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Abstract

For HL-LHC intensities, transient beam loading after in-
jection between the Super Proton Synchrotron (SPS) and
the Large Hadron Collider (LHC) is expected to push the
RF power in the LHC to the limit of the installed system. A
detailed understanding of this process is necessary to mini-
mize beam losses during LHC injection. Realistic models
of the local SPS and LHC cavity control systems were im-
plemented in the Beam Longitudinal Dynamics (BLonD)
simulation suite to model bucket-by-bucket and turn-by-turn
transient effects. We show the results of studies and detailed
benchmarks of key observables such as bunch-by-bunch
spacing, RF power at 2023 beam intensity and transfer func-
tions against theory and measurements.

INTRODUCTION

For a bunch intensity target of 2.3 x 10'! protons per
bunch (p/b) for HL-LHC [1], it is expected that the mini-
mum average klystron forward power in steady state is close
to 265 kW [2,3]. This assumes the half-detuning beam-
loading compensation scheme [4] to optimize the average
power required during the injection process. The design
power of an LHC klystron is 300 kW [5], with one klystron
per cavity, and eight cavities being installed per beam. Line-
by-line measurements of the klystron power at saturation
range between 280 kW and 310 kW. An operational mar-
gin is typically required for regulating feedback loops and
remain below the saturation region. Furthermore, at injec-
tion, steady state conditions are not satisfied. During the
bunch-to-bucket transfer from the SPS to the LHC, there
are both bucket-by-bucket transients due to feedback loops
and turn-by-turn transients due to the unmatched beam. Tak-
ing all the above into account, at HL-LHC intensities, the
capture voltage should be minimized while keeping beam
losses small [6, 7], as well as a mitigation of longitudinal
instabilities at injection [8,9]. Simulations are best suited
to predict the injection dynamics, and with it the demanded
RF power, for HL-LHC.

To accurately predict the longitudinal beam behavior after
injection into the LHC, realistic models of the cavity loops
are needed. The models are implemented in the simula-
tion suite Beam Longitudinal Dynamics (BLonD) [10] and
benchmarked against both theory and measurements, with
and without beam.
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THE SPS AND LHC CAVITY
CONTROLLER MODELS

The cavity controller models in both the SPS and the
LHC determine the RF beam current from the line density
of the projected particle distribution in BLonD and apply
a correction to the RF voltage that acts on the beam. With
respect to the RF voltage V;r and phase ¢,¢, the effective
voltage including feedbacks becomes

|Van|

Veﬁ(At) = |V |
set

|Vrf| sin (U—)rfAt + ¢rf + ¢ant - (bsel) P (1)

where wyr is the angular RF frequency, At is the longitudinal
time coordinate, while |Vse(| and ¢ is the set point voltage
amplitude and phase, respectively. |Vyne| and ¢y are the gap
voltage amplitude and phase and is given by

Vant = Vgen + Voeam » )

where Ve, and Vpeam are the generator-induced and beam-
induced voltages in the cavity, respectively. In the BLonD
model these signals are resolved both on a coarse sample
grid, representing the sampling in the real system, and a
fine grid, used to interface with the particle tracking. The
resolution of the coarse grid is N.esT;¢ and the fine grid has
the same resolution as the binning of the beam line density.
Nres is 5 in the SPS cavity controller model and 10 in the
LHC model, which corresponds to one sample per bunch in
each machine.

The SPS One-Turn Delay Feedback Model

In the SPS, the one-turn delay feedback (OTFB) is used
to regulate the gap voltage V,y in each traveling wave cavity
(TWC) to match the set point voltage V. Both the generator-
induced and the beam-induced voltages are computed in time
domain through a matrix convolution [11]

[VI(I)] CHaje [hs(t) —hc(t)] . [Iz(t)
Vo(1) he(t)  hs(2) Io(n)]”

where the H is the response matrix. The elements of the
generator response matrix and the beam response matrix are
found from the TWC impedance towards the generator and
towards the beam, respectively [11].

The LHC Cavity Loop Model

In the LHC, both a direct RF feedback (RFFB) and a
OTFB are applied to regulate the RF voltage [12]. Using the
relationship between the generator current lgep, gap voltage
and RF beam current Ipeam £ in [13], it is possible to show
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that in the LHC cavity model, the gap voltage is given as an
iterative sample-by-sample equation;

T -
AE (1 - —‘2"2 : +iAwTS) A @)

ant
L
n—1 1 n-1
+ (R/Q) wrtT (Iéen ) - Ellgeam,zf .

Here, Oy is the loaded quality factor, 7§ is the sampling
time, Aw = w, — wyf is the detuning of the RF cavity and
(R/Q) is the cavity R upon Q. Additionally, w, is the angu-
lar resonance frequency of the RF cavity. The superscript
n in the signals denotes the sample number. In the model,
this equation is solved both on the coarse and fine grid. The
coarse-grid gap voltage is then used to compute an error
signal, which is injected into the LHC OTFB and the RFFB
signal processing. The RFFB model consists of an analog
branch acting as a high-pass filter and a digital branch act-
ing as a low-pass filter [12]. The OTFB sits on the analog
branch to boost analog gain and counteract coupled-bunch
instabilities.

BENCHMARKING THE SPS MODEL

Both models were first benchmarked without beam. This
was done by simulating base-band network analyzer mea-
surements of the models under different configurations. Val-
idation was done for the SPS OTFB against the theoretically
expected response. Additionally, the Nyquist plot of the
simulated transfer function shows that the model gives the
expected linear total gain, overall phase and the correct sta-
bility margin [14].

For the SPS machine, with a bunch in every fifth RF
bucket, the signals in the SPS OTFB reach steady state. For
this theoretical case, it is possible to compute these steady-
state values of the power and RF voltage analytically and
hence verify that the model gives correct estimates [14]. The
SPS 200 MHz RF system consists of four 3-section and two 4-
section TWCs and the total RF voltage is partitioned between
the two types [15]. Table 1 shows results from simulation
and the theoretical values. The SPS OTFB model seems to
agree well with theory when assuming a finite factor of 20
linear (26 dB) total gain of the loop.

Table 1: Transmitter forward power of the SPS 3-section
TWC at flattop. A bunch length of 1.2 ns and a bunch in-
tensity of 2.3 x 10'! p/b was assumed, giving an RF peak
beam current of I, = 2.75 A. The total voltage was 10 MV
and 51.7 % of it was distributed to the 3-section cavities.

Config. Theory Sim.
Nobeam 442.8 kW 430.1 kW
7179kW  711.1 kW

Beam

In BLonD it is possible to generate beams that are well
matched to a given potential with correct bunch length and in-
tensity, but the dynamics of the SPS OTFB model is needed
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to recreate the correct bunch-by-bunch spacing. The SPS
OTFB model was benchmarked against measurements of
the “standard” 25 ns LHC type beam in the SPS consisting
of four 72 bunch batches at flattop (440 GeV) to verify that it
could reproduce the bunch-by-bunch spacing. Longitudinal
beam profile measurements were taken from a wall-current
monitor, analyzed and reconstructed in simulations. The
simulations were then run with the parameters of the mea-
sured cycle and the beam recreated from the measured bunch
lengths 75, and bunch intensities Nj. Figure 1 illustrates the
agreement between the simulated and measured bunch-by-
bunch position variation of the first batch. The TWC central
frequencies w. used in these simulations are found in [14].
There were uncertainties in the gain of the OTFB, the real RF
voltage in the measured cycle and w. of the TWCs, which
could explain the difference between measurements and sim-
ulations near the start and end of the batch. The overall
agreement is excellent when considering these sources of
error.
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Figure 1: Measured and simulated bunch-by-bunch position
variation for different TWC central frequencies and different
total gap voltages (V,,1 =5.89 MV and V,,» = 6.76 MV).

BENCHMARKING THE LHC MODEL

As a first test of the LHC cavity loop model, the transfer
function of the system was simulated in both closed-loop
and open-loop configurations and compared with measure-
ments taken during commissioning. Both settings show
good agreement with measurements [14].

Comparisons with data at LHC flat-bottom after multi-
ple injections were used to benchmark the LHC cavity loop
model with beam in steady-state conditions. The simulation
was done at LHC flat-bottom (450 GeV) with 1992 bunches,
1.4 x 10! p/b, a bunch length of 1.25 ns, Q; =2 x 10%, a
Aw of -13.135 kHz and 4 MV total RF voltage. In simu-
lations, the beam model was simplified to a rigid beam of
identical bunches due to the large amount of macroparticles
needed otherwise. Figure 2 shows the amplitude and phase
of the RF power computed by the model. The agreement
is good for the no-beam segment (65 us to 90 us) and the
later injected batches from around 40 us onwards in Fig. 2.
However, for the initially injected batches, at around O to
20 us, there is a difference between simulation and measure-
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ment. This is likely due to the beam phase loop causing a
spread, both bunch-by-bunch and batch-by-batch, in inten-
sity, bunch length and bunch spacing, which in general will
lead to a difference in transients for different batches. In
addition, there is a 20 % uncertainty in the measurement
of the generator forward power in Fig. 2. Considering this,
the agreement is good and the benchmark illustrates that
the model can reproduce bucket-by-bucket power transients
which will be essential for injection studies for HL-LHC.
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Figure 2: Power amplitude and phase from measurements
of cavity 8B1 (blue) and simulations (red) at 450 GeV with
1992 bunches.

Lastly, the LHC cavity loop was benchmarked against
measured data at injection, using high-intensity beams at
about 1.8 x 10'! p/b to verify turn-by-turn power transients
when steady-state is not yet reached. A 36 bunch SPS batch
was recreated at SPS flattop based on measurements to ob-
tain the correct spread in bunch length and intensity, and
simulated for 10000 turns with the SPS OTFB model to
obtain the correct bunch spacing. The batch was then sim-
ulated in the LHC using the cavity loop. Figure 3 depicts
the bunch-by-bunch position variation of the beam in the
simulation at turn zero in the LHC, which also illustrates that
the SPS OTFB model can reproduce the bunch-by-bunch
phase offset of shorter batches. In reality a 12 bunch batch
was already circulating in the LHC. The 12 bunch batch
was recreated in the same way as the ones with 36 bunches
and simulated for 200 turns before the 36 bunch injection to
more accurately reproduce the transients.
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Approximately 25 turns of data was taken after injection
during the measurement. The measured and simulated peak
turn-by-turn value of the generator forward power is found
in Fig. 4. The shaded areas represent the variation in peak
power from the eight cavities in the two LHC rings, B1 and
B2. The 36 bunch batch injected into the two rings had
different intensities, which is why a systematic difference in
the maximum power between both is observed. The simu-
lated beam was generated using the parameters of beam 1 at
injection. The simulation parameters of the cavity loop was
chosen such that it would match a cavity with a representa-
tive no beam segment with low signal noise. Measurements
from some of the cavities were noisy and therefore had a
higher peak power, which is why it is expected that the sim-
ulated transient is in the lower part of the shaded area. The
simulated model matches the measurement very well and the
difference seen at turn 2 in Fig. 4 is likely due to fine-tuning
of the parameters in the model.
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Figure 3: Bunch-by-bunch position variation of a 36 bunch
beam in the SPS from measurement, generation without SPS
OTFB and tracking with the SPS OTFB.
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Figure 4: The peak power for each turn upon injection of a

36 bunch batch from measurements of ring 1 (B1), ring 2

(B2) and simulation (Sim.). The shaded areas were obtained

from the spread of the turn-by-turn peak power among the

eight RF systems.

CONCLUSION

Models of both the SPS and the LHC cavity loops have
been implemented in BLonD and benchmarked in detail.
Transfer function simulations of both models give good
agreement with measurements. Furthermore, the SPS model
recreates the bunch-by-bunch parameters of the beam at flat-
top well, which will be essential for loss studies at LHC in-
jection for future high-intensity operation. Lastly, the LHC
model is able to accurately recreate transients in generator
power both in steady-state and at bunch-to-bucket transfer.
The next step will be to benchmark the SPS feed-forward,
couple the local and global feedbacks and apply them to
study RF power limitations and beam losses for HL-LHC.
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