference bunches were unchanged, the
above observations can be directly attributed to the pulsing
pattern. The quantitative dependence of the loss rates and
emittance-growth rates on excitation amplitude measured
in these experiments provides an estimate of the effects of
external resonant excitations, such as the residual fields of a
pulsed hollow electron lens.

The vertical emittance features a behavior similar to that
predicted in simulations: a fast adjustment phase of the
beam distribution, which manifests itself as a rapid increase
of the emittance, followed by a new equilibrium, inferred
from a slower and continuous emittance growth. In Fig. 10,
these two phases are indicated in blue and black.

Distribution changes could also be directly observed,
thanks to the performance of the Beam Synchrotron
Radiation Telescope (BSRT) [35,36]. As an example,
Fig. 11 shows the vertical profile of a reference bunch
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Vertical beam profiles measured with the Beam Synchrotron Radiation Telescope (BSRT) during the 2016 experiments on

tenth-turn pulsing in the vertical plane. The transverse damping system was not active on these bunches. The beam distributions at the
end of the excitation period are shown in black in the top plots, with a Gaussian fit in red. The bottom plots show the residuals: final
profile minus initial profile (black); final profile minus its Gaussian fit (red). Residuals are expressed as a fraction of the peak profile
amplitude. The black lines in the plots of the residuals are a measure of the overall change of the distribution shape. The red lines indicate
how different the final distributions are from a Gaussian shape. Details of the analysis are given in Ref. [36]. The distribution of the
reference bunch (left) is almost unchanged, whereas the bunch experiencing the maximum excitation (right) shows a clear shift of

particles from the axis towards approximately +2o.

and of a bunch experiencing the maximum excitation
Apnax = 5AA =48 nrad and later 96 nrad. While the
reference bunch stays unchanged, the distribution of the
excited bunch clearly changes and readjusts to a non-
Gaussian shape, with particles shifting from the core
towards the regions at approximately +2¢. This behavior
is similar to what was calculated in simulations, as
discussed in Sec. VI A and in Fig. 9.

Intensities and emittances for tenth-turn pulsing were
simulated with the distribution-tracking method [14], based
on the 2016 injection optics with standard lattice errors and
tunes (Q,, Q,) = (64.28,59.31). Calculations were done
with and without the effect of a random dipole noise
component of 6 nrad (in both horizontal and vertical
planes), to emulate the natural noise present in the LHC
[Eq. (13)]. The presence of noise significantly changed the
calculated effect of the resonant excitation on both losses
and emittances.

A direct comparison of measured and predicted loss rates
is presented in Fig. 12. As experiments and simulations
were conducted on different time intervals (11 minutes vs
90 s), we compare the relative average loss rate R:

R:Istan_lend.é’ (14)

1 start

10'" turn pulsing V

+ A =48 nrad 4 Aupax =96 nrad

4 transverse damperoff 4 transverse damper on

10

simulation
g + 10mV 1

average loss rate R [7/h]

0 20 40 60 80 100 120 140
excitation amplitude [nrad]

FIG. 12. Comparison between experiments and simulations of loss
rates vs resonant excitation amplitude for tenth-turn pulsing in the
vertical plane. The relative average loss rate R is defined in Eq. (14).
The experimental results for a maximum excitation amplitude of 48
nrad are shown in black and those for 96 nrad are plotted in green (see
also Fig. 10, left, for instance). The results with damper off are
represented by solid dots, those with damper on are shown with open
circles. The simulation results, including random dipole noise, are
shown in red [14]. Statistical and systematic uncertainties are
discussed in the text. The curves represent empirical quadratic fits
to the data with damper off (solid) and with damper on (dashed).
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where [ is the beam intensity and At = f.,q — fgar 1S the
time interval during which the excitation with given
amplitude is applied. Uncertainties on the excitation
amplitude arise from the calibration of the transverse
damping system (Sec. IV B). For both experiments and
simulations, the error bars on the loss rate are statistical.
The magnitude of the random noise component introduces
a systematic uncertainty in the calculations, which was not
evaluated for the scope of this paper. The systematic
uncertainty on the measurements can be inferred from
the difference between the two periods of the experiment,
which should in principle be the same. Part of this
systematic effect could be due to the fact that the second
set of excitations with double amplitude started with a
modified beam distribution. The magnitude of this effect
could be verified in future experiments in which the
excitations are reversed or where a new beam fill is used
for each set of measurements. Overall, we conclude that the
effects of this resonant excitation on loss rates could be
measured in the LHC within a factor 2 and could be
predicted with similar accuracy.

C. Pulsing every seventh turn

The seventh-turn pulsing pattern was tested during both
the 2016 and 2017 experiments. In 2016, the resonant
excitation was employed for the first time in the LHC and
the experiments were therefore still in an exploratory stage.
Based on the experience gained in 2016, the experiments
were then repeated more systematically, with more bunches
and on both excitation planes.

The experiments were divided into different periods:
the first period without excitation; the second period
with a resonant excitation with a maximum amplitude
of A = 5AA = 6 nrad; and a third period in which the
excitation amplitude was further increased to A, . =
12nrad. In 2016, experiments included a fourth period
at A = 24 nrad.

The machine tunes were changed in standard operations
from (64.28, 59.31) in 2016 to (62.27, 60.295) in 2017.
This change was accompanied by a small change in optics,
considered negligible for these measurements. A direct
comparison of the two experiments is therefore not pos-
sible. However, these differences show how the effects of
resonant excitations are affected by small changes in
fractional tune.

An insight on how the change in tune entails a change in
driving resonances is provided by frequency-map analysis.
Figure 8 (bottom left and bottom right plots), which was
described previously, shows a strong increase in diffusion
for seventh-turn pulsing in the horizontal plane around the
70, resonances, and only small changes for pulsing in the
vertical plane. In the case of the 2017 optics and tune, both
the 70, and the 7Q, resonances cross the tune footprint;
although much weaker, an increase in tune diffusion is also
observed around the 7Q, + 70, line [14].
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FIG. 13. Calculated bunch intensities and emittances from

distribution tracking based on the 2016 injection optics with
standard lattice errors and (Q,,Q,)=(64.28,59.31) and 2017
injection optics with standard lattice errors and (Q,, Q,) = (62.27,
60.295): relative intensity (top); horizontal emittance (middle);
vertical emittance (bottom). The solid black line includes only a
random dipole noise component in H 4+ V of 6 nrad. The dotted
and dashed lines correspond to seventh-turn pulsing with two
different excitation amplitudes (24 and 48 nrad), plus a random
dipole noise component in H 4 V of 6 nrad.
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FIG. 14. Measured losses and emittances during the 2016 and 2017 experiments: relative losses (left), relative horizontal emittances
(middle), and relative vertical emittances (right). Measurements are averaged over the bunches experiencing the same excitation
amplitude. The transverse damping system was not active in this set of measurements.

The simulated losses and emittances for both 2016 and
2017 conditions are shown in Fig. 13. The experimental
results are summarized in Figs. 14 and 15.

Calculated losses for 2016 and 2017 are similar at 24
nrad and increase more rapidly with amplitude for 2017
conditions (Fig. 13, top). Horizontal pulsing is a few times
stronger than vertical pulsing, and the combined H + V
action appears slightly more effective than the sum of H
and V separately.

Experimental losses are plotted as a function of
time in Fig. 14 and as a function of excitation amplitude
in Fig. 15. Figure 15 shows that measured losses
were actually larger in 2016 than they were in 2017.
They were also a few times larger than those predicted
by simulations. Another discrepancy was observed
in the excitation plane: horizontal, vertical, and com-
bined pulsing had similar effects. The same consider-
ations on systematic effects discussed in Sec. VI B apply
in this case.

This pulsing pattern generated stronger losses than
expected. In this case, we conclude that predictions of
losses are difficult, due to their sensitivity to lattice
configuration, noise sources, and beam distributions.

The simulated emittances from distribution tracking are
shown in Fig. 13 (middle and bottom plots). The main
calculated results are the following, for the two experi-
mental conditions.

7" turn pulsing H
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FIG. 15. Measured loss rates vs excitation amplitude for
seventh-turn pulsing in the horizontal plane during the 2016
experiment (red and yellow) and the 2017 experiment (black and
green). In 2017, horizontal, vertical and combined pulsing had
similar effects [14]. The uncertainties on the excitation amplitude
are dominated by the calibration of the transverse feedback and
damping system. The uncertainties on the loss rates are statistical.
An estimate of the systematic uncertainties (due to changes in
beam distribution, for instance) is given by the difference
between the two datasets within each experiment. The lines
indicate empirical second-order polynomial fits, with damper off
(solid) and with damper on (dashed).
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2016 conditions.—In this case, excitations were only in
the horizontal plane. There is a fast increase of the
horizontal emittance, dependent on the excitation ampli-
tude, after which a constant emittance growth is observed.
Vertical emittance growth is almost negligible.

2017 conditions.—Horizontal emittances are mostly
affected by the amplitude of H 4 V excitations and, to a
much smaller extent, by H excitations; no effect is observed
from V excitations. Vertical emittances are mostly affected
by the amplitude of H + V and V excitations; the effect of
H excitations is much smaller, if any, with no clear
dependence on amplitude.

A set of measured emittances is plotted in Fig. 14
(middle and right plots). In 2016, with only horizontal
excitations, amplitude-dependent horizontal emittance
growth was observed, with no effect on the vertical
emittance. In 2017, V and H+ V excitations generated
vertical emittance growth, while horizontal excitations had
no effect. These observations are consistent with the
predicted behavior.

During these experiments, emittances changed in two
phases, as they did during the tenth-turn pulsing studies
(Sec. VIB) and in simulations: a fast adjustment phase
(shaded in blue in Fig. 14) followed by a new equilibrium
(in gray). In this case, too, non-Gaussian distortions of the
transverse beam distribution could be observed directly
through changes in the synchrotron-light (BSRT) pro-
files [14].

D. Pulsing every eighth turn

Excitation patterns that have little effect on the beam core
and a large effect on the halo are good candidates for
extending the range of hollow electron lens operation. In
principle, this is possible because of the highly nonlinear
fields generated by the HEL at the transverse locations
of the beam halo and the small fields at the beam core. For
this reason, the eighth-turn pulsing pattern was chosen for
the experimental studies, as simulations indicated much
smaller core effects compared to seventh- and tenth-turn
pulsing, as discussed in Sec. VI A.

Simulations of intensities, emittances, and bunch lengths
for different amplitudes of the eighth-turn excitation predict
no significant effects for excitation amplitudes up to
192 nrad [14]. Horizontal and vertical emittances show
small changes in growth rate, but without a clear depend-
ence on the amplitude or plane of the excitation.

The frequency-map analysis in amplitude space reveals
that the driven resonances are of high order, mainly 160,
and 8Q, —40Q,, and their effect is therefore expected to
be small.

The effects on the beam were tested during the 2017
experiment. The excitation amplitude was increased to a
maximum of 96 nrad. The loss rates as a function of
excitation amplitude are presented in Fig. 16. For H and V
excitations, no significant increase of the loss rate was

8" turn pulsing H+V
4+ A =12 nrad Apax = 96 nrad

+  Apax =36 nrad

<4 transverse damper off 4 transverse damper on

1.8 1

-
Bt

average loss rate R [%/h]

0 20 40 60 80 100
excitation amplitude [nrad]
FIG. 16. Measured loss rates vs excitation amplitude for eighth-
turn pulsing in H 4 V during the 2017 experiment. No significant
increase of the loss rate was observed for H or V. Uncertainties
are statistical. The differences between the three datasets within

each excitation mode (black, red, and yellow curves) provide an
estimate of the systematic errors.

observed [14]. A weak increase with amplitude was seen in
the case of H+ V excitation. Observed and predicted
loss rates were roughly of the same magnitude (about
0.1%—0.4%/h).

Changes in beam distributions were also detected. The
horizontal distribution responded to the H excitation with a
slight depletion of the core and a corresponding increase
around 2¢. For an H 4 V excitation, one would expect a
similar distribution change. However, this change could not
be detected directly, because, in this case, the emittance of
the control bunches was much smaller (1.8 ym) than the
emittance of the excited bunches (2.6 ym), and intrabeam
scattering masked the effects of the excitation [34]. In the
vertical plane, beam distributions and emittances were not
affected by the resonant excitation.

E. Random excitation

The random excitation is a powerful and flexible halo-
cleaning pattern, but it is also potentially harmful for the
proton beam core. The effects of random noise in various
machines have been studied extensively in the past (see, for
instance, Refs. [43-47]).

A random pattern can be employed at full strength or
added as a modulation to a continuous mode of operation
[depending on the parameter a in Eq. (5)]. During the 2017
experiment, we tested the effects of the random excitation
at full strength (¢ = 1) and compared it with the resonant
excitations.

The random excitation excites practically all resonant
frequencies in the beam. This can be clearly seen in the
FMA example in amplitude space illustrated in Fig. 17.
Tune diffusion is increased rather uniformly at all particle
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No excitation

0.0 8.0

FIG. 17. FMA in transverse amplitude space without excitation
(top) and with a random 1-nrad H + V excitation (bottom), based
on the 2017 injection optics with no lattice errors and tunes
(62.27, 60.295). Amplitudes are in units of o.

amplitudes, and not on specific resonant lines, as it happens
for kth-turn pulsing.

The calculated results of distribution tracking, with
excitation amplitudes up to 24 nrad, are shown in
Fig. 18. They show the following features: (i) negligible
losses are observed, independent of the plane of excitation;
(i) there is no significant change in bunch length;
(iii) emittance growth is only generated by excitations in
the same plane (or in both planes); (iv) horizontal and
vertical emittance growth rates are large and comparable in
magnitude; (v) when the excitation is applied in both
planes, a small increase or decrease in the emittance growth
rate is observed with respect to the cases of separate
excitations, an effect likely due to lattice coupling; (vi) emit-
tance growth takes place at a constant rate, without the
initial adjustment phase characteristic of kth-turn pulsing.

The effects of random excitation were measured during
the 2017 experiments. Increasing emittance growth with
excitation amplitude was recorded only in the plane of

excitation. Horizontal and vertical emittance growth rates
for a given amplitude were comparable. As an example, the
relative horizontal and vertical emittances during V and
H + V pulsing are illustrated in Fig. 19. In addition, the
excitations translated into constant growth rates. In par-
ticular, there was no adjustment phase followed by an
equilibrium state, as observed during seventh- and tenth-
turn pulsing. The qualitative behavior of emittances pre-
dicted in simulations was therefore confirmed. Calculations
could also reproduce the magnitude of the measured
effects. For instance, at 6 nrad, the calculated emittance
growth rates were 3.6%/min in the horizontal plane and
2.7%/min vertically, whereas in experiments we measured
5.0%/min.

The changes in beam distributions were also directly
detected in the BSRT profiles. In this case, the distribution
widened, but it retained a Gaussian form, in contrast to the
case of tenth-turn pulsing, when it assumed a non-Gaussian
shape (see Fig. 11, for instance).

The measured loss rates are presented in Fig. 20
as a function of random excitation amplitude. Losses
increased quadratically with excitation amplitude, con-
tributing approximately 3%/h at 12 nrad. In simulations,
the qualitative behavior was the same; however, the
predicted magnitude was much lower (0.1%/h at 12 nrad).
Moreover, the measured effect of the combined H + V
excitation was approximately the sum of H and V
separately.

The systematic effects on losses during random excita-
tions were smaller than during resonant pulsing, as shown
by the agreement between the three datasets (black, red,
yellow) within each of the excitation modes in Fig. 20. This
fact may be an indication of the random excitation affecting
the whole beam, whereas, in the cases under study, resonant
pulsing patterns excited specific amplitude regions and
were therefore more susceptible to their population and to
the order in which experiments were performed. Another
indication comes from the direct comparison of loss rates
vs excitation amplitude for random and seventh-turn
pulsing (Figs. 20 and 15, respectively). The first time it
is applied (black points and curve in Fig. 15), the seventh-
turn excitation grows quadratically with amplitude,
whereas the second time (green in Fig. 15) it shows signs
of saturation. In any case, although the dynamics of their
action may be different, these two pulsing patterns were the
most powerful, generating losses at the level of several
percent per hour at an amplitude of 12 nrad.

Another feature of random excitation was that the loss
rates were reduced by about a factor 2 when the transverse
damping system was active (dashed vs solid lines in
Fig. 20). This was true for all three modes of excitation
(H, V, and H + V). On the other hand, for the resonant
pulsing modes, the transverse damper seemed to have a
negligible effect. This observation is discussed in more
detail in Sec. VIE.
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FIG. 18. Simulations (distribution tracking) based on the 2017 injection optics with standard lattice errors and

(0. Qy) = (62.27,60.295): relative bunch intensity (top left), bunch length (top right), horizontal emittance (bottom left), and
vertical emittance (bottom right). The solid black line indicates the reference case with no excitation. The dashed and dotted lines are the
results of random excitations (H, V, or H 4+ V) with amplitudes 12 and 24 nrad.

F. Effect of the transverse damper

During kth-turn pulsing experiments, the action of the
transverse feedback and damping system (ADT) did not
significantly change any of the observables, namely losses,
emittances, and beam distributions. On the other hand, the
ADT considerably reduced any changes of the above
parameters in case of random excitations.

An example is discussed in Sec. VI E, where losses from
seventh-turn pulsing in H + V (Fig. 15) are compared with
those measured during random excitations in H+V
(Fig. 20). For seventh-turn pulsing, the results with and
without damper almost coincide, whereas a significant
reduction was observed for random excitations.
Similarly, vertical emittance growth during seventh- and
tenth-turn pulsing in V was not affected by the damper,
whereas it was significantly suppressed during vertical
random excitations [14].

The reason why the transverse damper appeared to be
capable of damping random but not resonant excitations is

unknown. In principle, it fulfills the requirements needed to
detect and damp the resulting oscillations: (i) the closed-
orbit distortion caused by the resonant excitations was large
enough to be detectable by the ADT pickups; (ii) in order to
detect the orbit distortion, the system compares the position
of each bunch with its position in the previous turn;
therefore, an oscillation due to kth-turn pulsing, with
k > 1, should be detected and damped; (iii) the transverse
damper acts on each bunch individually, so it should be
capable of applying the appropriate corrective kick to each
group of bunches subject to the same excitation amplitude.

We report these observations in an attempt to advance the
understanding of the interaction between resonant excita-
tions and damping systems. Further studies are obviously
needed.

VII. SUMMARY AND CONCLUSIONS

We described the results of numerical simulations and
experimental studies conducted in 2016 and in 2017 on the
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FIG. 19. Measured effects of the random excitation (in V, top row; and H 4 V, bottom row) during the 2017 experiment: relative
intensity losses (left), relative horizontal emittance (center), and relative vertical emittance (right).

effects of random and resonant excitations on proton
losses, emittances, and beam distributions in the Large
Hadron Collider.
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FIG. 20. Measured loss rates as a function of amplitude
for random excitations in H-+ V. Three consecutive
datasets were taken (black, red, and yellow), with increasing
maximum amplitude. Data were taken simultaneously with no
transverse damper on some bunches (filled circles and solid lines)
and with the damper active on other bunches (empty circles and
dashed lines). The lines represent empirical second-order
polynomial fits.

These studies were motivated in part by the need to
assess the effects of a hollow electron lens (HEL) for active
halo control in HL-LHC. Hollow electron beam collimation
was demonstrated in the Tevatron in continuous mode [13],
i.e., with the same electron beam current acting on a given
bunch every turn. In this case, the unwanted residual kicks,
which arise from profile asymmetries, injection and extrac-
tion bends, solenoid field misalignments, etc., have a
negligible effect on the circulating beam. An electron lens
that is pulsed resonantly can have much stronger effects,
and this fact was used in the Tevatron for abort-gap
cleaning [24]. The resonant-pulsing capability (having
different currents every turn for a given set of bunches)
will be incorporated in the HL-LHC hollow electron lens to
enhance its range of achievable removal rates. However,
due to time constraints, only a very limited set of exper-
imental tests with resonant kicks could be done in the
Tevatron. Further studies were carried out using the
electron lenses in the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory [16,17] and
the first results were published in Ref. [48].

The effects of resonant excitations depend on several
factors, including machine optics and the distribution of the
beam in phase space and in betatron tunes. For this reason,
we decided to study resonant transverse kicks on proton
beams directly in the LHC. We relied on the flexibility of
the LHC transverse feedback and damping system (ADT)
to emulate the nonlinear residual kicks of a hollow electron
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TABLE VI

Summary of the measured effects of excitations on losses, emittance growth, and beam distributions, for a few

representative cases. For each group of experiments, we report both the baseline value (no excitation) and the additional effect of the
excitation. Blank entries indicate that data was not taken in that configuration, or that no significant effects were observed in the plane
perpendicular to the excitation. In cases when a fast emittance adjustment was observed before a steady growth rate was reached, the
magnitude of the fast increase is given in square brackets. For comparisons, we chose a reference excitation amplitude of 6 nrad, as it
was common to several experiments; for eighth-turn pulsing, where effects were much weaker, we used 96 nrad. The transverse damper
had a significant effect on random excitations; in this case, we give numbers with the damper on and off. Uncertainties include statistical
and systematic differences between bunches and variations within a set of experiments. Systematic effects due to different lattices or
injection conditions can be estimated by comparing baseline values.

Excitation Intensity loss rate [%/h] Emittance growth rate [%/h]
Amplitude 2016 2017 Equilibrium
Plane [nrad] Damper 2016 2017 H \'% H \% distribution
Seventh-turn pulsing
None 0 Off 2.1(12) 0.8(2) 15.8(3) 10.5(2) 15.4(4) 18.8(5)
H 6 Off 2.8(4) 1.7(1) 4.(2) <0.6 Non-Gaussian
[+1.5(4)%]
A% 6 Off 1.8(4) 15.(3)
[+3.3(2)%]
Eighth-turn pulsing
None 0 Off 1.3(2) 22.5(6) 28.0(6)
H 96 Off <0.2 33.3) Non-Gaussian
A% 96 Off <0.2 7.(3)
Tenth-turn pulsing
None 0 Off 1.79(3) 12.2(2) 9.7(9)
\" 6 Off 0.39(6) 15.(3) Non-Gaussian
[+1.0(5)%]
Random
None 0 Off 1.13(9) 29.(1) 38.(2)
None 0 On 21.(1) 26.(2)
H 6 Off 0.6(2) 181.(4) Gaussian
H 6 On 0.5(1) 102.(3)
A% 6 Off 0.51(9) 305.(5)
A% 6 On 0.3409) 100.(5)

lens with transverse dipole kicks, using various excitation
patterns. We focused on the effects on the beam core,
namely losses, emittances and beam distributions, as these
determine the magnitude of the residual fields that can be
tolerated. Obviously, the choice of pulsing patterns to be
used in operations depends also on their effects on the beam
halo. These effects are outside the scope of the present work
(and they are challenging to measure directly).

The dipolar component of the residual kick from the
electron lens is approximately 0.5 nrad from the injection/
extraction bends and about 20 nrad from profile imperfec-
tions in the main overlap region. These estimates are based
on current HL-LHC parameters and on electron-beam
measurements on a test stand. These values can be reduced
by improving cathode emission, solenoid-field uniformity,
and transport of the intense magnetized electron beams.

The effects of the pulsing patterns were evaluated by
numerical tracking simulations and by frequency-map
analysis. These calculations provided insights on the rich

nonlinear dynamics of resonant excitations. Kicking the
beam every seventh turn and every tenth turn were chosen
as examples of strong excitations, whereas eighth-turn
pulsing had very weak consequences.

These patterns were tested in experiments and compared
with random excitations. Bunch filling schemes were
devised so that reference bunches and different excitation
amplitudes could be measured at the same time, including
the presence or absence of transverse feedback. The
influence of collective effects was minimized by reducing
the bunch charge. Because these were the first LHC
experiments on resonant excitations, and to reduce turn-
around time, all studies were conducted at injection energy.

A summary of the results is presented in Table VI. The
experiments confirmed the relative strength of the pulsing
modes. As expected, seventh-turn pulsing generated the
largest loss rates. A similar hierarchy was observed with
respect to emittance growth; in this case, tenth-turn pulsing
was stronger than seventh-turn pulsing. In many cases,
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simulations underestimated losses and emittance growth.
One important unknown factor was the magnitude of
machine noise and its sources, which had to be extrapolated
from collision to injection energy. Other factors were
collective effects such as intrabeam scattering and electron
cloud, which were minimized in experiments but could not
be entirely avoided. The comparison between seventh-turn
pulsing in 2016 and 2017 emphasized the sensitivity of
horizontal and vertical excitations to working point and
tune footprint.

A clear distinction between resonant and random exci-
tations was their effect on beam distributions. Random
noise caused smooth emittance growth and widening
Gaussian distributions. Resonant excitations generated a
fast adjustment of the beam distribution to a new, non-
Gaussian form, followed by a phase of steady evolution.
This behavior was predicted in simulations and was clearly
observed in measured synchrotron-radiation profiles.
Potential systematic effects due to the synchrotron-radia-
tion detection system were mitigated by directly comparing
excited bunches with unaffected bunches used as controls.
Another difference between the two types of excitation was
the repeatability of the strength of the random excitation vs
the dependence of kth-turn pulsing on the order in which
the excitations were implemented—Ilater applications being
weaker. This confirmed the hypothesis, emphasized by
frequency-map analysis, that random kicks excite most of
the beam, whereas resonant pulsing drives specific subsets
of particles in tune or amplitude space. Finally, the trans-
verse damping system strongly mitigated losses and emit-
tance growth generated by random excitations, but had
negligible effect on resonant pulsing patterns.

For active halo control in HL-LHC, resonant pulsing of
the electron lenses, or the addition of a random noise
component to continuous operation, may significantly
extend the achievable range of halo removal rates. In these
studies, we identified candidate excitation patterns (such as
eighth-turn pulsing) that preserve the beam core, and their
effects were quantified. As mentioned above, complemen-
tary calculations and experiments are needed to evaluate
their efficacy for halo removal. Because of the complex
dynamics, tolerances on residual kicks vary widely, from a
few nanoradians for the most powerful (such as random at
full strength or seventh-turn pulsing) to about a hundred
nanoradians for the more benign (such as eighth-turn
pulsing). The magnitude of the acceptable kicks depends
on the excitation pattern, on machine lattice, and on the
type of application (fast scraping before collisions vs long-
term tail suppression during the course of a physics fill, for
instance). Of course, sensitivity to the experimental con-
ditions may make resonant patterns less attractive than a
small random noise component added to a constant kick.

These studies are the first systematic investigation of the
effects of resonant excitations on the proton beam in the
LHC. For practical reasons, the studies were done at

injection energy. Because of the different lattices, working
point, noise sources, etc., results at collision energy may be
different and should be investigated.

Because of their flexibility, the experimental methods
and modeling tools developed in this work can be applied
more generally to the investigation of other classes of
resonant excitations, beyond pulsed hollow electron lenses
for active halo control.
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