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Summary

Collimation with hollow electron beams or lenses (HEL) is currently one of the most promising
concepts for active halo control in HL-LHC. In previous studies it has been shown that the
halo can be efficiently removed with a hollow electron lens. Equally important as an efficient
removal of the halo, is to demonstrate that the core stays unperturbed. In the case of an ideal
hollow electron lens without bends, the field at the location of the beam core vanishes and the
core remains unperturbed. In reality, the field at the beam core does not vanish entirely due to
imperfections in the electron beam profile and the electron lens bends necessary to guide the
electron in and out of the proton aperture. In particular, in the case of a pulsed operation of
the electron lens the non-vanishing residual field induces noise on the proton beam. To identify
the most sensitive pulsing patterns for the resonant mode and derive tolerances on the profile
imperfections, a first MD was carried out of which the first results are presented in this note.

Introduction

For high energy and high intensity hadron colliders like the HL-LHC, halo control becomes
necessary, for a safe machine operation and control of the targeted stored beam energy in
the range of several hundred MJ [1]. Past experiments at the Fermilab Tevatron proton-
antiproton collider [2] demonstrated a successful halo control with hollow electron beams
or hollow electron lenses (HELs) in DC mode. Simulations of the HEL performance for
LHC and HL-LHC [3, 4, 5] show sufficiently high halo removal rate with the HEL operated
in DC mode if beams are colliding, but only very low halo removal rates if beams are
separated. In order to clean the tails efficiently with the HEL and in a short time-span
also in case of separated beams, the halo removal rate can be increased by pulsing the
HEL [6, 3, 5], where two different pulsing patterns are considered:

• random: the e-beam current is modulated randomly: at every turn the kick is
varied between 0 and its maximum value following a uniform distribution,
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Figure 1: (left) Layout of the hollow electron lens for HL-LHC (left) and sketch of the
HEL current density, electromagnetic field strength and collimator aperture for HL-LHC
(right).

• resonant: the e-lens is switched on only every nth turn with n = 2, 3, 4, . . . and
the maximum kick is applied.

One of the main reservations about pulsing the e-lens is the possibility of emittance
growth due to noise induced on the beam core by the HEL. For an ideal radially sym-
metric hollow electron lens with an S-shaped geometry, the beam core would experience
a zero net kick and thus no noise would be induced on the core (see Fig. 1 for the HEL
design and for a sketch of the HEL field). In the presence of imperfections in the HEL
bends and in the e-beam profile, the kick at the center of the beam is non-zero. First
estimates of the residual kick yield 0.5 nrad from the HEL bends assuming 10% difference
between entrance and exit bend1 and 15 nrad due to profile imperfections based on pro-
file measurements of the current HEL e-gun prototype [7]. The estimates for the profile
imperfections are likely to be pessimistic as also alignment errors of the solenoids of the
test stand and orbit deviations can contribute to the field at the beam center. There is
currently an effort ongoing to improve the profile measurements and reduce these effects.
In case of DC operation of the HEL the kicks are static and could thus be corrected, if
even necessary. However, for a pulsed operation, the tolerable kick amplitudes are much
smaller as then noise is introduced also on the beam core. In case of random pulsing,
white noise is induced driving all orders of resonances. In case of a resonant pulsing, only
certain resonances are driven, explicitly for pulsing every nth turn only the nth order
resonances are driven, which can be seen for example from the Fourier series. The nth
turn excitation can be represented by

f(t) =
+∞∑
p=−∞

δ(t− p · (nT )), (1)

and its Fourier series is then given by:

f(t) =
1

nT

+∞∑
k=−∞

e2πifkt with fk =
k

n
frev. (2)

1Without any imperfections the kick from the e-lens bends at the entrance and exit would compensate
each other in case of a S-shaped e-lens and add up in case of an U-shaped e-lens. For the HL-LHC
therefore a S-shaped design is chosen. Due to for example field imperfections in the solenoids, space-
charge effects or alignment errors, the kick at the entrance and exit can differ. As a first guess a difference
of 10% between entrance and exit kick is assumed.
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The effect of random noise on the beam has been explored in a previous MD [8] and
therefore in this first MD to study the effect on the beam core in case of a pulsed operation
only the effect of a resonant excitation was studied. The MD has been performed on
23.08.2016/24.08.2016, fill numbers 5242 and 5243, and different pulsing patterns and
excitation amplitudes could be studied during these two fills. Expected effects of the
resonant excitation are losses and emittance growth. As experiments at top energy are
always not very efficient because of the long recovery times in case of beam dumps, this
first try was performed at injection energy. To minimize the emittance growth due to
intra-beam scattering, low intensity bunches are used instead of nominal bunches, all
other changes were kept to a minimum.

The MD configuration and procedure are described in further detail in Sec. 2, the
simulation results are summarized in Sec. 3, and MD results are summarized in Sec. 4.

MD configuration and procedure

MD configuration

In order to keep the machine changes minimal and to also be able to quickly refill the
machine in case of beam loss, the MD is conducted with 48 single bunches, single beam
and at standard injection settings:

• injection energy (450 GeV), injection tunes (Qx, Qy) = (64.28, 59.31)

• single bunch intensity: 0.7 × 1011, number of bunches: 48 (low intensity bunch to
minimize emittance growth due to intra-beam scattering)

• normalized emittance: 2.5 µm, bunch length (4 σ): 1.0 ns (use HL-LHC normalized
emittance)

• injection optics (β∗ = 11 m), injection tunes

• chromaticity: Q′x/y = +15 (standard 2016 settings)

• Landau damping octupole current of IMO = ±19.6 A, explicitly +19.6 A for MOF
circuit and -19.6 A for MOD circuit (standard 2016 settings)

In order to minimize the emittance blow-up due to intra-beam scattering, a smaller
bunch intensity of 0.7 × 1011 is requested for the MD, which leads to about 4.6%/h
emittance growth. The lower limit of 0.7 × 1011 is in this case determined by the orbit
correction system, for which the BPMs only deliver a good signal for bunch intensities
above 0.5× 1011. In order to be also more sensitive to the relative emittance growth, the
HL-LHC normalized emittance of 2.5 µm is requested which is smaller than the nominal
LHC single bunch emittance. Chromaticity and Landau octupole settings have been
chosen to comply with the standard 2016 settings at injection. As the resonant excitation
is very sensitive to the resonances present, the choice of octupole and chromaticity does
have a non-negligible impact on the MD results (see Sec. 3 for a summary of the simulation
results and [7] for the complete report).
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Figure 2: Proposed filling scheme for the MD. For the dark blue bunches (first 24) the
transverse damper is not active, for the light blue bunches (second 24) the transverse
damper is active. The excitation amplitude indicated with a red rectangle is constant
over each group of 4 bunches in order to later be able to increase the statistics by averaging
over several bunches. With this filling scheme in total 5 different excitation amplitudes
plus the case of no excitation and the cases with the transverse active and not active can
be studied during the same fill.

The noise induced by a pulsed e-lens can be approximated to first order by a dipole
kick with the corresponding noise pattern/frequency spectrum [7]. In case of the LHC
almost arbitrary noise spectra seen by the whole beam can be generated using the trans-
verse damper (ADT) and the amplitude of the noise seen by individual bunches can be
controlled by a windowing function placed on top of the generated excitation. Using
this method, the kick amplitude is determined very roughly within 50% of the excita-
tion amplitude. The noise patterns can in addition be also changed during the fill. The
minimum rise time of the ADT kicker is 700 ns, which determines the minimum bunch
spacing required to control the noise amplitude of each individual bunch. By injecting
individual bunches the bunch spacing can be chosen between 250 ns to 1 µs [9]. In order
to respect the kicker rise time of the ADT and also to avoid multi-bunch instabilities, the
MD is conducted with single bunches. Based on these considerations the filling scheme
illustrated in Fig. 2 has been chosen for the MD. The filling scheme comprises 2× 4 wit-
ness bunches (4 with and 4 without transverse damper) and 2× 4 bunches per amplitude
(4 with and 4 without damper). As each group of 4 bunches experiences the same or no
excitation, the statistical significance of the results can be improved by averaging over
each group. As the horizontal and vertical kickers of the ADT are not synchronized, ex-
citing the beam in both planes would lead to additional unwanted frequencies. Therefore
the excitation is only applied in one plane, where the plane of excitation was chosen so
that the expected effect is maximized.

As a first estimate of the kick amplitude, the simulation results were used (see Sec. 3).
A strong effect for pulsing every 7th and 10th turn was observed for 120 nrad excitation
amplitude and a much smaller effect for any of the other pulsing patterns. No effect
was seen for an excitation amplitude of 12 nrad. The simulations also showed that
the main effect for pulsing every 7th turn comes from the horizontal excitation and for
pulsing every 10th turn the main changes in beam distribution were observed in the
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vertical plane, however both vertical and horizontal excitation lead equally to losses and
emittance growth. Therefore the horizontal plane was chosen for the 7th turn pulsing
and the vertical plane for the 10th turn pulsing. The 8th and 3rd turn were tried in order
to test two excitation patterns for which a small/no effect on the beam is expected. In
summary, the following pulsing patterns were studied in this MD:

7th turn H plane, 10th turn V plane: to test the two pulsing patterns featuring the
largest effect in terms of emittance growth and losses

8th turn H plane: to test one pulsing pattern showing no effect

3rd turn H plane, 3rd turn V plane: the LHC tune is close to the the 3rd order res-
onances and therefore it is surprising that no strong effect is observed in simulations
for this pulsing pattern. If simulations and experiment agree in this case, it is a
good confirmation of the simulation model.

MD procedure

The MD consisted of two fills, fill 5242 and fill 5243. During the first fill 5242 different
excitation patterns (7th, 8th, 3rd, 10th) were tried. In addition, a first test of the
ADT excitation with only pilot bunches was conducted during the first fill for machine
protection reasons. The second fill served to obtain an amplitude scaling for pulsing
every 10th turn with an unperturbed initial beam distribution. The detailed time line is
summarized in Table 1.

Table 1: Time line and list of excitation patterns and amplitudes during the MD. Times
are given in Europe/Zurich time.

fill number time pulsing pattern [turns] plane amplitude [nrad]
5242 23:23 testing with probes

23:23 – 00:56 setup machine, inject 48 bunches
00:56 – 00:58 testing with 48 bunches (7th, H, 6 nrad)
00:58 – 01:21 no excitation, let distribution adjust
01:21 – 01:40

7 H
6

01:40 – 01:50 12
01:50 – 02:04 24
02:05 – 02:14 8 H 24
02:14 – 02:15

3 H
6

02:15 – 02:16 12
02:16 – 02:21 24
02:29 – 02:31

3 V
12

02:31 – 02:37 24
02:38 – 02:41

10 V

24
02:41 – 02:52 48
02:53 – 02:54 72
02:54 – 02:57 96

(The table continues on the next page)
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(Table continued from previous page)

fill number time pulsing pattern [turns] plane amplitude [nrad]
5243 03:11 – 03:34 setup machine, inject 48 bunches

03:34 – 03:46 no excitation, let distribution adjust
03:46 – 03:57

10 V
48

03:57 – 04:08 96

Summary of simulation results

In preparation of the MD, simulations with the tracking code Lifetrac [10] have been
performed, which are summarized in more detail in [7].

The experimental scenario has been modeled using the current MAD-X mask files used
for SixTrack studies which are then exported to Lifetrac. Two scenarios, one with and
one without magnetic errors, have been used in order to study the impact of the magnetic
errors1. The comparison with and without errors is particularly relevant as the resonant
excitation is based on the excitation of specific resonances and with these two cases it
can be identified if the effect is due to magnetic errors or already from the clean machine
with linear elements, sextupoles and octupoles. Different pulsing patterns up to pulsing
every 10th turn in both transverse planes have been simulated in order to compare the
different pulsing patterns. However, in the MD the excitation is only applied in one plane
at a time as the ADT horizontal and vertical kickers are not synchronized and additional
frequencies would thus be introduced in case of a pulsing in both transverse planes. In
order to compare with the MD results, the simulations have then been repeated for 7th
turn pulsing H and 10th turn pulsing V including also additional excitation amplitudes
in order to obtain a scaling of the losses and emittance growth with amplitude.

Without machine imperfections, pulsing in H+V, 120 nrad

Without errors, an effect of the excitation is only observed for pulsing every 7th and 10th
turn in terms of:

• beam losses and a simultaneous decrease of the bunch length indicating longitudinal
losses,

• an adjustment of the beam distribution over 104 turns to a steady distribution with
increased emittance.

The strong effect for pulsing every 7th and 10th turn can be explained by an excitation
of the 7th and 10th order resonances driven by the strong sextupoles (see the FMA
analysis in Fig. 3). The octupoles serve the purpose of providing the tune spread. The
(mainly longitudinal) losses are due to the high chromaticity, as the synchrotron motion
and the chromatic detuning lead to a repeated crossing of the off-momentum particles

1In this model also linear errors, explicitly a1, a2, b1, b2 are included. The strength of the linear errors
is adjusted in order to obtain around 1 mm rms orbit deviation and 15 % peak beta-beat.
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no excitation 7th turn pulsing H+V 10th turn pulsing H+V

Figure 3: Scenario without machine errors, excitation amplitude 120 nrad: FMA analysis
with Lifetrac for on-momentum particles (∆p

p0
= 0) up to 8 σ amplitude for a square grid:

no excitation (left), pulsing every 7th turn (center) and pulsing every 10th turn (right).

7th turn pulsing H+V

10th turn pulsing H+V

Figure 4: scenario without machine errors, excitation amplitude 120 nrad: Normalized
amplitude distribution in (x, px) (left), (y, py) (center) and (z, pz) (right) for pulsing every
7th (top) and 10th turn (bottom) in H and V. The initial distributions after equilibration
(around 100 turns) and the distribution after the fast change (10 000 turns) are compared.
The residual is in general sensitive to changes in the beam core and middle while the ratio
is sensitive to changes in the high-amplitude tails.
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over the resonances. The adjustment of the beam distribution over the first 104 turns is
illustrated in Fig. 4, which compares the initial beam distribution with the one observed
after 104 turns. The following changes in distribution can be observed:

7th turn H+V For pulsing every 7th turn in H+V, the distribution only changes in
the horizontal plane, explicitly:

• depletion of the center of the core and increase of the density between 1.8–2.0 σ.

• increase of the tail population around 4 σ

10th turn H+V For pulsing every 10th turn in H+V, the distribution only changes in
the vertical plane, explicitly:

• depletion of the center of the core and increase of the density between 2.0–2.2 σ.

• no increase of the tail population

The change of the longitudinal distribution is due to the small initial mismatch of the
distribution as the initial distribution matching does not take the non-linearity of the
bucket into account.

With machine imperfections, pulsing in H+V, 120 nrad

With machine imperfections, the strongest effect is also observed for pulsing every 7th
and 10th turn. The main effect thus originates from the strong sextupoles and octupoles
and high chromaticity. The initial increase in emittance is due to the fast change of the
beam distribution over the first 104 turns, so the first point in these simulations is already
after the initial adjustment of the distribution. The losses are now not only longitudinal,
but also transverse observable as a decrease in transverse emittance and bunch length.
In addition, also other excitation patterns – mainly every 3rd turn – show losses due to
the magnetic errors (up to 14th order are included in the simulation). A quantitative
comparison of the losses is shown in Fig. 5 and the obtained emittance, bunch length and
losses are shown in Fig. 6.

With machine imperfections, pulsing in H+V, 12 nrad

The simulation results presented in Sec. 3.1 and 3.2 were performed for an excitation
amplitude of 120 nrad and pulsing in the horizontal and vertical plane (H+V). A reduction
of the amplitude by a factor 10, i.e. 12 nrad, shows no observable effects on the beam core,
even with machine imperfections. The limit from simulations on the maximum excitation
amplitude for which the beam will stay unperturbed must thus lie within 12 nrad and
120 nrad.

MD scenario: with machine imperfections, pulsing 7th turn H,
pulsing 10th turn V

During the MD a significant effect was observed for pulsing every 7th turn H and 10th
turn V. For the other pulsing patterns (8th turn H, 3rd turn H, 3rd turn V) no effect was
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Figure 5: scenario with machine imperfections, excitation amplitude 120 nrad: Relative
losses over 106 turns ((Iinitial−Ifinal)/Iinitial) converted to a loss rate per hour. The largest
losses are observed for pulsing every 7th and 10th turn.

observed. The beam distribution was however already so perturbed for these cases, that
for a conclusive result, these cases have to be tested again in a future MD. In addition,
the excitation could only be applied in one plane in the MD, as the ADT kickers in H
and V are not synchronized. Losses were also observed already for significantly smaller
excitation amplitudes, explicitly for maximum excitation amplitudes of 6 nrad for 7th H
and 48 nrad for 10th V. In order to compare with the MD results, a scan in excitation
amplitude for pulsing every 7th turn only in H and every 10th turn only in V have been
performed and the results are shown in Fig. 7 together with the simulations for pulsing
in H and V.

For pulsing every 7th turn, the main effect is due to the pulsing in the horizontal
plane as:

• the loss rate is only slightly smaller for pulsing only in H compared to pulsing
in H+V

• for pulsing only in V, no losses are observed at all

For pulsing every 10th turn, both planes contribute equally and pulsing in both planes
might excite in addition some coupling resonances as:

• the loss rates for pulsing only in H and only in V are similar

• the loss rate for pulsing in H+V is considerably higher than only pulsing in one
plane

As also seen in the other simulations, the main change of the beam distribution for pulsing
only in one plane takes place during the first 104 turns. This change is illustrated in Fig. 8
which compares the initial beam distribution and the distribution after 104 turns for the
case of pulsing every 7th turn H and 10th turn V. Same as for pulsing in H+V, a change
in beam distribution is only observed in the horizontal plane for 7th turn H and in the
vertical plane for 10th turn V. However the changes in beam distribution are slightly
different:
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Figure 6: scenario with machine imperfections, excitation amplitude 120 nrad: Hor. (top
left) and vert. (top right) normalized emittance and 1σ rms bunch length (bottom left)
and normalized beam intensity (bottom right) over 106 turns. A change in emittance is
observed for pulsing every 7th and 10th turn and to a smaller extent for pulsing every
3rd turn. The large initial increase in emittance for pulsing every 7th and 10th turn is
due to a change in beam distribution which takes place over the first 104 turns.

7th turn H: the depletion in the core is less pronounced and the increase in the middle
(around 1.8 σ) of the beam distribution is moved towards higher amplitudes. In
summary an increase of the tails is observed starting from around 2.2 σ and with a
maximum around 3.0 σ.

10th turn V: the main increase of the distribution is observed around 1.5 σ for pulsing
only in V compared to 2.0 σ for H+V. The depletion in the core is also more con-
centrated in the center of the beam for pulsing only in H (within ±0.5 σ) compared
to pulsing in H+V, where the core is depleted within ±1.1 σ

Results

During the MD the bunch-by-bunch beam losses were recorded with the Fast Beam
Current Transformer (FBCT) and the diamond detectors. In this note only the FBCT
measurements are analyzed. The emittance was measured using the Beam Synchrotron
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Figure 7: scenario with machine imperfections and different excitation amplitudes: Nor-
malized beam intensity for pulsing every 7th turn (left) and 10th turn (right). Particles
have been tracked over 106 turns. For pulsing every 7th turn the main effect originates
from the excitation in H, while for pulsing every 10th turn, both planes appear to be
equal.

Radiation Telescope (BSRT) and the wire scanners. In addition to the emittance mea-
surements, also the horizontal and vertical BSRT profiles were recorded in order to obtain
more information about eventual changes in the beam distribution and a summary of the
analysis of these profiles is given in the following preceded by a short introduction to the
BSRT profile analysis in Sec. 4.1. Another method to obtain information about the tail
distribution is to operate the wire scanners with increased gain, so that the profiles are
more sensitive in the tail region while being saturated in the core region. The data was
recorded during the MD, but unfortunately no useful results could be extracted in a first
attempt.

In this section, the results are presented in chronological order for the different pulsing
patterns (see Table 1 for the time line). Detailed descriptions of the definitions and
analysis are only given in the first analysis (Sec. 4.2.1). For each pulsing pattern the
following analysis is performed:

1. analysis of loss rates using the bunch-by-bunch intensity measured with the FBCTs

2. analysis of the normalized bunch-by-bunch emittance measured with the BSRT and
as logged in the LHC logging database. In this case, the emittance is obtained via
an automatic Gaussian fit to the profiles.

3. in detail analysis of the BSRT profiles by calculating different statistical parameters
and comparing the evolution of the profiles with time. A summary of the analysis is
given in Sec. 4.1 and more details of the BSRT profile analysis can be found in [11].

In general it should be kept in mind, that the beam distribution is only unperturbed
before the first excitation and first maximum excitation amplitude, which is for fill 5242
every 7th turn H with an excitation amplitude of 6 nrad. In fill 5243 only one excitation
pattern was studied, every 10th turn V, but different amplitudes were tried. The first
case studied for fill 5243 is 10th turn V with an excitation amplitude of 48 nrad.
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7th turn pulsing H

10th turn pulsing V

Figure 8: scenario with machine errors, excitation amplitude 120 nrad: Normalized am-
plitude distribution in (x, px) (left), (y, py) (center) and (z, pz) (right) for pulsing every
7th turn H (top) and 10th turn V (bottom). The initial distributions after equilibration
(after around 100 turns) and the distribution after the fast change (after 10 000 turns)
are compared.

BSRT profiles at injection

This chapter intends to give a short overview of the BSRT profile analysis presented in
this note. For a more detailed description of the analysis, it is referred to [11]. The BSRT
image formation is mathematically described as a convolution of the beam distribution
with the optical resolution (LSF). Assuming that the beam distribution as well as the
optical resolution (LSF) are Gaussian a conversion factor cLSF,z (“LSF factor”) can be
derived which is nothing else than the width of the Gaussian distribution of the optical
resolution1:

σbeam,z =
√
σ2

profile,z − c2
LSF,z, z = h, v. (3)

The position can then be very roughly also be expressed in beam sigma:

z[σbeam,z] =
z[mm]

σbeam,z[mm]
, z = h, v. (4)

1The convolution of two uni-variate Gaussian distributions f and g having respectively the means µf

and µg and standard deviation σf and σg is a Gaussian distribution with mean and standard deviation

µf∗g = µf + µg and σf∗g =
√
σ2
f + σ2

g
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The BSRT profiles are in general a projection of the BSRT synchrotron light black
and white image projected on the horizontal and vertical axis. The result are histograms
in both planes representing the projections of the horizontal/vertical bunch distribution.
The BSRT can take images of only one bunch at a time and in order to record all
bunches during one fill the device loops through the individual bunches. For each time
stamp several profiles of the same individual bunch are taken. In this MD, explicitly
three profiles of one individual bunch were taken for each time stamp (see profile 1–3 in
green and blue in Fig. 9). Using these profiles, the general steps in the analysis are:

1. The profiles are converted to probability distributions ρ(x) by dividing the bin
height by the integral over the profile, so that:∫ ∞

−∞
ρ(x) = 1 (5)

2. The background is calculated by averaging the first and last ten bins of all profiles for
each individual bunch over the complete time of acquisition. This constant is then
subtracted from the normalized distribution. After the background subtraction,
the profiles are renormalized so that the integral over the distribution is one. The
profiles are checked before and after background subtraction, as this can hide real
physical effects or also introduce artificial features.

3. The profiles are averaged in order to reduce the noise. Explicitly the profiles are
averaged in two different ways:

• the three profiles of each individual bunch are averaged for each time stamp
(“average profile”)

• the moving average and standard deviation over 11 time stamps (“moving
average profile”) is taken. Thus with three profiles per time stamp in total
33 profiles are averaged. The obtained standard deviation for each bin is used
as an estimate for the error in each bin. These estimated errors are then used
as weights for the least square fit of the Gaussian and q-Gaussian distribution
and for the calculation of the chi-squared as a measure of the goodness of the
fit. The moving average profile is shown as a black line in Fig. 9.

4. A Gaussian (light red dashed line in Fig. 9) and q-Gaussian distribution (dark red
line in Fig. 9) are fitted to the average profile and the moving average profile. In
case of the moving average profile, the fit is weighted with the calculated standard
deviation for each bin.

The Gaussian distribution is defined as

fGauss(x) := c+ a · e
− (x−µ)2

2σ2

√
2πσ

, (6)

where µ is the mean and σ the standard deviation of the distribution.

The q-Gaussian distribution is defined as

fq−Gauss(x) = c+ a ·
√
β

Cq
eq(−β(x− µ)2), (7)
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where µ is the mean of the distribution and

eq(x) = (1 + (1− q)x)
1

1−q (8)

is the q-exponential. The normalization factor Cq is given by

Cq =

√
π · Γ

(
3−q

2(q−1)

)
√
q − 1 · Γ

(
1
q−1

) , for 1 < q < 3, (9)

For q < 5
3

the standard deviation σ is then given by:

σ2 =
1

β(5− 3q)
(10)

For other values of q the standard deviation is either infinite or not defined. The
range of the parameter q is limited to 0 < q < 3. The parameter q is an estimator
for the tail population. For q → 1 the Gaussian distribution is recovered, for q > 1
the distribution features heavier tails compared to the Gaussian distribution and for
q < 1 lighter tails. The parameter c is introduced in the Gaussian and q-Gaussian
fit in order to model the background of the profiles implying the introduction of the
parameter a in order to fulfill the requirement that the integral over the distribution
is one.

5. statistical parameters are calculated for the average and moving average profile,
including the cumulative sum of the distribution shown in Fig. 9 lower right.

6. To better visualize the changes of the distribution, the residual Res and the ratio
Rat for bunch i at time stamp ti in respect to reference bunch j at time stamp tj
are calculated with

Res(ti, x) = Ai(ti, x)− Aj(tj, x) (11)

Rat(ti, x) =
Ai(ti, x)

Aj(tj, x)
(12)

where Ai(tj, x) denotes the amplitude at bin x of bunch i at time stamp tj. In
this MD the residual and ratio are taken in respect to the initial distribution of the
bunch itself, explicitly:

Res(ti, x) = Ai(ti, x)− Ai(tj, x) (13)

Rat(ti, x) =
Ai(ti, x)

Ai(tj, x)
(14)

The residual is in general sensitive to changes in the core region and the ratio to
changes in the tails. The residual proved to be a good indicator for changes in the
core while the ratio turned out to be too sensitive to the noise of the BSRT profiles.

A typical bunch distribution for a reference bunch without any excitation is shown in
Fig. 9.
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Figure 9: Typical BSRT profile at injection for the horizontal (left) and vertical (right)
plane. The profile was taken towards the middle of fill 5243 (2016-08-24 04:08:36) and
for a bunch not experiencing any excitation. For this bunch, the transverse damper is
not active. Similar profiles are obtained also for the bunches with transverse damper
active. The residual and ratio are taken in respect to a profile at the beginning of the fill
(2016-08-24 03:34:07). The background is not subtracted and the moving average profiles
are shown as black line in all subplots. For the moving average the profiles are explicitly
averaged over 11 time stamps with 3 profiles per time stamp. Note that the x-axis is the
position of the BSRT image projection and not the proton beam sigma. The raw profiles
for this time stamp are shown in blue and green in the probability distribution (lower
left) and cumulative sum (lower right). For the residual and ratio the moving average
profile is shown in black together with the 1σ standard deviation over the 11 time stamps
as gray envelope. The Gaussian fit is shown in dashed red and the q-Gaussian fit in solid
dark red in the profile plot (lower left) and the deviation from the fit with the same color
coding in the residual plot (upper left).

The following observations can be maid:

• The distribution in the horizontal plane features over-populated tails and the q-
Gaussian fit represents a better model for the distribution. The tails are slowly
depleted during the fill as illustrated in Fig. 10 showing a decrease of q starting
from q ≈ 1.3− 1.35 for all bunches.

• The distribution in the vertical plane has slightly underpopulated tails as q ≈
0.97 < 1 (see Fig. 10). The q-parameter stays unchanged indicating that the shape
of the distribution stays unchanged.

• The distribution shows a “bump” on the right side (positive position) of the hor-
izontal profile and left side (negative positions) of the vertical profile. A possible
explanation for the bump could be a spot in the image. Note that the bump is not
well visible in Fig. 9.

• There are strong oscillations of the distribution during the fill mostly visible as
fluctuation in the residual of the distribution. By averaging over several profiles as
done in the moving average, the fluctuations can be reduced.
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• The cumulative sum (CDF) of the distribution is a smooth function for both planes
and can be used to define a model independent definition of the standard deviation σ
of the distribution 1. Based on the analogy of the cumulative distribution function
and the standard deviation for a Gaussian distribution we define the standard
deviation σ as:

σ32 = CDF−1(0.32) (15)

σ68 = CDF−1(0.68) (16)

The left and right side are calculated separately because of the bumps in the BSRT
distribution on the left for the vertical and right for the horizontal.

Figure 10: q parameter of q-Gaussian fit in the horizontal (left) and vertical (right) plane:
q-parameter for four references bunches not experiencing any excitation during fill 5243
and with the damper not active. The q-Gaussian fit is performed for the moving average
profiles and without background subtraction. The errorbars contain only the error from
the q-Gaussian fit obtained from the covariance matrix (σq =

√
(cov(pq, pq) where pq

indicates the diagonal element of the matrix for the fit parameter q). In the vertical
plane the fit did not always converge and for better visibility the large error bars are in
this case replaced with 0. In the horizontal plane the tails are clearly overpopulated in
respect to a Gaussian distribution as q > 1 and slowly depleted during the fill visible as
a slight decrease of q. In the vertical plane, the tails are underpopulated as q < 1 and
stay more or or less constant.

Fill 5242, 7th turn H

In the following sections the analysis of the FBCT and BSRT measurements are presented.
Preceding the analysis it should be noted that the BSRT profile analysis revealed a change

1The BSRT emittance obtained from the LHC logging database (see Sec. 4.2.2) is the sigma of the
distribution obtained via a Gaussian fit to the distribution assuming that a Gaussian fit is a well suited
model. For example in the horizontal plane the tails are over-populated and the Gaussian distribution
does not represent a good model.
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in beam distribution in the horizontal and vertical plane also for the reference bunches
around 01:30:00, just in the middle of the excitation with 6 nrad maximum excitation
amplitude. This change in distribution complicates the BSRT emittance and profile
analysis as it is then not obvious if the change in distribution is due to the excitation or
not. A correlation of this change in distribution with the loss rate or emittance could
however not be found.

Losses and loss rates from FBCT measurements

To calculate the relative averaged bunch intensity losses, the measured bunch intensity I
is first normalized to the initial intensity I0. The relative losses Ilost,j for each individual
bunch are then given by:

Ilost,j = 1− Ij
Ij,0

, j = 1, . . . , 48

The average is then taken over the bunches with the same excitation amplitude:

Ilost(n ·∆A) =
1

4
·

∑
j=bunches with n·∆A

Ilost,j. (17)

Fig. 11 shows the relative bunch intensity losses measured with the FBCT averaged over
the bunches with the same excitation amplitude as defined in Eqn. 17. The losses clearly
depend on the excitation amplitude and the transverse damper does not change the loss
rate significantly.

Figure 11: 7th turn pulsing H: Relative bunch intensity losses measured with the FBCTs
(Eqn. 17). The average over the group of four bunches experiencing the same excitation
amplitude is indicated by a solid line together with the 1σ standard deviation over the four
bunches indicated as an envelope in the same color. The maximum excitation amplitudes
are indicated with black arrows. A clear increase of the losses with excitation amplitude
within the bunch train (n ·∆A) and at each increase of the maximum amplitude (Amax)
is visible.

A quantitative comparison of the loss rate for the three different maximum excitation
amplitudes (Amax = 6 nrad, Amax = 12 nrad, Amax = 24 nrad) is shown in Fig. 12, where
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the loss rate is defined as

Lloss(n ·∆A) :=<
Istart excitation − Iend excitation

Istart excitation ·∆texcitation

>bunches with n·∆A (18)

and the average is taken over the bunches with the same excitation amplitude n ·∆A. As
the duration of the excitations differs for the different maximum excitation amplitudes
Amax, it is better to compare loss rates instead of relative losses. However, the loss rate as
defined in Eqn. 17 does not distinguish between initial losses due to an initial depletion
of the tails occurring when the excitation is switched on and continuous losses due to
diffusive processes caused by the excitation. This explains the general decrease of the
loss rates with the maximum excitation amplitude Amax. During the first excitation,
here Amax = 6 nrad, the initial tails are slowly depleted. The following excitations
(Amax = 12 nrad and Amax = 24 nrad) then exhibit smaller loss rates as they start already
from a depleted distribution. The loss rate for one maximum excitation amplitude Amax

in general scales quadratically with the excitation amplitude n·∆A, n = 0, . . . 5 indicated
by a quadratic fit in Fig. 12.

Figure 12: 7th turn pulsing H: Average bunch intensity loss rate measured with the
FBCTs (Eqn. 18) together with the loss rates obtained in Lifetrac simulation (see
Sec. 3.4). The left plot is a zoom of the right plot. The measurements for the differ-
ent maximum excitation amplitudes Amax are indicated in different colors. The bunches
for which the transverse damper is active are shown with solid dots and the bunches for
which the transverse damper is not active are shown with slightly transparent triangles.
Each point represent the average over the four bunches with the same excitation ampli-
tude n ·∆A. The loss rates obtained in Lifetrac simulations are indicated with diamonds
(see Sec. 3). Note that losses are actually only observed at higher excitation amplitudes
in simulations, which is visible only on the zoomed out right plot. The loss rates follow in
general a quadratic behavior. The second order polynomial fit to the loss rate is indicated
with a solid line for the bunches with transverse damper active and with a dashed line for
the bunches with the transverse damper not active. The vertical dashed line at 15 nrad
indicates the expected kick amplitude from the LHC electron lens [7].

Fig. 12 also shows the loss rates obtained from Lifetrac simulations (see Sec. 3). In
the simulations the collimation system is simulated as a single black absorber with an
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aperture of 6 beam σ and a normalized beam emittance of 2.5 µm. In the MD the
TCPs were set at 5.7 σ assuming 3.5 µm normalized beam emittance. As the aperture in
simulations is much smaller than in the MD in general higher losses were to be expected
in the MD. On the contrary, the loss rates from simulations are much smaller than the
experimental ones. The difference can also not be explained by the 50% error in the
excitation amplitude of the ADT (see Fig. refres:fig:7H:2). Explanation for a smaller loss
rate are:

• no diffusive processes like e.g. intra-beam scattering are taken into account in
the simulations. The only diffusive process in the simulations are actually non-
linearities and the negligible numerical noise.

• only one seed has been simulated and for a statistically valid simulation, at least
the average over a few seeds should be taken.

However, the magnitude of the difference is surprising and should be considered in the
future.

At last, we want to compare the loss rates obtained in the MD to the kick amplitudes
expected for a hollow electron lens. From measurements of the 1-inch hollow electron
gun prototype, the expected dipole kick amplitude from profile imperfections and from
the electron lens bends on particles in the center of the beam is estimated to be [7]:

θ = 15 nrad

where the main contribution comes from profile imperfections. This value of 15 nrad is
indicated with a black dashed line in Fig. 12 and the estimated loss rates Lloss from the
MD using the second order polynomial fit a+ b ·x+ c ·x2 for extrapolation/interpolation
to 15 nrad are summarized in Table 2. The loss rates for 15 nrad lie in general between
8 %/h and 17 %/h.

Table 2: 7th turn pulsing H: Loss rate Lloss as defined in Eqn. 18 for the kick amplitude
expected from a hollow electron lens on the core particles A = 15 nrad. The values
for 15 nrad excitation amplitude are extrapolated/intrapolated from the second order
polynomial fit to the loss rate for the different maximum excitation amplitudes Amax (see
Fig. 12).

Lloss(15 nrad) [%/h]
Amax [nrad]

damper on damper off
6 13 17
12 9 10
24 8 9

BSRT emittance from LHC logging database (Gaussian fit)

In the LHC logging database the 1σ standard deviation σprofile,z is calculated from a
Gaussian fit to the horizontal and vertical projection of the BSRT image, the BSRT
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Figure 13: 7th turn pulsing H: relative emittance in the horizontal (left) and vertical
(right) plane measured with the BSRT (Gaussian fit) and as defined in Eqn. 21 together
with the 1σ standard deviation over the bunches with the same excitation amplitude n·∆A
indicated as an envelope for each amplitude. For all emittance values a moving average
over 10 time stamps is performed. A very small dependence of the horizontal emittance
growth on the excitation amplitude n · ∆A is visible. As the difference is very small,
it is however debatable if this dependence is statistically relevant. The large emittance
increase in the horizontal plane around 01:42:00 is partly artificial as it originates from
the strong decrease of the BSRT profile background, which is probably an instrumental
effect (see Fig. 14).

profiles. The sigma of the beam distribution σbunch,z can then be calculated from σprofile,z

and the correction factor from the system optical resolution cLSF,z (“LSF factor”):

σbeam,z =
√
σ2

profile,z − c2
LSF,z, z = h, v. (19)

From the beam sigma σbeam,z the normalized emittance can then be obtained via the well
known formula:

εN,bunch,z = βrelγrel

σ2
beam,z

βBSRT,z

, z = h, v, (20)

where βrel,γrel are the relativistic β and γ, and βBSRT,z is the beta function at the location
of the BSRT as given in the LHC logging data base.

In order to reduce the noise, a moving average over 10 consecutive data points per
bunch is taken denoted with 〈〉10 in Eqn. 21. The obtained emittance is then normalized
in respect to the initial emittance and then averaged over the batch of four bunches
experiencing the same excitation amplitude denoted with 〈〉bunches with n·∆A. In summary,
this yields

εN,z(n ·∆A) =

〈
〈εN,bunch,z〉10

〈εN,bunch,z,0〉10

〉
bunches with n·∆A

, z = h, v. (21)

The emittance obtained with this method is shown in Fig. 13. A very small depen-
dence of the horizontal emittance growth on the excitation amplitude n · ∆A is visible.
In the vertical plane no dependence on the excitation amplitude n · ∆A nor maximum
excitation amplitude Amax is observed. Thus the amplitude dependent emittance growth
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occurs in the same plane in which the excitation is applied. As the difference is very
small, it is however debatable if this dependence is statistically relevant.

BSRT profiles

In summary, the FBCT and BSRT emittance measurements showed strong excitation
amplitude dependent losses and no or only a very small excitation amplitude dependent
emittance growth. Furthermore, the simulations revealed an initial adjustment of the
distribution in the horizontal plane with a depletion of the core and an increase of the
population for amplitudes larger than 2.0 σ (see the residual in Fig. 4) with a peak around
3.0 σ and up to the highest amplitudes tracked, here around 5.0 σ (see the plot of the
ratio in Fig. 4).

Figure 14: 7th turn pulsing H: exemplary BSRT profile for the horizontal (left) and ver-
tical (right) plane of one reference bunch (top) and a bunch with maximum excitation
(bottom) at the end of the 7th turn pulsing H and well after the change in distribution
at around 01:30. The change in distribution in the horizontal and vertical plane is ob-
served for all bunches, explicitly the ones with and without excitation and with transverse
damper not active and active. The residual and ratio are taken in respect to a profile be-
fore the change in distribution (2016-08-24 01:00:15). The background is not subtracted
and the moving average profiles over 11 time stamps (33 profiles) are shown.
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As mentioned earlier, a change in beam distribution in the horizontal plane for all
bunches is observed, starting at around 01:20 and lasting until the end of the fill. A direct
comparison of the evolution of the distribution and residual for bunches with and without
excitation is therefore difficult, in particular as the change in distribution is similar to
the one expected from the excitation, a depletion of the core in the horizontal plane
(see Fig. 14 exemplary for all bunches). As will be shown later in this section, a detailed
analysis of the q-Gaussian fit however revealed a dependence of the change in distribution
on the excitation amplitude.

Figure 15: 7th turn pulsing H: estimate of background in the horizontal (left) and vertical
(right) for the bunches with transverse damper active and before background subtraction.
Estimate of the background on the right side of the profile (bg avg right) is shown on the
top and left side on the bottom (bg avg left). Units are the amplitude of the probability
distribution with integral 1. The background is estimated by averaging over the last ten
bins. The 1σ standard deviation over the bunches with the same excitation amplitude n ·
∆A is indicated as an envelope for each amplitude n·∆A. A large drop of the background
level on the right side in the horizontal plane is observed. The same observations are
made for bunches with transverse damper not active including in particular the drop of
the background in the horizontal plane on the right.

In addition, a drop in background on the right side occurs around 01:42:00 for all
bunches (see Fig. 15) independent of the excitation amplitude and if the damper is active
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or not. For the BSRT profile analysis, the background is in general estimated by averaging
the first and last ten bins over the full fill for each bunch. This constant value for each
bunch is then subtracted for each bunch profile. This method is however only suited
if the background stays approximately constant, which is not the case due to the drop
at 01:42:00. Therefore, the background is not subtracted for the data presented in this
section. The source of this drop in background is not known and could be either just
instrumental or also a real change in beam distribution. This drop also explains the
change in emittance around 01:42:00 in Fig. 13.

Except for the q-Gaussian fit parameters and σ, no dependence of any of the calculated
parameters on the excitation amplitude could be observed. This observation is made for
the bunches with transverse damper active and not active. Exemplary for both cases,
the q-Gaussian fit parameters and σ for the bunches with transverse damper active are
shown in Fig. 17 for the horizontal plane and Appendix A, Fig. 25 for the vertical plane.
The following observations can be made:

• The distribution in the vertical plane (Fig. 16 right) is very close to a Gaussian
distribution with slightly underpopulated tails as q ∈ [0.94, 1.0] < 1, while in the
horizontal plane (Fig. 16 left) the tails are overpopulated and the core slightly
depleted visible as q ∈ [1.3, 1.4] > 1. This observation is also valid for bunches
without excitation and was also observed at injection during other fills.

Figure 16: 7th turn pulsing H: fit parameter q from q-Gaussian fit in the horizontal (left)
and vertical (right) plane for the bunches with transverse damper active. In the horizontal
plane the tails are overpopulated (q > 1) and in the vertical plane underpopulated (q < 1).
In the horizontal plane a clear dependence on the excitation amplitude n ·∆A is visible.
The fit is performed before background subtraction. The 1σ standard deviation over the
bunches with the same excitation amplitude n ·∆A is indicated as an envelope for each
amplitude n ·∆A.

• In the horizontal plane, a clear dependence of the q-Gaussian fit parameters and
σ on the excitation amplitude n · ∆A is observed when the excitation is switched
on (see Fig. 16 and 17). This indicates a change in beam distribution due to the
7th turn H pulsing. A dependence on the maximum excitation amplitude Amax is
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Figure 17: 7th turn pulsing H: fit parameters and σ of the q-Gaussian fit and χ2 as mea-
sure for the goodness of the fit in the horizontal plane for the bunches with transverse
damper active. The parameter cent corresponds to µ in Eqn. 7. Once the excitation is
switched on a clear dependence on the excitation amplitude n · ∆A is observed. A de-
pendence on the maximum excitation amplitude Amax is not visible. The fit is performed
before background subtraction and the parameters are normalized to the initial value.
The 1σ standard deviation over the bunches with the same excitation amplitude n ·∆A
is indicated as an envelope for each amplitude n ·∆A.
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however not visible. The increase of σ and small amplitude dependent increase of
q indicates that the distribution in the center or middle is increasing. The decrease
of c and hence increase of a (a and c are almost fully anti-correlated as shown in
Appendix A, Fig. 26) suggest a depletion of the tails. This effect is also not an
artifact of the fit as the correlation of the fit parameters and the χ2 as measure for
the goodness of the fit do not change considerably (see Fig. 17 and Appendix A,
26).

• In the vertical plane, the q-Gaussian fit parameters and σ do not depend on the
excitation amplitude n ·∆A or Amax (see Appendix A, Fig. 25–26)

In summary, the above observations of the changes in beam distribution agree with the
simulations, in terms that a change in distribution is only observed in the horizontal
plane, while the vertical plane stays unchanged. In the simulations, an increase of the high
amplitude tails (above 3σ) is predicted. The q-Gaussian fit however shows a small increase
in the center or middle of the distribution (increase of σ and q) and a depletion of the
tails (decrease of c and increase of a). At a first glance, the simulation and measurement
results thus do not agree. However, the general observation in the measurements of high
losses and small emittance growth are compatible with the in simulations predicted small
changes in the core region and increased tail population resulting in a higher diffusion
rate for high amplitudes and thus higher loss rates.

Albeit that the fit parameters of the q-Gaussian fit show a dependence on the exci-
tation amplitude, the data is too noisy to extract any growth rates. Also a qualitative
comparison of the emittance growth with simulations fails miserably as almost no emit-
tance growth is observed in the experiment while a strong emittance growth is seen in
the simulations.

Fill 5242, 8th turn H, 3rd turn H, 3rd turn V

For pulsing every 8th turn in H, 3rd turn H and 3rd turn V the loss rate, emittance and
beam distribution stay unchanged. Exemplary, the relative loss rate is shown in Fig. 18
starting from the end of the 7th turn pulsing until the end of the fill. As the initial
beam distribution for these patterns was already heavily perturbed by the previous 7th
turn excitation, this is however not a proof that no effect for these excitation patterns
is observed. This is very vividly illustrated on the example of the 10th turn pulsing in
V shown also in Fig. 18, for which only a small change is observed in fill 5242 for much
higher excitation amplitudes compared to fill 5243, which starts with an unperturbed
distribution. The 8th turn and 3rd turn pulsing should be therefore repeated taking an
unperturbed beam distribution.
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Figure 18: 8th turn H, 3rd turn H, 3rd turn V, 10th turn V: Relative bunch intensity losses
measured with the FBCTs. The average over the group of four bunches experiencing
the same excitation amplitude is indicated by a solid line together with the 1σ standard
deviation over the four bunches indicated as an envelope in the same color. The excitation
pattern and maximum excitation amplitudes are indicated with black arrows. A small
increase of the losses is only observed for pulsing every 10th turn V.

Fill 5243, 10th turn V

During fill 5243 only the 10th turn pulsing V was tested for different maximum excita-
tion amplitudes Amax. In summary, a strong change in beam distribution was observed
together with clear amplitude dependent losses and emittance growth. In contrast to fill
5242, the reference bunches also stayed fairly stable during the entire the fill. Note that
the bunches with transverse damper active and the highest excitation amplitude 5∆A
were injected in the wrong bucket and thus did not experience any excitation (yellow
curve in all figures with transverse damper active).

Losses and loss rates from FBCT measurements

The loss rate measured with the FBCTs and the scaling of the loss rate with the exci-
tation amplitude for pulsing every 10th turn V are shown in Fig. 19–20. The following
observations can be made:

• the loss rate depends quadratically on the excitation amplitude n · ∆A (as also
observed for 7th turn H),

• the loss rate decrease with the maximum excitation amplitude Amax (as also ob-
served for 7th turn H),

• the loss rates for 10th turn V are in general smaller than for 7th turn H as also
predicted in simulations (see Fig. 7).
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Figure 19: 10th turn pulsing V: Relative bunch intensity losses measured with the FBCTs.
The average over the group of four bunches experiencing the same excitation amplitude
is indicated by a solid line together with the 1σ standard deviation over the four bunch
indicated as an envelope in the same color. The maximum excitation amplitudes are
indicated with black arrows. A clear increase of the losses with excitation amplitude
within the bunch train and at each increase of the maximum amplitude is visible. For
the highest amplitude and the transverse damper active (yellow curve, right plot) the four
bunches were not excited as they had been injected in the wrong bucket and therefore
did not lie within the set ADT excitation window.

Figure 20: 10th turn pulsing V: Average bunch intensity loss rate measured with the
FBCTs (Eqn. 18) together with the loss rates obtained in Lifetrac simulation (see
Sec. 3.4). The left plot is a zoom of the right plot. The measurements for the differ-
ent maximum excitation amplitudes Amax are indicated in different colors. The bunches
for which the transverse damper is active are shown with solid dots and the bunches for
which the transverse damper is not active are shown with slightly transparent triangles.
Each point represent the average over the four bunches with the same excitation ampli-
tude n ·∆A. The loss rates obtained in Lifetrac simulations are indicated with diamonds
(see Sec. 3). The second order polynomial fit to the loss rate is indicated with a solid line
for the bunches with transverse damper active and with a dashed line for the bunches
with the transverse damper not active. The vertical dashed line at 15 nrad indicates the
expected kick amplitude from the LHC electron lens [7].
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• the loss rates obtained in simulations are much smaller than the loss rates obtained
during the MD (as also observed for 7th turn H),

From estimates based on measurements of the 1-inch hollow electron gun prototype,
the expected kick amplitude of the hollow electron lens on the core particles is [7]:

θ = 15 nrad

This value is indicated with a black dashed line in Fig. 20. The estimated loss rates Lloss

from the MD using the second order polynomial fit a + b · x + c · x2 for interpolation
to 15 nrad are summarized in Table 3. The loss rates for 15 nrad lie in general around
3 %/h.

Table 3: 10th turn pulsing V: Loss rate Lloss as defined in Eqn. 18 for A = 15 nrad, the
kick amplitude expected from a hollow electron lens on the core particles. The values
for 15 nrad excitation amplitude are interpolated from the second order polynomial fit
to the loss rate for the different maximum excitation amplitudes Amax (see Fig. 20).

Lloss(15 nrad) [%/h]
Amax [nrad]

damper on damper off
48 3.0 2.9
96 2.6 2.6

BSRT emittance from LHC logging database (Gaussian fit)

The emittance measured with the BSRT and logged in the LHC logging database is shown
in Fig. 21. The following observations can be made:

• A change of the emittance is only observed in the plane of excitation, here the
vertical plane.

• Within the first 5 minutes after the excitation is switched on, a rapid, excita-
tion amplitude dependent, increase of the emittance in the vertical plane is ob-
served. This emittance growth is about 20% for the highest excitation amplitude
5·∆A = 48 nrad. After this first rapid increase the emittance reaches an equilibrium
state and does not change considerably when the maximum excitation amplitude is
increased to Amax = 96 nrad. The careful analysis of the BSRT profiles showed that
this change in emittance is indeed related to a change in distribution over the first
5 minutes, which then saturates afterwards. It is important to note at this point
that the emittance as logged in the LHC Logging database is the σ of the Gaussian
distribution fitted to the profile and is therefore model dependent. In this case,
the results should be verified with a model independent estimate for the width of
the distribution like the 32% or 68% of the cumulative sum or the median absolute
deviation MAD as done in Sec. 4.4.3.

28



Figure 21: 10th turn pulsing V: relative emittance in the horizontal (left) and vertical
(right) plane measured with the BSRT (Gaussian fit) and as defined in Eqn. 21 together
with the 1σ standard deviation over the bunches with the same excitation amplitude n·∆A
indicated as an envelope for each amplitude. For all emittance values a moving average
over 10 time stamps is performed in order to reduce the noise. No emittance growth is
observed in the horizontal plane. In the vertical the emittance increases rapidly over the
first 5 minutes of excitation and then reaches an equilibrium state. Also the doubling of
the maximum amplitude Amax does not seem to change this equilibrium state considerably
any more.

Figure 22: 10th turn pulsing V: Average emittance growth rate in the vertical plane
measured with the BSRT and as defined in Eqn. 22 using the emittance ε from the LHC
Logging database (left) or the average over the 32% cumulative sum, 68% cumulative sum
and MAD ε32, 68,MAD (right). In the horizontal plane, no emittance growth is observed.
The measurements for the different maximum excitation amplitudes Amax are indicated
in different colors. The bunches for which the transverse damper is active are shown
with solid dots and the bunches for which the transverse damper is not active are shown
with slightly transparent triangles. The emittance growth rate increases approximately
quadratically with the excitation amplitude n ·∆A. The quadratic fit to the emittance
growth rate is indicated with a solid line for the bunches with transverse damper active
and with a dashed line for the bunches with the transverse damper not active. The vertical
dashed line at 15 nrad indicates the expected kick amplitude from the LHC electron lens
[7]. For all emittance values a moving average over 10 time stamps is performed.
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• Similar to the loss rate, we can define the emittance growth rate:

Lemit,z(n ·∆A) :=<
εN,z,start excitation − εN,z,end excitation

εN,z,start excitation ·∆texcitation

>bunches with n·∆A, z = h, v.

(22)
where εN,z,* excitation is the normalized emittance at the start/end of the excitation.
The dependence of the emittance growth rates in the vertical plane as obtained
from the LHC Logging database on the excitation amplitude n · ∆A and Amax is
illustrated in Fig. 22. For comparison, also the average of the emittance calculated
with the 32% cumulative sum, 68% cumulative sum and MAD ε32, 68,MADz is
shown in order to have a model independent and robust estimate of the emittance.
The emittance growth values from the Gaussian fit εv are in general slightly higher
than the emittance ε32, 68,MADz calculated with the cumulative sum and MAD.

• within the error bars, the emittance growth rate increases quadratically with the
excitation amplitude. For the Gaussian fit εv the behavior is almost linear.

Using the quadratic fit of the emittance growth rate, one then obtains for the expected
kick amplitude of θ = 15 nrad of the hollow electron lens on the core particles the values
listed in Table 4. For comparison, the values obtained from the emittance as in the LHC
Logging database Lemit,v are stated together with the ones calculated with the cumulative
sum, Lemit32,v and Lemit68,v and MAD, LemitMAD,v (see Sec. 4.4). The cumulative sum and
the MAD are both model independent estimates of the emittance and the quadratic fit
to the average over the three values Lemit32,68,MAD,v can be considered a robust and model
independent estimate of the emittance growth rate. The growth rates for Amax = 48 nrad
are in general dominated by the strong increase in emittance during the first 5 minutes
of excitation and can be used as an estimate for the expected initial emittance growth.
The growth rates for Amax = 96 nrad are after the fast emittance growth and thus give

Table 4: 10th turn pulsing V: Emittance growth rate in the vertical plane as defined in
Eqn. 22 for the kick amplitude expected from a hollow electron lens on the core particles
A = 15 nrad. Either the emittance from the LHC Logging database is used Lemit,v or
the emittance calculated over the 32% and 68% cumulative sum, Lemit32,v and Lemit68,v.
In addition, the average of the emittance calculated over the cumulative sum and the
MAD is listed in the row Lemit32,68,MAD,v. The values for 15 nrad excitation amplitude are
interpolated from the linear fit to the emittance growth rate for the different maximum
excitation amplitudes Amax (see Fig. 22).

Amax = 48 nrad Amax = 96 nrad
L∗,v(15 nrad) [%/h]

damper on damper off damper on damper off
Lemit,v 47 39 34 18

Lemit32,v 12 39 20 22
Lemit68,v 25 34 15 4
LemitMAD,v 21 32 24 20
Lemit32,68,MAD,v 19 34 19 14
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an estimate of the expected continuous emittance growth once the equilibrium state is
reached. Note that for the fit for the case with damper active, only 5 values instead of
6 are used as the bunches with the highest excitation amplitude 5∆A did not experience
any excitation as they were injected in the wrong bucket.

BSRT profiles

The detailed analysis of the BSRT profiles yields the following results:

• In the horizontal plane no changes in the BSRT profiles are observed consistent also
with the observed emittance growth only in the vertical plane.

• The changes of the beam distribution in the vertical plane are however so dramatic,
that they are plainly visible already for the smallest excitation amplitude of 1 ·
∆A = 9.6 nrad (see Appendix B, Fig. 27). During the entire excitation period, no
changes are observed for the reference bunches and the changes in distribution can
therefore be confidently attributed to the excitation of the bunches. Exemplary for
all bunches, the moving average profiles for a bunch with 5 · ∆A and a reference
bunch with no excitation is shown in Fig. 23. In addition the moving average profile
of a bunch with 1·∆A is shown in Appendix B, Fig. 27. The profiles for the bunches
with transverse damper active look very similar and no considerable benefit of the
damper could be detected from the plane moving average profiles and residuals.

• The parameters of the q-Gaussian fit in the horizontal and vertical plane are shown
in Appendix B, Fig. 28 and 29. In the horizontal plane a slight amplitude dependent
decrease of the q-Gaussian fit parameter c is observed. This indicates a depletion
of the tails in the horizontal plane. In the vertical plane, the σ of the q-Gaussian fit
increases while the q-parameter decreases further. This implies that the distribution
blows up in the core region while being depleted in the middle consistent with the
behavior of the residual of the distribution shown in Fig. 23.

• For the emittance obtained from the LHC Logging data base (Sec. 4.4.2) the stan-
dard deviation σ of a Gaussian fit is used to calculate the emittance. In particular
in the case of a distribution change as encountered for the 10th turn pulsing V, it
is better to use a model independent estimate of the standard deviation σ. In this
note the cumulative sum and the median absolute deviation have been used. For
the cumulative sum, we define the standard deviation σ in analogy to the values
for the Gaussian distribution as

σ32 := CDF−1(0.32) (23)

σ68 := CDF−1(0.68). (24)

The median absolute deviation MAD is defined as

MAD(X,W ) := median (|X −median (X,W )| ,W ) (25)

where X is a data set and W the corresponding weights, in our case the bins and
amplitude of the profile. Assuming a normal distribution, the standard deviation
of the distribution is then given by:

σ = 1.4826 ·MAD(X,W ) (26)
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Figure 23: 10th turn pulsing V: exemplary BSRT profile for the horizontal (left) and
vertical (right) plane of one reference bunch (top) and a bunch with maximum excitation
5 · ∆A (bottom) at the end of the 10th turn pulsing V. The beam distribution for the
reference bunch stays unchanged while a depletion of the core and an increase in the
middle of the distribution is observed for the excited bunch. This change is also already
visible for the smallest excitation amplitude of 1 ·∆A. The residual and ratio are taken
in respect to a profile well before the excitation is switched on. The background is not
subtracted and the moving average profiles over 11 time stamps (33 profiles) are shown.

Both parameters are shown for the bunches with transverse damper not active in
Fig. 24 representative for also the bunches with transverse damper active. Using
these two model independent estimates for the standard deviation and thus emit-
tance, the same behavior as for the emittance calculated with the Gaussian fit is
observed. This confirms that the growth is indeed real and not an artifact of the
model.

Using this model independent estimate of the emittance, the growth rates shown
in Fig. 22 and the estimate for an excitation amplitude of 15 nrad, the expected
kick of the e-lens on the core, listed in Table 4 are obtained. For further details see
Sec. 4.4.2.

In summary, the above observations of the changes in the beam distribution agree with
the simulations, where an decrease of the distribution in the core region and an increase
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Figure 24: 10th turn pulsing V: relative standard deviation σ of the BSRT profile dis-
tribution in the horizontal (left) and vertical (right) plane. The standard deviation is
calculated using the cumulative sum (top and middle) and the MAD (bottom) in or-
der to have three model independent estimates. For all σ values a moving average over
10 time stamps is performed in order to reduce the noise and for each time stamp the
average profile (over 3 profiles) is used. The 1σ standard deviation over the bunches with
the same excitation amplitude n ·∆A indicated as an envelope for each amplitude.
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in the middle is seen in the vertical plane, while the horizontal plane stays unchanged
(see Fig. 8). A qualitative comparison of the emittance growth however fails as in the
simulations the emittance increases during the first second and then decreases, which is
definitely not observed in the measurements.

Conclusions

The ultimate aim of this MD was to define tolerances on the kick of the e-lens on the
particles in the beam core for HL-LHC in case of a pulsed operation. The main purpose
of this first exploratory MD was to benchmark the simulations with beam measurements
and to obtain a ballpark number for the kick amplitudes the LHC beam is sensitive to
which can then be used as an upper limit for HL-LHC expected to be more sensitive to
distortion than the LHC. In this MD only the resonant mode, pulsing every nth turn, was
tested. Explicitly two pulsing patterns for which the maximum effect on the beam was
expected based on simulations (7th turn and 10th turn pulsing) and two pulsing patterns
for which no effect was expected (3rd turn pulsing and 8th turn pulsing) were tried. For
the resonant mode, the MD yielded the following results:

• For the pulsing patterns 8th turn H, 3rd turn H and 3rd turn V no effect in terms of
losses, emittance growth or distribution change was observed. These results have to
be confirmed by a repetition of the experiment as the beam distribution was already
too perturbed after the 7th turn H pulsing to make any definitive conclusions.

• For 7th turn pulsing H high losses and small emittance growth are observed.

• For 10th turn pulsing V small losses and a large emittance growth are observed.

• A comparison of the loss rates for 7th turn pulsing H and 10th turn pulsing V, yield
that the simulations underestimate the observed loss rates heavily including also
the approximately 50% error on the excitation amplitude in the experiment. The
simulations however predicted correctly that the loss rate for 7th turn pulsing H is

Table 5: Loss rate Lloss as defined in Eqn. 18 for the kick amplitude A = 15 nrad
as expected from a hollow electron lens on the core particles. The values for 15 nrad
excitation amplitude are extrapolated/interpolated from the second order polynomial fit
to the loss rate for the different pulsing patterns and maximum excitation amplitudes
Amax.

Lloss(15 nrad) [%/h]
excitation pattern Amax [nrad]

damper on damper off

7th turn H
6 13 17
12 9 10
24 8 9

10th turn V
48 3.0 2.9
96 2.6 2.6
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higher than for 10th turn pulsing V. The loss rates scale for both pulsing patterns
quadratically with the excitation amplitude n · ∆A. The interpolation with the
quadratic fit yields the loss rates listed in Table 5 for the expected kick of 15 nrad
exhibited by the e-lens on the core particles.

• In the MD, the emittance either stays unchanged or increases, while in the sim-
ulations the emittance increases initially then decreases due to the beam losses.
Therefore a comparison of the simulations with the experiment already fails at this
basic level. However, the plane of emittance growth, horizontal for 7th turn H and
vertical for 10th turn V, was correctly predicted in simulations. For pulsing 7th
turn H only the q-Gaussian fit revealed a very small increase of the emittance. For
pulsing every 10th turn V the beam distribution changed considerably leading to a
large emittance growth best evaluated by the average over the σ obtained from the
cumulative sum and the MAD as they represent model independent estimates for
the beam sigma and thus emittance. In this case the emittance growth rate also
follows a quadratic behavior and the interpolation of the emittance growth rate to
the kick amplitude of A = 15 nrad expected from the e-lens on the core particles
yields the values listed in Table 6.

Table 6: 10th turn pulsing V: Emittance growth rate in the vertical plane as defined in
Eqn. 22 for the kick amplitude A = 15 nrad expected from a hollow electron lens on the
core particles. The emittance growth rate Lemit32,68,MAD,v is obtained by an interpolation
of the quadratic fit to the emittance growth rate (see Fig. 22). The emittance used for the
calculation of the growth rate is in this case defined as the average value of the emittance
calculated via the cumulative sum and the MAD.

Lemit32,68,MAD,v [%/h]
Amax [nrad]

damper on damper off
48 19 34
96 19 14

• The direct comparison of the residual of the BSRT profiles for pulsing 7th turn H
is impeded by the change in beam distribution for all bunches, explicitly also the
references bunches, taking place already during the smallest excitation amplitude
of Amax = 6 nrad. Only the analysis of the q-Gaussian fit parameters showed
an excitation amplitude dependent behavior. In summary, an increase of σ and q
and a decrease of c as defined in Eqn. 7 were observed indicating an increase of
the distribution in the center/middle and a depletion of the tails. This does not
agree with the simulation results which showed an increase in the tail population
together with a very small depletion in the core region. The beam distribution
change predicted in the simulations is however compatible with the observation of
high losses and small emittance growth indicating exactly a higher diffusion rate
in the high amplitude tails (losses) and small changes in the core region (small
emittance growth).
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• For the 10th turn pulsing V the simulations predict a depletion of the core region
and an increase of the distribution in the middle. This change is also observed in
the residual of the BSRT profiles and is already visible for the smallest excitation
amplitude of 1 · ∆A = 9.6 nrad. The change occurs rather rapidly within the
first 5 minutes of excitation. Afterwards, the distribution reaches an equilibrium
state and does not even seem to change considerably when the maximum excitation
amplitude is further increased by a factor 2, from 48 nrad to 96 nrad.

Further analysis and outlook

Except for the data acquired with the diamond BLMs and the scraping with the colli-
mators when the beam was dumped all relevant data has been analyzed. In order to
validate and extend the results of this MD, the following points should be addressed in
any future measurement under the same conditions as used in this MD:

1. prediction of effective pulsing patterns: The pulsing patterns for which no effect is
expected (8th turn, 3rd turn) have to be tried using an unperturbed beam distri-
bution. Explicitly, at least before each new excitation pattern the beam should be
dumped and reinjected.

2. the excitation amplitudes should be measured more precisely in order to reduce the
uncertainty. This can be done before the actual MD as preparation.

3. smaller excitation amplitudes should be used in order to obtain better estimates for
the kick amplitude of 15 nrad expected as kick of the e-lens on the core particles.

4. the random uniform noise should be tested for comparison with the resonant mode.

After the above points have been addressed at injection, the MD should be repeated
at flat top in order to validate the obtained tolerances at 7 TeV. To repeat the MD at
flat-top is particularly relevant as the tolerances on the noise induced by the e-lens are
expected to be tighter than at injection.
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Additional figures for fill 5242, 7th turn pusling H

q-Gaussian fit parameters in the vertical plane

Figure 25: 7th turn pulsing H: q-Gaussian fit parameter, σ and χ2 as measure for the
goodness of the fit in the vertical for the bunches with transverse damper active. No
dependence of the fit parameters, on the excitation amplitude n·∆A or Amax is observed in
the vertical plane. The fit is performed before background subtraction and the parameters
are normalized to the initial value. The 1σ standard deviation over the bunches with the
same excitation amplitude n ·∆A is indicated as an envelope for each amplitude n ·∆A.
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Correlation of q-Gaussian fit parameters and χ2

Figure 26: 7th turn pulsing H: correlation between fit parameter c, q and a of q-Gaussian
fit and calculated normalized ξ2 for bunches with transverse damper active. Except for the
jump when the background on the right side in the horizontal increases, the correlation
stays almost constant. The increase in ξ2 however indicates a decrease of the goodness
of the fit. The fit is performed before background subtraction and the parameters are
normalized to the initial value. The 1σ standard deviation over the bunches with the
same excitation amplitude n ·∆A is indicated as an envelope for each amplitude n ·∆A.
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Additional figures for fill 5243, 10th turn pulsing V

BSRT profile for bunch with 1 ·∆A

Figure 27: 10th turn pulsing V: exemplary BSRT profile for the horizontal (left) and
vertical (right) of a bunch with maximum excitation 1 ·∆A at the end of the 10th turn
pulsing V. The residual and ratio are taken in respect to a profile well before the excitation
is switched on. The background is not subtracted and the moving average profiles over
11 time stamps (33 profiles) are shown.
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q-Gaussian fit parameters in the horizontal plane

Figure 28: 10th turn pulsing V: fit parameter q (top) and calculated χ2 (bottom) for
the q-Gaussian fit in the horizontal (left) and vertical (right) plane for the bunches with
transverse damper not active. The fit is performed before background subtraction and
on the moving average profiles taking 10 time stamps (33 profiles). The 1σ standard
deviation over the bunches with the same excitation amplitude n ·∆A is indicated as an
envelope for each amplitude n ·∆A.
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q-Gaussian fit parameters in the vertical plane

Figure 29: 10th turn pulsing V: fit parameter q (top) and calculated χ2 (bottom) for
the q-Gaussian fit in the horizontal (left) and vertical (right) plane for the bunches with
transverse damper not active. The fit is performed before background subtraction and
on the moving average profiles taking 10 time stamps (33 profiles). The 1σ standard
deviation over the bunches with the same excitation amplitude n ·∆A is indicated as an
envelope for each amplitude n ·∆A.
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