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Abstract

The Cool Copper Collider (C?) is a novel accelerator
concept for a linear collider utilizing a cryogenically-cooled
copper linear accelerator (linac) with a distributed coupling
architecture. The C3 main linac is designed to accelerate
electron/positron from 10 GeV to 125 GeV while preserving
the beam emittance. Here we present the analysis of the
multi-bunch beam dynamics for the C* main linac. We show
the beam dynamics simulation results of the C* main linac
to identify the frequency bands that cause emittance growth
and the amount of frequency detuning required to suppress
it. Results presented will be used to guide the future design
of the accelerating structure.

INTRODUCTION

C3 is an advanced normal-conducting radio-frequency
(NCREF) linear accelerator utilizing a distributed coupling ar-
chitecture to realize a e e~ collider for the study of Higgs bo-
son at 250 GeV with relatively low cost [1-3]. The C3 main
linac is designed to accelerate electron or positron beams
from 10 GeV to 125 GeV, which translates to the center-of-
mass (COM) energy of 250 GeV, with a planned upgrade to
reach COM energy of 550 GeV using higher gradient on the
same linac structure. In order to reach the target luminos-
ity for Higgs production, emittance needs to be preserved
throughout the whole collider. The source of emittance
degradation in the main linac includes short and long range
wakefield effects of the accelerating structure, alignment
and vibration errors of the linac components. Hence, iter-
ations of beam dynamics studies are required to assess the
performance of the main linac and revise the design, such
as design studies done by other collider proposals [4-8].

The beam requirements for C3 are largely determined by
the beam energy and luminosity necessary for precision stud-
ies of the Higgs boson at e*e™ collisions. For 250 GeV COM
energy, Higgs boson is produced through the ete™ - ZH
process, in which Higgs bosons are produced in association
with a Z boson. Through this process, Higgs bosons can
be identified independent of their decay products by recon-
structing the invariant mass of the recoil against an identified
Z boson, and exploiting the well-defined four-momentum
of the initial e*e~ state. Thus, properties of the Higgs bo-
son, such as its mass, branching fractions and couplings to
fermions and gauge bosons can be measured in a model-
independent way to percent or sub-percent precision [9]. A
target luminosity of 1.3 x 103 cm™ s~! has been set for C3
at 250 GeV. In order to achieve this luminosity, assuming a
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bunch charge of 1 nC and a bunch length of 100 um, normal-
ized horizontal (vertical) emittances at the IP of 900 (20) nm
and beta functions at the IP of 12 (0.12) mm have been pro-
posed for the nominal C3 parameter set, as summarized in
Table 1.

Table 1: Design Parameters for the Main Linac of C3

Parameter Value  Unit
Initial beam energy 10 GeV
Final beam energy 125 GeV
Bunch charge 1 nC
Bunch length 100 pm
Initial emittance in X,y 775,10 nm
Final emittance in X,y 900,20 nm
Initial rms beam size in x,y ~ 20,1.6 um
Initial energy spread 1.5 %
Final energy spread 0.34 %
Number of bunches 133 -
Bunch spacing 5.25 ns
LINAC DESIGN

The main linac is an array of FODO cells, where each
FODO cell is assembled as a cryomodule that includes four
0.15 m alternating focusing and defocusing quadrupoles and
eight 1 m, 40 cells C-band (5.712 GHz) accelerating struc-
tures, as shown in Fig. 1. Lattice parameters of FODO cells
must be adjusted along the linac so that the beta function
grows with the square root of the beam energy along the
linac [4, 10, 11]. The relation between the phase advance
of the first FODO cell, i, and the phase advance of the nth
FODO cell, p,, is given by

0.5
Bn _ P71
tan 3 = tan 3 ( n) s (D

where y; and y,, are beam energies at the first and n-th
FODO cell. The geometric strength, K, ,, and length L,, of
the quadrupole of the n-th FODO cell is calculated as

sinun/Z)

sin pq/2 2)

Ky ,L, = Ky 1Ly (
MULTI-BUNCH BEAM DYNAMICS
Long-Range Wakefields

Long-range wakefields are known to contribute to the
emittance growth in multi-bunch beam dynamics, in par-
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Figure 1: The C? main linac consists of an array of FODO cells, each FODO cell has four quadrupoles (yellow rhombuses)
paired with eight C-band accelerating structures (green rectangles).
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Figure 2: The evolution of the beam energy is shown in (a),
whereas the evolution of the Twiss parameters ., §, and
phase advances p,, p,, are shown in (b).

ticular due to the transverse higher-order-modes (HOMs).
Damping and detuning of long-range wakefields were the
subject of extensive design studies for collider designs such
as NLC and CLIC [4, 6]. The general approach to addressing
the effects of long-range wakefields includes the use of both
damping (decreasing the Q-factors of HOMs), and detuning
or controlling the frequency and spectrum of HOMs. In our
current design, we employed waveguide slots with Nickel-
Chromium (Nichrome) absorbers to provide damping to the
HOMs [12]. Figure 3 shows the Q-value (Q,,) times kick
factor (,,), where subscript n denotes the n-th mode.

Simulation Setup

The setup for multi-bunch simulation studies is detailed
in Table 1. In order to focus on investigating the effect of
HOMs, we neglected short-range wakefields in our simula-
tions. We generated random initial offsets in the y-direction
for all 133 bunches with the rms offset of 0.3 ym. A total of
100 simulations with random initial offsets were performed
to investigate the effect of HOMs.
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Figure 3: Plot of Q times kick factor versus frequency for
the long-range wakefields, up to 40 GHz. Frequency bands
that cause emittance growth are highlighted in orange.

Gaussian Detuning of HOMs

We surmised that the distribution of HOMs can be de-
scribed by a Gaussian function, where HOMs with very high
kick factor are due to the sum of modes of all 40 cells in
the accelerating structure. We performed Gaussian detun-
ing by specifying the frequency width of each mode, and
redistributed HOMs to effectively lowering the kick factor.
Physically, frequency detuning can be realized by adjust-
ing the shapes of cells in accelerating structure to change
frequencies of HOMs in different cells within a certain fre-
quency rms width.

RESULTS AND DISCUSSIONS

Figure 4 shows the final emittance of all 133 bunches
from tracking simulation with long-range HOMs. A total of
100 Monte Carlo simulations with random initial offsets for
all 133 bunches were performed. The blue shaded region
represents the upper and lower limit of the beams’ emit-
tance from these 100 simulations, whereas the solid blue
line represent the average. The orange dotted line represent
the case with the largest emittance growth. The electron
bunches’ centroids exhibit the oscillating pattern. These
patterns correspond to frequency bands that are causing
emittance growth, as highlighted in orange in Fig. 3.

We ran multi-bunch simulations with different values of
frequency RMS width for detuning to investigate the required
frequency RMS width to suppress the emittance growth. Fig-
ure 5 shows a plot of the largest emittance of the bunch train
versus the RMS frequency width used for detuning. The
inset shows that the decrease of emittance reaches a mini-
mum after the RMS frequency width reaches 80 MHz. Con-
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Figure 4: Final emittance of all 133 bunches from Elegant
tracking simulation with long-range wakefields. A total of
100 Monte Carlo simulations with random initial offsets for
all 133 bunches were performed. The blue shaded region
represents the upper and lower limit of the beams’ emittance
from these 100 simulations, whereas the solid blue line rep-
resent the average. The orange dotted line represent the case
with the largest emittance growth. The electron bunches’
centroids exhibit the oscillating pattern.

sequently, the final emittance of all bunches with 80 MHz
detuning width is shown in Fig. 6.
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Figure 5: This is the plot of the largest emittance of the bunch
train versus the RMS frequency width used for detuning. The
inset shows that emittance growth can be suppressed down
to 10.3 nm with 80 MHz detuning width.

CONCLUSION

In summary, this paper presents the design of the C*> main
linac and the results of multi-bunch beam dynamics. Multi-
ple bunch simulation results identify important frequency
bands that contribute to the emittance growth. In addition,
we also found the required detuning frequency width to sup-
press the emittance growth.
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Figure 6: Final emittance of all 133 bunches with 80 MHz
detuning width. The emittance growth is suppressed.
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