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Radio frequency (rf) control loops are vital components for the optimal operation of rf systems in
synchrotron particle accelerators. Modeling these systems in macroparticle tracking simulations provides
improved understanding of the complex interaction between the control loops, the beam-induced voltages
in the rf cavities, and the circulating beam. This paper details an implementation of local and global rf
control loops in the beam longitudinal dynamics (BLonD) simulation suite, which allow for the coupling of
the two systems in a macroparticle tracking code for the first time. First, benchmarks of the local control
loops in the CERN Super Proton Synchrotron (SPS) and Large Hadron Collider (LHC) are given. The
implementation coupling the local and global loops is then tested in the SPS with momentum shifts at
constant magnetic field and through the damping of phase offsets at injection into the LHC. Both test cases
show the expected behavior and validate the model in BLonD. Finally, the SPS simulation model, which now
is able to combine beam-induced voltages, global control loops and local ones, is benchmarked against
measurements at the bunch-to-bucket transfer into the real accelerator. The simulations, using the coupled
implementation of the loops, are able to reproduce bunch-by-bunch beam parameters at flat bottom as well
as uncaptured beam generated at injection.

DOI: 10.1103/bxs4-f9nl

I. INTRODUCTION

Control loops are applied within a number of subsystems
in synchrotron particle accelerators. The loops applied in
the radio frequency (rf) systems [1] of these accelerators
can be categorized into two main groups: global and local rf
control loops. In this work, global feedback systems are
defined as the control loops which regulate the global rf
parameters, usually the rf frequency, of multiple rf systems
in a synchrotron. An implementation of a global rf feedback
system is present in all modern synchrotrons and usually
consists of one or more control loops [2–8]. A classic
example is the beam-phase loop (BPL), which regulates the
rf frequency turn by turn such that the rf phase moves to the
beam phase. It is used to damp coherent phase oscillations
in the beam [9], reduce unwanted longitudinal emittance
blowup due to rf background noise [10], and for controlled
longitudinal emittance blowup [11]. In addition, a synchro-
nization loop is commonly used to regulate the rf frequency
to external references, e.g., to synchronize the rf systems of

two accelerators [3,12]. For some accelerators, a radial loop
is also applied, which gives rf frequency corrections based
on the radial position of the beam [3,8]. Rf control loops
which regulate the gap voltage in amplitude and phase of a
single rf cavity will be referred to as local rf control loops.
The purpose of these loops is to reduce the effective
impedance of the fundamental mode of the rf cavities,
regulate the rf gap voltage toward the desired setpoint, and
linearize the rf amplification chain [13–16].
In most beam dynamics tracking suites, the rf parame-

ters, namely the rf voltage Vrf , the rf phase ϕrf , and the rf
frequency frf, are described as single constant values per rf
system. More specialized suites allow the set of rf param-
eters for each rf system to change from one turn to the next
[17–20]. The effect of global control loops, for example, is
included by changing the rf frequency and rf phase from
one turn to the next based on the simulated beam behavior.
However, to include local control loops in tracking, the rf
voltage and phase will change even within a turn.
Often, the action of local feedback systems is modeled as

an effective impedance in beam dynamics simulations
[21,22]. However, such models are typically applied
assuming constant revolution and rf frequencies. This
assumption no longer holds during bunch-to-bucket trans-
fers of high-intensity beams in the presence of global rf
control loops. At injection, the BPL is acting to damp out
dipole oscillations due to injection errors in phase and
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energy and in doing so, is changing the rf frequency. To
fully model the effect of the BPL, the effective impedance
must also be dynamically updated turn by turn during the
simulation, which can be computationally inefficient.
Hence, self-consistent time-domain dynamic models of
both local and global loops, as detailed in this paper, are
essential to properly describe the complex behavior during
the injection process. In particular, these models are
necessary for precise studies of beam losses due to
uncaptured particles and rf power limitations at injection
into the Large Hadron Collider (LHC) [23] for the high
luminosity (HL-)LHC era [24]. The very low tolerance for
beam losses combined with the large beam loading due to
the HL-LHC high-intensity bunch trains is expected to
push the LHC rf system to its limit and require detailed
studies at injection [25,26].
In the past, there have been attempts to dynamically

change the effective impedance due to the local control
loops at injection [27]. However, we go further by tracking
the signal processing inside the local control loops while at
the same time tracking the beam and the global loops.
Implementing such simulation models poses a challenge
because, in general, the rf frequency in the local control
loops will no longer be an integer multiple of the revolution
frequency as the global loops act. This causes a temporary
phase slippage between the rf frequency, on which the local
feedbacks act, and the revolution period of the beam. This
is important because the revolution period, as we will see
later, is often the basis of discretization in simulation.
Furthermore, the local control loops will act back on the
global loops through the rf cavity phase which is perturbed
by the beam loading in the rf cavities.
In this publication, we show a novel approach to how

both local and global rf control loops can be included in
longitudinal beam dynamics simulations in a consistent
way. The implementation of these models in the beam
longitudinal dynamics (BLonD) simulation suite [28] is
validated against measurements with various rf settings
and bunch intensities in both the CERN Super Proton
Synchrotron (SPS) and LHC. First, a description is given of
how the feedback systems are modeled in BLonD (Sec. II)
and benchmarks of the local feedback models are given
(Sec. III). How these systems are coupled together in BLonD

is described (Sec. IV) and test cases are provided to show
how the implementation matches theoretical expectations
(Sec. V). Finally, the coupling is benchmarked against
measurements taken at the bunch-to-bucket transfer from
the CERN Proton Synchrotron (PS) to the SPS (Sec. VI).
The execution times of the simulations presented in this
paper can be found in the Appendix.

II. INTERFACING RF FEEDBACK SYSTEMS
WITH MACROPARTICLE TRACKING

The BLonD simulation framework has been used for this
study. It contains benchmarked implementations of both

global and local rf control loops [29–31]. Although the
circuit model of the feedback is specific to each accelerator,
the interface with the macroparticle tracking is generic and
can be applied in other codes.
In BLonD, both the temporal position of the particle beam

and the rf voltage, in phase and frequency, are described
with respect to an external reference clock. The design time

tðnÞd of this clock at turn n is defined as [28]:

tð0Þd ≡ 0 and tðnÞd ≡Xn
i¼1

TðiÞ
rev for n ≥ 1; (1)

which is the accumulated revolution periods elapsed in the

laboratory frame. Here TðnÞ
rev is the revolution period of the

synchronous particle on the design orbit at turn n.
The macroparticles are tracked through alternating energy
kicks, e.g., from the rf cavities, and drifts around the
magnetic lattice of the synchrotron. The time step of the
particle motion at turn n for a given rf station is therefore

the revolution period TðnÞ
rev.

It is worth noting that the models implemented in BLonD

only contain the feedback systems themselves and do not
take into account effects like noise, for instance, from
master oscillators. However, BLonD has a module for rf
noise which can be used to include these imperfections on
top of the feedback system models. In this paper, the beam
is simulated for timescales short enough to neglect the
effects of rf noise.

A. Global feedback implementation

The synchronous condition in a synchrotron is

ωðnÞ
rf;d ¼ hωðnÞ

rev; (2)

where the harmonic number h is an integer, and ωðnÞ
rev ≡

2π=TðnÞ
rev is the angular revolution frequency. The design rf

angular frequency, sometimes referred to as the open-loop

frequency, is denoted as ωðnÞ
rf;d. When the global rf control

loops act, this condition no longer holds since they operate
via frequency corrections in the rf system

ωðnÞ
rf ¼ ωðnÞ

rf;d þ ΔωðnÞ
fb : (3)

Here,Δωfb is the frequency shift due to the global feedback
systems. In BLonD, the corresponding accumulated rf phase
shift at turn n due to the shift in rf frequency is computed as

ΔϕðnÞ
fb ¼

Xn
k¼1

�
ωðkÞ
rf − 2πhðkÞ

TðkÞ
rev

�
TðkÞ
rev: (4)

The phase of the rf station with respect to the external

reference clock ϕðnÞ
rf is therefore given as
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ϕðnÞ
rf ¼ ϕðnÞ

rf;d þ ΔϕðnÞ
fb ; (5)

with ϕðnÞ
rf;d being the design rf phase for turn n.

B. Local feedback implementation

In local rf control loops, also known as cavity controllers
(CC), one common way of processing the signals is using
in-phase (I) and quadrature (Q) components [4,32,33]. If
these signals are processed digitally, the sampling can
either be rf synchronous or at a fixed frequency. Currently,
only CC models with rf synchronous sampling—an integer
multiple of the rf period—are implemented in BLonD and
will therefore be considered in this work. In principle, this
scheme for coupling the global and local loops would also
work for a fixed sampling frequency. In that case, careful
resampling of the signals has to be performed and the phase
slippage from one turn to the next has to be taken into
account differently.
The implemented models use two sampling grids: the

coarse and fine grids. The coarse grid is used to track the
internal signal processing of the feedback system. The
resolution of this grid is determined by the sampling chosen
in the real system being modeled. In the SPS and LHC, for
instance, the coarse-grid sampling period is 1 and 10 times
the rf period, respectively. The fine grid is used to modify
the kicks given to the macroparticles based on the calcu-
lations on the coarse grid and the cavity impedance. This is
achieved by changing the rf wave in amplitude and phase
bucket by bucket. The sampling time of the fine grid must
therefore be sufficient to resolve the induced voltage and
for this reason it has the same fine sampling as the
longitudinal line density used in the simulation. The
sampling is usually on the order of 64 to 256 samples
per rf period for the SPS and LHC. The fine grid will
therefore typically have a 64 to 2560 times higher sampling
rate than the coarse grid.
When tracking with local control loops, the particles will

receive an energy kick given by the voltage

Vðn;kÞ
eff ¼ jVðn;kÞ

corr jVðnÞ
rf sin ðωðnÞ

rf Δtðn;kÞ þ ϕðnÞ
rf þ∠Vðn;kÞ

corr Þ.
(6)

Here, Vðn;kÞ
eff is the effective voltage experienced by the

particles at turn n and sample k on the fine grid. Please note
that k will in general denote the sample number within a
turn. Similarly, Δtðn;kÞ is the time offset with respect to the

reference time tðnÞd along the turn, also on the fine grid.

Furthermore, Vðn;kÞ
corr is the sample-by-sample correction to

the unperturbed gap voltage wave in the rf cavity given as

Vðn;kÞ
corr ¼ Vðn;kÞ

gap

Vðn;kÞ
set

; (7)

with Vðn;kÞ
gap and Vðn;kÞ

set being the values at turn n and fine-
grid sample k of the total gap voltage and the set point

voltage, respectively. Note that Vðn;kÞ
corr , V

ðn;kÞ
gap , and Vðn;kÞ

set are
complex numbers, signified by their bold lettering. It is

important to note that Vðn;kÞ
corr used in Eq. (6) includes the

beam-induced voltage through Vðn;kÞ
gap in Eq. (7). Hence, the

beam-coupling impedance of the cavity is already included
in the simulation through the local control loop model and
should therefore not be introduced as an impedance source
for other wakefield calculations. The induced voltage due
to the impedance of all other accelerator components is
tracked separately.
The rf beam current in I=Q used for the calculation of the

gap voltage is [34]:

Iðn;kÞrf ¼ −j2qNpλ
ðn;kÞexpfjðωðnÞ

rf Δtðn;kÞ þ ϕðnÞ
rf Þg; (8)

where λ is the longitudinal line density normalized to 1, q is
the particle charge, and Np is the total number of real
particles. This signal is initially computed on the fine grid
because the induced voltage needs to be calculated over the
line density of the beam. For the internal tracking of the
feedback loops, this signal is downsampled to the coarse
grid. The downsampling is achieved by summing the fine-
grid samples in the rf bucket corresponding to the coarse-
grid sample and consecutive rf buckets until the next
coarse-grid sample.
Finally, the rf amplifier is treated as a current source

driving the cavity. In the model, the generator current is
used to derive the contribution to the gap voltage coming
from the amplifier and to calculate the rf power demand if
needed. The current is computed on the coarse grid by
tracking the time-domainmodel of the local feedback system
and is then interpolated to the fine grid. The specific way the
generator current and beam current are used to calculate the
total gap voltage used in Eq. (7) depends on the cavity type.
The implemented feedback systems so far are the LHC
superconducting standing-wave cavities and the SPS normal
conducting traveling-wave structures (TWS) [35] along with
their cavity feedback systems [30,31].

1. Superconducting standing-wave cavities in the LHC

For the case of superconducting standing-wave cavities
(Q0 ≫ QL), such as in the LHC, the total gap voltage given
in [34] can be calculated via the recursive equation

Vðn;kÞ
gap ¼

�
1 − ωðnÞ

rf TðnÞ
s

2QL
þ iΔωðnÞTðnÞ

s

�
Vðn;k−1Þ
gap

þ ðR=QÞωðnÞ
rf TðnÞ

s

�
Iðn;k−1Þgen − 1

2
Iðn;k−1Þrf

�
; (9)

with the superscript k referring to the sample number along
a turn n, Igen is the generator current, Ts is the sampling
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period, R=Q is the cavity geometry factor R upon Q, QL is
the loaded quality factor, and Δω ¼ ωr − ωrf is the
detuning of the rf cavity, with ωr being the resonant
frequency of the cavity.
The LHC CC consists of a fast rf feedback and a one-turn

delay feedback (OTDFB) [36]. The fast rf feedback has an
analog high-pass branch and a digital low-pass branch in
parallel. The time-domain model of the analog branch is
given as

yðkÞ ¼
�
1 − Ts

τa

�
yðk−1Þ þ GaðxðkÞ þ xðk−1ÞÞ; (10)

with Ga and τa being the gain and delay of this branch.
Furthermore, x is the input signal in I=Q and y the output
signal. The digital branch is modeled as

yðkÞ ¼
�
1 − Ts

τd

�
yðk−1Þ þ GaGdejΔϕad

Ts

τd
xðk−1Þ: (11)

HereGd and τd are the digital gain and delay, whileΔϕad is
the phase between the two branches.
Finally, the OTDFB is implemented as a comb filter with

notches at the revolution frequency harmonics. The time-
domain model used in BLonD is given as

yðkÞ ¼ αcombyðk−NturnÞ þGOTDFBð1−αcombÞxðk−NturnÞ; (12)

where αcomb is the comb-filter coefficient, GOTDFB is the

OTDFB gain, and Nturn ≡ bTrev=Ts⌉ is one turn in number

of samples on the coarse grid. The baseline parameters used
inside the LHC CC throughout this paper, unless specified
otherwise, are found in Table I.

2. Traveling-wave structures in the SPS

The main 200 MHz rf system of the SPS uses TWSs
to give energy to the beam. The total gap voltage Vgap is
given by

Vðn;kÞ
gap ¼ Vðn;kÞ

gen þ Vðn;kÞ
beam; (13)

i.e., the sum of the voltage induced by the generator, Vgen

and the voltage induced by the beam, Vbeam. The beam- and
generator-induced voltages are calculated through a matrix
convolution [16]

�
VIðtÞ
VQðtÞ

�
¼ H � I⃗ ¼

�
hsðtÞ −hcðtÞ
hcðtÞ hsðtÞ

�
�
�
IIðtÞ
IQðtÞ

�
; (14)

with H being the response matrix and I being the rf beam
current or the generator current.
While the rf frequency changes by a non-negligible

amount from the injection to the extraction energy, the SPS
TWSs are not tunable and have a fixed central frequency.
Frequency modulation is therefore applied to keep the
response of the local feedbacks constant as the rf frequency,
and consequently the carrier frequency, changes. The
modulation is applied between the rf frequency and the
TWS central frequency. The I=Q modulation from one
arbitrary frequency ω1 to another ω2 can be done using the
following transform:

�
xI;2ðtÞ
xQ;2ðtÞ

�
¼ M12ðtÞ

�
xI;1ðtÞ
xQ;1ðtÞ

�
; (15)

with xI;1 and xQ;1 being the I and Q components at the
initial carrier frequency and xI;2 and xQ;2 the components at
the final frequency. The matrix M12ðtÞ describing the
transformation can be expressed as

M12ðtÞ ¼
�
cos ðΔω12tþ ϕmÞ − sin ðΔω12tþ ϕmÞ
sin ðΔω12tþ ϕmÞ cos ðΔω12tþ ϕmÞ

�
;

(16)

where Δω12 ¼ ω1 − ω2, and ϕm is the turn-by-turn phase
slippage between the two frequencies.
The SPS CC itself consists of an OTDFB and a

feedforward (FFWD). The OTDFB is implemented in a
similar way as the one in the LHC, while the FFWD is
given as a finite-impulse response (FIR) filter with a gain
GFFWD. The taps of the FIR filter are designed to give a
transfer function HFFWD that satisfies

ZgenðωÞHFFWDðωÞ ≈ −ZbeamðωÞ; (17)

where Zgen and Zbeam are the TWS impedances toward the
generator and beam, respectively.

III. BENCHMARKING THE LOCAL RF
FEEDBACK SYSTEMS

The two local feedback models available in BLonD have
both been benchmarked against measurements in the
accelerators [30,31]. One of the benchmarks performed

TABLE I. Baseline parameters in the LHC CC model.

Parameters Symbol Value

Cavity R upon Q R=Q 45Ω
Loaded quality factor QL 2.0 × 104

Overall loop delay τloop 650 ns
Analog feedback delay τa 170 μs
Analog feedback gain Ga 6.79 μAV−1
Digital feedback delay τd 400 μs
Digital feedback gain Gd 10
Analog-digital phase Δϕad 0
OTDFB gain GOTDFB 10
Comb-filter coefficient αcomb 15=16
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was to recreate the injection of a 36-bunch train from the
SPS into the LHC measured during a high-intensity test.

A. The bunch-by-bunch phase offsets at SPS top energy

The bunch intensity during the test was 1.8 × 1011

protons per bunch (p/b) at SPS flattop. The rf parameters
in the SPS at extraction are found in Table II. The bunch-
by-bunch intensities and bunch lengths were extracted from
the measured longitudinal profiles of five injections. These
parameters were then used, together with the SPS param-
eters in Table II, to create a macroparticle distribution in
BLonD matching the measurement. The number of macro-
particles was chosen to be around 1.2 × 106 per bunch, but
varied for the bunches in the train according to their
intensities. As was the case for the rest of the simulations
in this paper, the number of macroparticles was chosen to
give a sufficiently smooth beam line density.
The macroparticle distribution of the bunches is matched

to their respective buckets via an algorithm [28]. This
procedure is able to take into account both the distortion of
the rf potential well caused by the impedance of the
accelerator components and the variations in bunch length
and intensity along the bunch train. However, it is not able
to account for the bunch-by-bunch synchronous phase shift
caused by the OTDFB in the SPS CC. The action of the CC
is modeled as a linear scaling of the 200 MHz TWS
impedance in the SPS impedance model used for the
generation. In reality, the OTDFB will reduce the imped-
ance in narrow notches at the revolution frequency har-
monics. These notches have a single-sided bandwidth on
the order of 100 Hz [16]. They would therefore require a
very high resolution in frequency domain, and conse-
quently a very long time domain array for the wakefield
calculation. Hence, the macroparticles were tracked with
the dynamic model of the SPS OTDFB instead. All other
sources of beam-induced voltage in the SPS were calcu-
lated in frequency domain and tracked separately. The
OTDFB parameters used during the measurements are also
found in Table II.

The 200 MHz bunch-by-bunch phase was extracted
from the measurement as well as the line density from
simulation. Figure 1 shows the bunch-by-bunch 200 MHz
phase from measurement and simulation. The error bars in
the measurement represent the standard deviation calcu-
lated from the bunch phase at extraction for each of the five
36-bunch trains that were injected into the LHC during the
test. As expected, the bunches are equidistant when the
macroparticle distribution of the train is generated using
only the impedance model. However, after tracking the
bunches for 1 × 104 turns with the SPS CC model, the
phases are in excellent agreement with the measurement.
The combination of the distribution matching algorithm

in BLonD and the dynamic model of the SPS CC enables the
generation of very realistic macroparticle distributions of
the bunch trains at SPS flattop.

B. Transients in rf power at LHC injection

The forward generator current was measured at the
moment of injection of the 36-bunch train during the test
and scaled to rf power. The dynamic model of the LHC CC
in BLonD together with the macroparticle distribution
discussed in Sec. III A was used to reproduce these
measurements. Precise phase and energy matching was
ensured during the test. The injection error in phase and
energy was therefore assumed to be negligible. For this
reason, the simulation did not include the action of the LHC
global rf feedback system. The LHC parameters used in the
simulation along with settings in the CC are found in
Table III. A 12-bunch train, which was injected before the
36 bunches, was also tracked to make the rf power
calculation more realistic. The simulation also included
the full longitudinal impedance model of the LHC without
the contribution from the rf system [21].
Figure 2 depicts the peak rf power turn by turn at the

injection of the 36-bunch train. The blue shaded area
represents the peak-to-peak spread in peak power for the

TABLE II. Settings present in the SPS at extraction energy
during the high-intensity test.

Parameters Symbol Value

Circumference C 6911.5 m
Synchronous momentum ps 450 GeV=c
Transition gamma γt 18
Harmonic number h 4620
200 MHz rf voltage Vrf;200 9.0 MV
800 MHz rf voltage Vrf;800 1.35 MV
Relative phase of harmonics Δϕ π
200 MHz OTDFB gain GOTDFB 10
OTDFB comb-filter coefficient αcomb 31=32
200 MHz FFWD gain GFFWD 0
Voltage partitioning rpart 0.54

FIG. 1. Measured (black) and simulated (blue and red)
200 MHz bunch phases at SPS extraction to the LHC. The blue
dots are the bunch phases before tracking at SPS flattop while the
red crosses are after.
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eight rf lines in beam 1, the clockwise rotating beam.
Similarly, the red shaded area is the spread of the rf lines in
beam 2, the counterclockwise rotating beam. The simu-
lation, represented by the black line, shows close agreement
with the transient in both beams. The simulation is on the
lower side of the line-by-line spread, but this is expected
since the maximum value is plotted. Furthermore, there is
an estimated 20% error on the rf power reading as well as
errors on the settings in Table III due to the way the rf
system is commissioned, e.g., the feedback gains and
loaded quality factor. Both error sources can contribute
to why the peak power is slightly underestimated in
simulation. Taking into account the sources of error, the
LHC CC model is able to closely reproduce the dynamic
interaction between the beam and the rf system at the
bunch-to-bucket transfer.

IV. COUPLING THE SYSTEMS AND
IMPLEMENTATION

To couple the two types of feedback systems, one has to
first consider the behavior of the local feedback when the
condition in Eq. (2) no longer holds and the rf system is not
synchronous with the design reference time. This will affect
two important elements in the local feedback models,
namely the modulation of the rf beam current and the
position of the samples of the model during the turn.
First, the rf beam current calculation is considered.

Figure 3 illustrates how the in-phase and quadrature
components of the rf beam current change relative to the
changing rf phase. When the bunch has an offset with
respect to the bucket center (left) the modulation of the rf
beam current is distorted. However, as the global rf loops
act, the bucket is moved such that the bunch is in the bucket
center and the I- and Q-components are changed accord-
ingly (right).
To model the correct behavior of the rf beam current

modulation, the rf frequency ωrf, which enters in Eq. (8),
must be updated turn by turn. Furthermore, the accumu-
lated phase shift from Eq. (5) also modifies the rf beam
current via the expression in the exponent in Eq. (8). Care
must also be taken when performing the downsampling to
the coarse grid, since this also has to be done synchro-
nously with the rf clock.
Second, the internal sampling of the local rf loop

models, the coarse grid, must be modified to keep the
samples and rf bucket centers aligned in phase. Figure 4
shows how the rf buckets, and consequently the coarse
grid, change with the effect of the global loops. The figure
shows two cases for an rf system at h ¼ 4. During the first
turn, the synchronous condition is satisfied such that
exactly four rf periods fit within one revolution period,
and the same follows for the coarse-grid samples.
However, at the second turn the frequency is changed
and the condition in Eq. (2) no longer holds. This can be
seen at the end of the second turn where a part of the last
bucket is outside the turn. As the frequency changes turn
by turn, the coarse grid has to expand or contract to stay
synchronous with the rf wave and move due to the

TABLE III. Settings present in the LHC at injection energy
during the high-intensity test.

Parameters Symbol Value

Circumference C 26658.883 m
Synchronous momentum ps 450 GeV=c
Transition gamma γt 53.6
Harmonic number h 35640
400 MHz rf voltage Vrf 5 MV
Loaded quality factor QL 2 × 104

Loop delay τloop 650 ns
OTDFB gain GOTDFB 8
OTDFB comb-filter coefficient αcomb 15=16
OTDFB complementary delay τcomp 1.05 μs
Analog fast rf feedback gain Ga 1.02 μAV−1
Analog fast rf feedback delay τa 170 μs
Digital fast rf feedback gain Gd 10
Digital fast rf feedback delay τd 400 μs

FIG. 2. Measured (black) and simulated (blue and red) gen-
erator forward power at injection into the LHC. The blue and red
shaded areas correspond to the line-by-line spread in beam 1 and
beam 2, respectively.

(a) (b)

FIG. 3. rf beam current with the bunch off-center (a) and
centered (b) with respect to the rf bucket.
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accumulated phase shift. In simulations, this was imple-
mented by changing the sampling period Ts according to
the rf period as

TðnÞ
s ¼ 2πns

ωðnÞ
rf

(18)

with ns being the ratio between the rf frequency and the
sampling frequency. The partial rf bucket at the end of the
current turn is computed and added to the next turn

ΔTðnÞ ¼ − ϕðnÞ
rf

ωðnÞ
rf

: (19)

As a consequence of these shifts, the sampling time tðn;kÞs

on the coarse grid can be expressed as

tðn;kÞs ¼
�
k − 1þ 1

2ns

�
TðnÞ
s þ ΔTðnÞ: (20)

The detected phase of the cavity gap voltage changes
dynamically as well due to beam loading, which depends
on the local control loops, and must therefore be taken into
account in the model. Global control loops, such as the
BPL, need the phase of the total vector sum of the gap
voltages in the cavities to compare with the beam phase for
regulation. The phase error ΔϕðnÞ

BPL at turn n used for
regulation by the BPL is therefore given as

ΔϕðnÞ
BPL ¼ 1

Nb

XNb

i¼1

�
∠
�Xncav

l¼1

Vðn;lÞ
gap ðΔtðn;iÞbeamÞ

�
− ϕðn;iÞ

beam

�
:

(21)

Here, Nb is the number of circulating bunches, ncav is the
number of cavities on the frequency that the BPL is

regulating, Δtðn;iÞbeam is the longitudinal position in time

w.r.t. tðnÞd of bunch i, and ϕðn;iÞ
beam is the phase of bunch i.

As is commonly done in real rf systems, the beam phase

ϕðn;iÞ
beam is derived by integrating the rf component of the

beam line density, which is usually measured by some
pickup along the ring. Any noise occurring from this
procedure can therefore be treated in the same way in
these simulation models as is done in the hardware of a real
rf system.

V. TESTING THE IMPLEMENTATION

To check the correct implementation of the interaction
between the control loops, two tests were conducted.
Namely, a check that the local loops work with deviations
from the design orbit and that steady state can be recovered
from transient states using the global loops. Note that, for
simplicity, beam-induced voltages from other impedance
sources were not included for these tests.

A. Cavity feedback regulation with
deviations from the design orbit

As introduced in Sec. II, the simulation suite BLonD uses
a coordinate system, which is defined with respect to the
design orbit and the synchronous energy of the synchro-
tron. The time step, and hence the BLonD reference frame, is
therefore locked to the design revolution period clock. If
the rf frequency of the accelerating system is no longer an
integer multiple of the revolution period, the rf system will
decouple from the reference frame, and the rf buckets will
slip in phase as described by Eq. (4). The local feedback
systems in BLonD act synchronously with the rf wave in the
cavities and will therefore be independent of the reference
frame. The implementation of the coupling should enable
the local feedback systems to act in the same way even
when the rf system phase is slipping.
To test this, simulations with the beam and rf parameters

in the SPS with different momentum offsets were per-
formed to verify that the regulation of the 200 MHz CC
model [16,30,37] would be invariant with respect to the rf
phase slippage. The parameters chosen for this test are
close to the baseline specifications for the SPS at extraction
energy during the HL-LHC era. A 36-bunch train with a
bunch intensity of 2.3 × 1011 p=b giving a peak rf beam
current of 2.62 A was considered for this test. All bunches
had the same longitudinal distribution and intensity and
were all modeled with 1 × 105 macroparticles, i.e., 3.6 ×
106 macroparticles in total. This bunch train was tracked
including the model of the OTDFB and FFWD at a beam
momentum of 450 GeV=c with an rf voltage of 10 MV in
the 200 MHz rf system and 1 MV in the 800 MHz rf
system. The relative phase between the two rf systems were
such that they were in phase at the bunch position. Three
cases were simulated, with no rf frequency offset and with
�2 kHz offsets. The frequency offsets correspond to
momentum offsets of �1.46 GeV=c, which is more than
3 times the rf bucket height of 450 MeV=c. Figure 5 depicts

FIG. 4. Change in sampling position in time from one turn to
the next when the rf frequency goes from hωrev ¼ ωrf to
hωrev ≠ ωrf . The red markers indicate the position of the samples
of the cavity loop in time while the blue dashed lines represent the
rf bucket centers.
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the bunch-by-bunch phase offset for the different cases
after tracking for 104 turns. Indeed, the effect of the CC
regulation is the same even when the rf phase slips forward
or backward with respect to the reference frame. The small
differences depicted in Fig. 5 can be attributed to small
oscillations in the bunches due to the initial turn-by-turn
phase slippage and the initial transient due to the action of
the CC.
The same simulation was also run for intermediate

frequency offsets. Figure 6 shows the average bunch-by-
bunch phase error with respect to the no-offset case. The
error, εϕbeam

, was estimated as

εϕbeam
¼ 1

Nbðϕpk-pk
beam Þ2

XNb

i¼1

ðϕðiÞ
beam − ϕðiÞ

beam;0 kHzÞ2 (22)

with ϕpk-pk
beam being the peak-to-peak phase offset of the bunch

train and ϕðiÞ
beam;0 kHz the phase offset pattern without a

frequency shift. The average error was found to be between
2% and 3% and does not correlate with increasing offsets,
see Fig. 6. The error is small enough to stem from dipole
oscillations excited at the start of the simulations.

The beam had the same behavior in all cases, and one can
conclude that the action of the local loop is invariant as the
rf system and beam slip relative to the external reference
clock. More specifically, the expression for the sampling in
Eq. (20) correctly takes into account offsets from the design
rf frequency ωrf;d and how the samples slip in time with

respect to tðnÞd .

B. Damping turn-by-turn transients

One of the applications of the BPL is to damp dipole
oscillations of the bunches, e.g., caused by injection errors
in phase or energy at a bunch-to-bucket transfer. This effect
can be observed in additional rf power requested by the
control loop action and on the beam itself. The recovery
from transient conditions at injection to steady state was
analyzed for a 36-bunch train simulated at injection into the
LHC while tracking the LHC CC model. The beam control
is also implemented in BLonD for this accelerator [29] and
was tracked as well. The bunch train was simulated at the
injection momentum, 450 GeV=c, with a bunch intensity of
1.6 × 1011 p=b, an initial bunch length of 1.2 ns, and an rf
voltage of 5 MV, which is close to the parameters used
during LHC operation in 2024. The number of macro-
particles used per bunch to model the beam was 1 × 105 for
these simulations.
Four cases were simulated with the same initial particle

distribution; with the BPL open and closed and with a 0°
and 40° initial phase offset. Simulating with and without
the BPL when the phase offset is zero should result in
exactly the same beam and rf system behavior. The turn-
by-turn evolution in mean bunch length of the train is
shown in Fig. 7(a). As expected, the bunch length is
preserved and approximately constant when the BPL is
closed, even with an initial phase offset as large as 40°.
When the BPL is open, however, the bunch length
oscillates significantly due to the nonrigid dipole motion
excited by the initial phase error. This is also reflected in
the turn-by-turn peak power plotted in Fig. 7(b). Due to
the initial offset, extra transients in the rf power occur,
even with the BPL closed. The zero-offset cases and the
ones with the BPL closed converge to the same steady-
state peak power, reflecting the correct regulation of the
BPL. The mismatched case without the BPL action has a
longer-lasting transient in rf power. Due to the bunch
lengthening caused by the mismatch, this scenario also
settles to a lower peak power.
Both the global control loops and the rf beam current

calculation in the local loops calculate the phase of the
beam relative to the rf system. Figure 8 shows the turn-by-
turn phase evolution as estimated from the rf beam current
(black) and the LHC BPL model (red). The frequency of
the bunch phase oscillations for the case with the BPL open
correspond to the synchrotron frequency. The oscillation of
the bunch phase with the BPL closed, however, is

FIG. 5. Bunch-by-bunch phase offset for a bunch train slipping
in the SPS due to an rf frequency offset of 2 kHz (red), 0 kHz
(black), and −2 kHz (blue).

FIG. 6. Average bunch-by-bunch phase error with respect to no
frequency offset.
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dominated by the damping due to the BPL regulation.
Indeed, the two loops compute exactly the same beam
phase. The error between the two phase estimates was also
analyzed turn by turn for the different initial phase offsets.
The relative error between the estimates was found to be
on the order of 10−11, which is down to floating point
precision.
This test shows that the two calculations agree on when

the beam arrives to the rf station relative to the rf
wave. Additionally, it confirms that the phase term in
Eq. (8) correctly takes into account the action of the
global loops.

VI. BENCHMARKING INJECTION TRANSIENTS
DURING BEAM TRANSFER TO THE SPS

As a final benchmark, measurements at injection into
the SPS during a machine development (MD) session
were analyzed and reproduced in simulation using the
coupled-loop implementation. Trains of 72 bunches with
2.6 × 1011 p=b, the nominal bunch intensity at SPS injec-
tion for HL-LHC [38], were injected from the PS while
varying the injection phase offset from −40° to 40°.

A. Injected beam parameters

The line density of the beam was measured during the
first 1500 turns for 13 of the trains extracted from the PS
during the MD session. The full width at half maximum
bunch lengths were derived at the first turn for all the
injections from the PS. The bunch lengths were then scaled
to the 4σ Gaussian equivalent by applying

τb ¼
2ffiffiffiffiffiffiffiffiffi
2ln2

p τFWHM: (23)

Similarly, the relative bunch intensities were extracted by
integration of the profile of each bunch. The bunch profiles
were also used to compute the spread in bunch-by-bunch
phase offsets. The mean (black line) and standard deviation
(gray shaded area) across the 13 measured injections in
intensity and bunch length for each of the 72 bunches are
illustrated in Fig. 9. The mean length and intensity bunch
by bunch were used to generate a representative macro-
particle distribution for each bunch in the train for the
simulations.
To fit into the 5 ns SPS bucket, the bunches in the PS are

rotated with a nonadiabatic voltage jump at extraction
[39,40]. Due to the decreasing synchrotron frequency near
the edge of the buckets, the rotation distorts the tails of the
beam distribution at extraction. To obtain a realistic macro-
particle beam distribution in energy and time, the rotation
process was simulated at PS flattop with the beam
parameters that were found in measurement. The bunches
were generated before the bunch rotation, assuming a
binomial distribution [41]

(a)

(b)

FIG. 7. Simulation of a 36-bunch train at injection into the LHC
with the BPL (black) and without (red). Furthermore, a simu-
lation of the same train with a 40° phase kick with BPL (blue) and
without (green). Turn-by-turn average bunch length of the train
during the first 2 × 103 turns is shown in (a) and the correspond-
ing turn-by-turn peak rf power is shown in (b).

FIG. 8. Simulated turn-by-turn average bunch phase at injection
calculated by the BPL and CC models. The phase calculated from
the rf beam current in the CC is represented by the red and green
lines when the BPL is closed and open, respectively. The black
and blue lines correspond to the phase calculated by the BPL
model when the BPL is closed and open, respectively.
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F ðHÞ ¼ F 0

�
1 −

H
Hmax

�
μ

; (24)

which is often used in CERN synchrotrons to describe the
longitudinal distribution of proton bunches. In the equation,
F 0 is a normalization factor, H is the Hamiltonian value,
and Hmax is the Hamiltonian value along the phase-space
trajectory enclosing all the particles in the bunch. The
binomial exponent μ was assumed to be 1.5 based on
previous observations in the PS and originates from the way
the beam is produced in the preinjectors.
The beam profiles were, however, only measured at

injection into the SPS. To generate the macroparticle
distribution before the voltage jump in the PS, the pro-
cedure was therefore to scale the length of the bunches such
that they would match the measured bunch lengths,
depicted in Fig. 9(a) (black lines), after the simulated
rotation. Each bunch was matched to its rf bucket using the
parameters in Table IV before the voltage jump while
taking into account the variations in bunch length and

intensity. Around 1 × 106 macroparticles were used per
bunch with the exact amount for each bunch varying
according to the intensity variation along the trains.
The macroparticles were then tracked for 143 turns with
the voltage program illustrated in Fig. 10. Note that the
voltages used in the simulation were lower than the
nominal voltage in [39] because correction factors from
beam-based rf voltage calibration were taken into account.
The relative phase between the two harmonics was such
that they were in phase at the bunch position. The resulting
beam parameters of the macroparticle distributions at
injection into the SPS, including the bunch rotation, are
summarized in Fig. 9. Finally, the spread in phase of the
different bunches was recreated by shifting each of the
generated bunches by their respective measured offsets.

B. Beam behavior during filamentation

Simulations at SPS injection were performed with the
generated PS beam distributions. The parameters of the
SPS and the settings present in the rf system during the
measurements can be found in Table V. The first 1500 turns
in the SPS were tracked using a model of the SPS beam
controller [7] and the SPS CC [16], with the OTDFB
closed. These simulations also included the full model of
the longitudinal impedance of the SPS, but without the

(a)

(b)

FIG. 9. Average measured beam parameters (black line) with
the standard deviation of these parameters (shaded area) plotted
with the generated macroparticle distributions (red dots). The
bunch length of the 72 injected bunches is shown in (a) and their
bunch intensity, relative to 2.6 × 1011 p=b, is shown in (b).

TABLE IV. Parameters in the PS for the studies at injection into
the SPS.

Parameters Symbol Value

Circumference C 628.3 m
Synchronous momentum ps 25.92 GeV=c
Transition gamma γt 6.1
Harmonic number h 84
40 MHz rf voltage, before rotation Vrf;i;40 73.3 kV
40 MHz rf voltage, after rotation Vrf;f;40 500.4 kV
80 MHz rf voltage, before rotation Vrf;i;80 0
80 MHz rf voltage, after rotation Vrf;f;80 589.1 kV
Relative phase of harmonics Δϕ π

FIG. 10. Voltage amplitude of the 40 MHz (red) and 80 MHz
(black) rf systems in the PS during the bunch rotation.
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contribution from the 200 MHz rf system. The FFWD in
the SPS CC was disabled for simplicity during these
measurements. For comparison, identical simulations were
performed with a simplified model of the effect from the
CC, i.e., with the static 200 MHz TWS impedance reduced
by a factor 20, instead of including the dynamic SPS
CC model.
The filamented bunch lengths were studied in measure-

ment and simulation. Figure 11 shows a comparison of the
bunch length after filamentation. Since the length of the
bunches was oscillating after the 1500 measured turns,
the filamented bunch length was estimated by computing
the average bunch length from turn 1400 to turn 1500. The
bunch length after filamentation is well reproduced in
simulation, even recreating the bunches becoming shorter
from the head to tail of the bunch train. The simplified
model gave a more uniform bunch length across the train.
In general, the simplified model also gave longer bunches
after filamentation compared to the dynamic one, while the
measured values were found to be in between.
The evolution of the bunch-by-bunch phase was ana-

lyzed with the same method for both the measurements and
the simulations. Figure 12 shows the steady-state 200 MHz

phase offset for each of the 72 bunches. The bunches were
still oscillating in phase after the 1500 turns measured. The
steady-state phase offsets were therefore estimated by
averaging the bunch phase from turn 1000 to 1500 for
each bunch. These bunch-by-bunch values were then
averaged over the 13 different injections that had profile
measurements. The injection phase for these measurements
ranged from −53° to 32°. The error bars in the plot
represent the standard deviation over the 13 measurements.
The same data treatment was done for the simulated data.
The simulations using the simplified impedance model are
not able to reproduce the steady-state offset observed in the
measurements. In contrast, the dynamic model displays
excellent agreement with the measurement.
Figure 13 (top) shows the maximum phase deviation

from the measurements and simulation as the bunches
oscillate after injection. The maximum deviation was
derived with respect to the steady-state bunch phase shown
in Fig. 12. This excursion was calculated for each bunch of
the 13 measured beam profiles at injection and averaged
over to produce the values represented by the black dots in
the plot. The bars in the plot are the standard deviations of
the excursion over the measurements. The same was done
for the simulations using the dynamic model of the SPS CC
(red dots) and with the static scaling of the TWS impedance
(blue dots).
One can see from Fig. 13 (top) that the simulations using

the dynamic model reproduce the bunch-by-bunch variation
of the phase oscillation amplitude very well. The large
oscillations excited toward the head and tail of the bunch
train are causedby thevariation in the rf phase imposedby the
OTDFB (see Fig. 12). In comparison, the simplified imped-
ance model of the TWS does not reproduce this behavior
because the bunch-by-bunch phase shift caused by the
OTDFB is not present. The result is that the simplified case
gives a uniform oscillation amplitude across the bunch train
and underestimates the overall amplitude of the oscillations.

TABLE V. Parameters in the SPS for the studies at injection.

Parameters Symbol Value

Circumference C 6911.5 m
Synchronous momentum ps 25.92 GeV=c
Transition gamma γt 17.95
Harmonic number h 4620
200 MHz rf voltage Vrf;200 4.48 MV
800 MHz rf voltage Vrf;800 0.45 MV
Relative phase of harmonics Δϕ π
200 MHz OTDFB gain GOTDFB 20
OTDFB comb-filter coefficient αcomb 63=64
Voltage partitioning rpart 0.52

FIG. 12. Measured (black) and simulated (red and blue)
average bunch phase offsets from turn 1000 to turn 1500 after
injection. The red points represent the simulation result using the
dynamic SPS CC model while the blue was produced using the
static scaling of the TWS impedance.

FIG. 11. Simulated (red and blue) and measured (black) bunch
length averaged over turns 1400 to 1500 (dots). Every profile
measured during the MD was used to find the mean and standard
deviation. Simulations were run both with the dynamic model
(red) and the simplified one (blue).
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Figure 13 (bottom) depicts the phase oscillation of nine
of the 72 bunches in the train for the first 200 turns for a
specific set of injection errors in phase and energy. The
injection phase error, derived from the bunch phase, was
32°, while an energy error of 10 MeV was found to most
closely reproduce the overall behavior in the measure-
ments. The BPL, in the SPS beam controller, is switched on
after the first five turns. This is done because the strong
beam loading in the 200 MHz system at injection heavily
perturbs the cavity vector sum sent to the BPL. After the
fifth turn, the BPL tries to correct the injection phase offset,
which takes another five turns. The measurements (black)
and simulations using the dynamic model (red) are in
excellent agreement for all bunches shown in Fig. 13

(bottom). For reference, the simplified model (blue) dis-
plays a very different behavior. The bunches oscillate to a
lesser extent and the overshoot in bunch phase around turn
10 is not present.
The remaining error observed in simulation using the

dynamic model, in particular the slippage in the phase of
the bunch phase oscillations, is likely due to the way the
macroparticle distributions were generated for tracking.
Only one beam distribution for a given tail population was
generated for tracking, see Fig. 9. In reality, there was a
spread in both bunch length and intensity from the PS from
cycle to cycle during the measurement session (indicated
by the gray shaded areas in Fig. 9). Hence, the specific
intensity and distribution of the measured bunches in

FIG. 13. Measured (black) and simulated (red and blue) phase oscillations at injection into the SPS. The top plot shows the maximum
oscillation amplitude for each bunch across the phase error scan. The bottom plots show the bunch phases oscillations at injection due to
a phase error of 32° and a 10 MeV energy error. The bunches plotted are 1, 2, 3, 34, 35, 36, 70, 71, and 72 from left to right. In all plots,
the red color indicates simulations with the dynamic SPS CC model while the blue represents the ones using the scaled TWS impedance.
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Fig. 13 are not exactly the same as those of the simulations.
Missing contributions in the longitudinal impedance model
of the SPS are expected to be small [42,43]. It is therefore
unlikely that the lower synchrotron frequency observed in
measurement is caused by potential-well distortion.
Furthermore, the rf voltage in the SPS is calibrated with
beam at the start of each year during beam commissioning
[44]. Although small drifts in voltage have been observed
during yearly runs in the past, it is likely negligible. Taking
into account the sources of error, the final simulated bunch-
by-bunch phase offset is in very good agreement with the
measurement. This was found to be the case for all
configurations, as summarized in Fig. 13 (top).

C. Simulating uncaptured beam at SPS flat bottom

At injection into the SPS, some particles end up outside
the rf buckets and circulate with a momentum offset
compared to the bunched beam. These particles constitute

the uncaptured beam and have also been studied in the past in
the context of PS-to-SPS beam transfer [45]. Figure 14(a)
shows the measured bunch profiles for the first 11.5 ms after
injection. Uncaptured beam, represented as dark blue lines,
generated by the injection oscillations can be observed next
to the bunches as they circulate.
Figure 14(b) depicts the bunch profile evolution for a

simulated injection using the dynamic model of the SPS
CC and the same initial phase offset as in the measurement,
approximately 32°. The injection oscillations of the
bunches are well reproduced, similarly to the reconstructed
bunch phase plotted in Fig. 13. The uncaptured beam is
very clearly visible in simulation for all the bunches shown
in Fig. 14(b). Both the generated uncaptured beam and how
it drifts away from the bunches agree very well with the
measurement [Fig. 14(a)]. Considering for instance the
second bunch in the train at around 35 ns [Fig. 14(b)], two
groups of uncaptured particles can be observed leaving the

FIG. 14. Bunch profiles at injection measured by the wall current monitor (a) and from simulations (b). The left and right frames of
each subplot are the two first and last bunches in the train, respectively. The uncaptured beam circulating at injection energy as measured
by the FBCT (c) and from simulation (d) is also shown.
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bunch at around 1 and 2 ms after injection and then arriving
progressively earlier turn by turn due to their lower energy.
Such uncaptured particles are indeed also present for the
measured bunch in Fig. 14(a).
The beam intensity was measured using the fast beam

current transformer (FBCT) during the MD session. The
FBCT is able to measure the amount of beam for each 25 ns
slot of the turn. The measurement was used to compute the
uncaptured beam drifting away from the bunch train, which
is illustrated in Fig. 14(c). To generate the plot, the turn-by-
turn ripple in the baseline of the measurement was
corrected for by subtracting the values in each turn by
its minimum value. The intensity of the main bunches,
which can be seen at around 15 to 17 μs, was then set to
zero for each turn in order to only see the uncaptured beam.
As shown in Fig. 14(c)(A), most of the uncaptured beam
drifts away from the bunch train after the first 500 ms.
The equivalent simulation is represented in Fig. 14(d).

The simulation reproduces the measurement very well.
Again, one can observe a larger portion of the uncaptured
beam being at lower energy with respect to the main
bunches [Fig. 14(d)(A)]. The rate at which the particles
drift away, defined by their energy deviation and the rf
voltage, is well modeled in simulation. Furthermore, there
is a small number of particles drifting away from the bunch
train after the initial uncaptured beam, represented by the
light blue color trailing behind the uncaptured beam
[Fig. 14(d)(B)]. These particles can also be observed in
the measurement.
The particles entering the frame of the FBCTat the start of

the turn at around 1 s into the cycle are the ones that left the
frame at the end of the turn, due to the periodic boundary
conditions at the start and end of the turn. The tracking code
BLonD is able tomodel such boundary conditions and one can
observe these particles in Fig. 14(d) as well.
The main difference between measurement and simu-

lation occurs one second after the injection. Here, the
distribution of drifting particles disperses more along the
turn in the simulation compared to the measurement. The
timescale is of the order of seconds while the synchrotron
period is 1.5 ms. Hence, small differences in the initial
momentum distribution of the uncaptured beam can lead to
large differences in arrival time of the particles over such
timescales. A likely explanation for this is therefore a small
difference in the distribution of momentum deviation in
simulation and measurement. Another reason could be that
the FBCT is not able to accurately resolve the population at
the head and tail of the uncaptured beam due to the
relatively low number of particles.

D. Reproducing losses at the start
of the ramp in the SPS

During the first 200 ms after injection, the total uncap-
tured beam intensity was found by computing the differ-
ence between the direct current (dc) BCT, which detects the

total beam intensity, and the FBCT [26]. Furthermore, the
beam losses at the start of the ramp were estimated from
the dc BCT by computing the step in total beam intensity at
the start of the SPS acceleration ramp, as depicted in Fig. 15
(dashed lines). These losses were then correlated with the
injection phase offset from the BPL error at the turn it
started acting (turn 5). The resulting losses plotted versus
injection phase offset are summarized in Fig. 16.
The estimated uncaptured beam and the start-of-ramp

losses are closely connected. However, as bunches circulate
at flat bottom, their emittance is blown up by intrabeam
scattering (IBS) and noise of the rf system. These processes
will slowly push particles out of the rf buckets and therefore
give additional contributions to the losses at the start of the

FIG. 15. Intensity evolution measured by the FBCT (red) and
the dc BCT (blue). The dashed black lines indicate the part of the
cycle from which the start-of-ramp losses were estimated.

FIG. 16. Simulated uncaptured beam for different injection
offsets (lines) plotted with the estimated start-of-ramp losses
(black) and uncaptured beam (purple) from measurement. The
red, blue, and green lines are simulations for bunch profiles with a
binomial μ of 1.5, 2.0, and 2.5, respectively. The full lines are
losses from simulation using the dynamic CC model and dashed
lines from simulations with a simplified effective impedance of
the rf system.
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ramp. The effect of rf noise and IBS has mostly been
studied in detail for ion beams in the SPS [46,47]. Due to
the lower particle charge with protons, IBS-induced
debunching is expected to be smaller. Furthermore, the
studies in [46,47] were performed before the upgrade of the
SPS low-level rf (LLRF) system [48]. The contribution
from rf noise is therefore expected to be reduced as well. As
a check, the bunch length evolution measured by the SPS
beam quality monitor was analyzed to verify that these
effects could be neglected. Indeed, the average bunch
length near the start of the ramp was found to be equal
to the filamented bunch length after injection, within a 2%
spread. There was therefore likely very little debunching
during the 2.6 s long flat bottom, which consequently gave
a negligible contribution to the start-of-ramp losses. Hence,
the losses at the start of the ramp were dominated by
uncaptured beam during the cycle.
Scans in injection phase offsets were also performed

with the simulation model for SPS injection. For each
simulation, the uncaptured beam was estimated by count-
ing the macroparticles outside the rf buckets after
1500 turns. This simulated uncaptured beam is also plotted
in Fig. 16. Two sets of simulations were performed, one set
with the dynamic model of the CC in the SPS and the other
with the simplified model. In addition, three different beam
distributions were simulated using binomial exponents of
1.5, 2.0, and 2.5 to modify the tail content at injection.
As one would intuitively expect, Fig. 16 shows that the

measured losses increase for higher phase offsets. The
simulations using the dynamic rf system model reproduce
these characteristics of the losses closely both in depend-
ence versus phase error and in absolute value. In compari-
son, the simplified model underestimates the losses by a
factor of two. Furthermore, comparing the three different
binomial bunch profiles, the beam distribution with an
exponent of 2.0 matches the data the best, indicating
possible larger tails in reality than can be measured in
the PS. For phase offsets larger than 35°, the estimated start-
of-ramp losses and the uncaptured beam from the mea-
surements diverge. Only the measured uncaptured beam
matches the estimates from the simulations using μ ¼ 2.0
for these phase errors. The difference between the uncap-
tured beam and start-of-ramp losses is likely caused by the
large phase errors producing more uncaptured particles at
higher momentum offsets. These particles will therefore hit
the momentum aperture of the SPS before the acceler-
ation ramp.

VII. CONCLUSIONS

A self-consistent coupling of local and global rf feedback
models has been implemented in the macroparticle simu-
lation code BLonD. This has enabled the most accurate
model so far of the complex longitudinal beam behavior at
injection with strong intensity effects. Benchmarks against

measurements in the SPS and LHC show how the local
feedback models in BLonD closely reproduce important
observables of both the beam and the rf system.
Simulations with momentum offsets in the SPS demon-
strate that the local LLRF feedback models are correctly
decoupled from the design reference frame and follow the
rest of the rf system. Furthermore, simulations of injection
into the LHC show the correct dynamics when converging
to steady state. The test also shows the consistency of the
beam phase relative to the rf phase between the BPL and
the CC.
Measurements of injection transients were analyzed in

the SPS and reproduced with high accuracy using the
coupled rf system model. The simulations show excellent
agreement with measurements of the beam filamenting
after injection including offsets in both phase and energy.
Furthermore, the measurements of the uncaptured beam
after injection and how these particles continue to circulate
off-momentum at the flat bottom closely agree with
simulation. Finally, the beam losses at the start of the
ramp versus injection phase error predicted by the simu-
lations match what was found during the measurements.
This shows that the BLonD model is able to correctly
combine the changing phase due to the BPL, the transient
beam loading from the CC model, and the intensity effects
from the beam-coupling impedance.
The evolved simulation models in BLonD, combining

both the beam control and the CC in the SPS and LHC, are
also essential tools to study the bunch-to-bucket transfer
into the LHC. In the HL-LHC era, reducing the uncaptured
beam generated at injection will be a challenge due to the
stringent limitations in rf power. The presented simulation
models are now extensively being applied to make pro-
jections for HL-LHC and to study mitigation techniques.
The newly developed infrastructure in the BLonD simulation
suite related to control loops, including the generic
methods described in this paper, is also applicable beyond
the concrete SPS and LHC cases. The flexible imple-
mentation can easily be extended and applied to other
synchrotrons to investigate the complex longitudinal
dynamics in transient regimes, such as at injection. As
a next step, for instance, the BLonD infrastructure will be
applied for modeling the CC driving the HL-LHC crab
cavities, which is currently being refined. Using an
appropriate model of the transverse dynamics, these
simulations will mainly be used to study longitudinal
dynamics with the crab cavity CC. For the design of future
accelerators, the modeling framework in BLonD can more-
over enable us to obtain relevant beam dynamics based
input already at an early stage in the development of new
rf feedback systems. For the Future Circular Collider, it is
foreseen to include beam-related aspects from the begin-
ning by conceiving and optimizing the LLRF system with
models in simulation tools like BLonD.
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APPENDIX: EXECUTION TIMES OF THE
SIMULATIONS

The execution time of the simulations presented in this
paper is summarized in Table VI. The BLonD suite was
compiled with OpenMP [49] and the simulations were all run
on an Apple M4 Pro CPU with 12 cores and 24 GB of
RAM. Notice that the simulations in Secs. VA and V B
were executed without beam-induced voltages except for
the ones calculated by the CC model. The fraction of the
runtime used for beam-induced voltage calculations is
therefore left out in the table for these simulation cases.
Tracking of the CC models takes up most of the runtime

for the simulations without any other intensity effects.
However, for the simulations in Secs. III A, III B, and VI,
the time spent tracking the CC models is comparable to the
macroparticle tracking and the other induced voltage
calculations.
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