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Abstract

The FCC high-energy booster RF system consists of
112 superconducting cavities at 800 MHz for the operation
modes at ZZ, WW, and ZH energies, with an additional 408
cavities for the tt stage. The first three working points require
a wide total voltage range from S0MYV to 2 GV. To cover
this huge range, Reverse Phase Operation (RPO) will be
employed [1]. It groups the cavities into focusing and defo-
cusing families, according to their phase. To provide beam
for the relevant operation modes with the booster and provide
sufficient voltage per cavity, the RF power requirements are
estimated and minimized analytically assuming a defined
detuning program. This includes Lorentz force detuning
compensation. Additionally, transient power requirements
of the RF system in the RPO operation are dynamically com-
puted using the BLonD tracking code. The simulations are
performed with sparse profiles, to limit the beam observa-
tion to the filled buckets. An LHC-like cavity feedback is
adapted to the booster characteristics and allocated to both
RPO families. Mitigation measures to reduce the power
transients are discussed in this contribution.

INTRODUCTION

The FCC high-energy booster alternatively prepares elec-
trons and positrons for injection into the collider. Each
booster cycle includes an accumulation period at flat bottom
with parameters listed in Table 1. Then, an acceleration
part brings the bunches to the design extraction energy for
injection into the collider. The energy ramp of the ZZ mode
includes an overshoot in energy to boost radiation damping
and achieve smaller beam sizes at extraction [2]. Finally,
a flat top for extraction followed by a ’deceleration’ mode
restore the booster parameters before the following cycle.
This contribution focuses on the accumulation part of the
booster cycles for all foreseen operation modes.

Table 1: Parameters of the Booster Cycles for all Four Oper-
ation Modes

Mode 77 WW ZH it
Number of bunches 1120 928 292 60
Bunch intensity [101°] 2725 1.268 1.268 1.268
Accumulation time [s] 2.8 2.32 1.92 0.6
Number of trains 40 8 2 2
Number of batches per train 7 29 146 30
Number of bunches per batch 4 4 2 2
Injection rate [Hz] 100 100 100 50
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SIMULATION FRAMEWORK

Macroparticle tracking simulations of the full accumula-
tion period of each booster cycle has been conducted using
the code Beam LONgitudinal Dynamics (BLonD) [3]. Par-
ticles are represented via macroparticles. The beam profile
is obtained as a time projection of the bunch distribution in
the longitudinal phase space. The time resolution is defined
by slices. In the case of the FCC-ee booster, the bunches are
about 60 ps-long in a 1.25 ns bucket and distributed along
the 242400 buckets. Consequently, the profile object re-
quires a large number of slices to properly resolve the FCC
bunches along the 90 km high-energy booster.

Sparse Profiles and Multi-Turn Injection

Optimizing simulations for memory usage required the
development of so-called sparse profiles. A sparse profile
holds a finite number of continuous sub-profiles. Each sub-
profile covers one or multiple buckets, defined through a
filling pattern. Previous implementations defined a contin-
uous profile per bucket for beam monitoring. An update
extended the sparse profiles to create a profile per bucket or
batch, respectively. For instance, for 1024 slices per bucket,
a significant reduction of a factor 112 and 5.6 is achieved
with a sparse profiles per bucket and per batch respectively,
for the initial two batches of the ZZ booster cycle. The
sparse profiles only hold slices at the supposed location of
the bunches, alleviating their memory allocation.

Implementation of the cavity feedback in the booster
BLonD simulation called for a continuous profile over one
batch, as the charge counting of the RF beam current calcu-
lation needs a profile length longer than a bucket. As such,
a sparse profile per batch was implementing for accurate
charge counting. Additionally, the input file of BLonD was
reworked towards minimization of memory: the tracking
map is prepared outside the main file, results and beam files
saved at each turn for post-processing.

Cavity Loop Parameters

Each cavity must be equipped with its own feedback sys-
tem. For the simulations, the LHC direct RF feedback was
adapted to the FCC-ee booster characteristics [4,5]. The
gain G, of the feedback is adjusted for each booster cycle
to ensure that the RF power required for compensation of
transient beam loading does not exceed the power source
limit of 60kW [6]. This contribution refers to the ratio
a = G,/G™, with Gg™ = 1/2/(R/QWRET 00p) as the
maximum gain which ensures the loop stability [7]. The ra-
tio R/Q is the normalized shunt impedance, wgr the angular
RF frequency and the overall loop delay 7o, = 700 ns. The
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parameter a is set to 5 for ZZ to ZH and 1 for ft, to maintain
the power transients below the RF power limit.

Minimization of the generator power during accumulation
requires the detuning Af of the RF cavities to be updated
to its optimal value with each injection, according to the
new stored beam current fyeyy,, following Afoy < peam-
The tuning requirements for the booster cycles are detailed
in [2].

Synchrotron Radiation and Quantum Excitation

Synchrotron radiation damping in BLonD is handled by
computing the energy lost per arc, the longitudinal damp-
ing time and the natural energy spread from the radiation
integrals or within the isomagnetic assumption. The energy
kick from radiation damping is composed of (i) the energy
lost due to synchrotron radiation U estimated for the syn-
chronous particle, (ii) a radiation damping term applied to
the energy offset of the macroparticles AE array, propor-
tional to AE /7, with T, the longitudinal damping time and
(iii) a quantum excitation kick proportional to aOE /T, with
0. the natural energy spread, applied to all particles with a
normal distribution.

IMPACT OF THE BOOSTER FILLING
SCHEME ON THE POWER TRANSIENTS

The filling scheme in the booster has an impact on the RF
power transients and the compensation of transient beam
loading. Accumulating batches in the same train will result
in a strong dephasing at the beginning of the turn due to tran-
sient beam loading, which results in an overcompensation
of the cavity voltage and phase by the feedback system. A
light adaptation of the filling scheme in the booster controls
the peak power requirements and contains them below the
power source limit of 50 kW per cavity [6]. Figure 1 com-
pares the impact of three different filling schemes on the
generator power per cavity: (a) by injecting the new batch
next to the stored beam, (b) by increasing the longitudinal
distance between the injected bunches and the stored beam
(exploiting the ring symmetry) and (c) by distributing the
injected batches per train, and maximizing the longitudinal
distance between the stored beam and the injected bunches
within each train.

The latter results in a lower peak transients during accu-
mulation. This filling scheme is propagated and applied to
all other modes. In all cases, the power transients during the
last turn, where the stored beam current is maximum, do not
exceed 8 kW per cavity.

POWER TRANSIENTS FOR ALL
OPERATION MODES

Power Transients for the ZZ Operation Mode

Including the evolution of the maximum peak power dur-
ing the full accumulation period with the optimized filling
scheme, Fig. 2(a) displays the power transients of both fo-
cusing and defocusing cavities during the last turn of the
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(b) Distributing the bunches to maximize the distance between the
injected bunches and the stored beam.
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(c) Distributing the batches per train, and within each train, to
maximize the distance between the stored beam and the injected
bunches.

Figure 1: Impact of the filling scheme into the high-energy
booster on the RF power transients during the accumulation
period of the ZZ booster cycle. The last filling scheme is
chosen to proceed with the simulation of the other modes.

accumulation period prior to acceleration and after the last
injected bunches, for an overshoot energy ramp [2].

Power Transients for the WW Operation Mode

The RF power transients of the last turn of the accumula-
tion period are displayed in Fig. 2(b) for both the focusing
and defocusing cavities. On top of the evolution within the
turn, the evolution of the maximum peak power during the
accumulation time is displayed. The peak power reaches a
maximum of 80 kW towards the end of the accumulation.
Further modifications of the detuning program at the end of



| PAC 26 Prelimnary proceedings (edited version):

- Focusing, last turn
Defocusing, last turn

= During accumulation

=
81 =
- ta0 >
_ 6— (")
[ - 30 =
g3 a
85 [}
— 4,
S 20 =
® 2
2 £
g 27 102
2
[
. ; : ! 0=
0.0 0.2 0.4 0.6 0.8 1.0
Normalized time
(a) ZZ mode
—— Focusing, last turn —— During accumulation
Defocusing, last turn
- N F80 T
Pl i f 2
— 60 H i ] ] i ~
= £ 4 g B | g £
= % 8 ] % i 60 2
o o ] o
U = i [ " i 4 o P
gSawp ) :FE i P g
I S | S it it a0 g
s8 § i 0 i s
87 0t &l &b &1 2 il & g
2 -2 il il Es i gﬁi\; 20 E
8 RYFA'RY S av A YA -
0=
0.0 1.0
Normalized time
(b) WW mode
—— Focusing, last turn —— During accumulation
Defocusing, last turn
1 i 12 z
40 Ef’?‘l & b a0 A_;
E Ll A g
T 307 R 30 8
gE /- 2
gz _|f W &
24 204 g B t20 9]
e i 2
s i g
[ i
s 01) L1105
(G} ¥ £
3
01 : : — : 0=
0.0 0.2 0.4 0.6 0.8 1.0
Normalized time
(c) ZH mode
- Focusing, last turn = During accumulation
Defocusing, last turn
z
r10 Z
2 =
2t g
82 6 3
50 H
E ta 8
g 5
G} r2 g
%
T
Q0=

[
o

Normalized time

(d) tt mode

Figure 2: RF power transients per focusing and defocusing
cavities during the last turn of the accumulation period (pink
and yellow lines respectively) and evolution of the maximum
peak power per cavity during the accumulation period of all
booster cycles (cyan line).
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the accumulation period are required, to maintain the peak
power below the 50 kW power source limit.

Power Transients for the ZH Operation Mode

The low batch current generates low power transients at
the start of accumulation (see Fig. 2(c)), yet the dense trains
induce a strong compensation from the cavity feedback. To
keep the peak power below the source limit, the feedback
gain is kept at a ratio 5 for each cavity loop.

Power Transients for the tt Operation Mode

An extra 332 cavities will be installed in the high-energy
booster of FCC-ee for the ft mode. The power source en-
visaged for that stage are 15 kW solid state amplifiers per
cavity [6]. The filling scheme does not have a big impact on
the power transients for the it booster cycle, considering the
low intensity per bunch and total number of bunches (see
Tab. 1). Figure 2(d) confirms the power transients for ft re-
main below the RF power limit including optimal detuning.

CONCLUSION

Complete and consistent simulation of the longitudinal
beam dynamics in the high-energy booster of the FCC-ee
required several adaptations of the code BLonD. Sparse
profiles significantly reduce the simulation memory require-
ments and enable full simulation of the accumulation period
of all booster cycles. The deployment of cavity feedback for
all focusing and defocusing cavities in the RPO is required
for beam stability at injection and implementation of an op-
timal detuning program. Compensation of transient beam
loading reduces the power requirements per cavity. The RF
power for all four operating modes evolution was tracked for
the entire accumulation period for all booster cycles. Opti-
mization of the booster filling scheme along with adjusting
the feedback gain and detuning program brought the tran-
sient peak power below the RF power source requirements.
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