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Several proposals are currently under evaluation for a future electron-positron collider which
would provide unique opportunities for detailed studies of the Higgs boson. Any such facility
would have a significant environmental impact, owing to its construction footprint and its energy
consumption needs. In this paper, we evaluate the carbon impact of one of these proposals, the Cool
Copper Collider (C?). We introduce various solutions to reduce the power needs for C* without
modifications in the ultimate physics reach. We also compare C> with other electron-positron
colliders, planned to operate in a similar energy range, taking into account physics reach, energy
needs, and carbon footprint for both construction and operation. We conclude that the compact
8 km footprint and the possibility for cut-and-cover construction make C3 a compelling option
for a sustainable electron-positron collider. More broadly, the developed methodology serves as a
starting point for evaluating and minimizing the environmental impact of future colliders without

compromising their physics potential.
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1. Introduction

An electron-positron (e*e™) collider provides a unique opportunity to study the Higgs boson’s
properties with unprecedented precision and search for subtle effects of new physics due to the
exceptionally clean collision environment. Different such “Higgs factory" (HF) proposals are
currently under consideration, based on linear or circular designs.

Such a collider constitutes a large energy-consuming research facility, and it is thus imperative
to balance its scientific importance against its environmental cost. References [1-3] have examined
the environmental cost of certain Higgs factory proposals, although often concentrating on particular
elements of the total cost.

In this work, we present an analysis of the carbon footprint of the Cool Copper Collider
(C3)[4, 5], as well as a comparison with other HF concepts. This is a summary of the comprehensive
evaluation carried out in [6], which includes both costs from construction and operation over the
full proposed lifetime of C> .

2. Review of C3

C3 is envisioned as a linear facility that will first collide electrons and positrons at a center-
of-mass energy of 250 GeV, running for 10 years. At these energies, Higgs bosons are produced
primarily through the ZH process, enabling a model-independent determination of the Higgs boson
couplings and total width. Immediately afterwards, without further extension of the linac, and
within the same, compact 8 km footprint, it will run for an additional 10 yeas at 550 GeV with an rf
power upgrade. These higher-energy operations will enable the exploration of the Higgs-top quark
coupling and provide direct access to the Higgs self-coupling through double Higgs production [7].

C3 is based on a distributed coupling accelerator concept, operating at 80 K under liquid
nitrogen [8], leading to high accelerating gradients and minimized breakdown rates compared to
earlier designs based on normal conducting technologies. The baseline C? parameters, assumed for
the present analysis, are shown in Table 1.

Table 1: Baseline beam parameters for C.

Parameter [Unit] Value
Vs (GeV) 250 550
Luminosity (cm™2sec™!)  1.3-10** 2.4.10%
Number of bunches per train 133 75
Train repetition rate (Hz) 120 120
Bunch spacing (ns) 53 35
Site power (MW) 150 175
Beam power (MW) 2.1 2.45
Gradient (MeV/m) 70 120
Geometric Gradient (MeV/m) 63 108
rf Pulse Length (ns) 700 250
Shunt Impedance (M€Q/m) 300 300
Length (km) 8 8
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3. Power optimizations for C°

The total nominal power consumption of C>, taking into account the contribution of the rf
system and the cryo-cooler in the main linac and the remaining accelerator complex, has been
estimated to be ~ 150 (175) at 250 (550) GeV [6]. Several approaches are being explored to bring
the overall power consumption for C* down.

For the tf sources, C* assumes an overall rf system efficiency of 50%, in line with present
high-power rf sources. However, recent advances in design techniques for klystrons indicate that
a klystron amplifier efficiency of 70-80% is possible in the future, leading to an overall rf source
efficiency of 65%.

Radio-frequency pulse compression is also a well-known technique for powering high-gradient
structures and can be particularly useful for C3 due to the impact of power loss at cryogenic
temperatures and the relatively long fill time. Low factors of pulse compression were shown to
improve the overall system efficiency by 30% while preserving rf efficiency in the compressor [9].

For the baseline C? design, Figure 1 shows the rf power, dissipated energy and gradient during
the pulse. While the shown flat top length was selected to limit breakdown, doubling the flat top
length and halving the repetition rate would decrease the thermal dissipation in the main linac by
25%. The rf power required would only decrease by 20% because the peak rf power would be
slightly higher during the flat top to compensate for the additional current. The power savings
for C? achieved from these approaches are shown in Table 2, leading to power reduction in the
main linac up to 63 (79) MW at 250 (550) GeV. The C? demonstration research and development
plan [10] will demonstrate the validity of these assumptions and their potential power savings.
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Figure 1: Time-domain distributions for a 1m-long C3 structure of (a) input and reflected rf power, (b)
delivered and dissipated rf energy and (c) accelerating gradient.

Finally, the effect of combining changes in flat-top length, bunch spacing and repetition rate
on the achievable luminosity was recently investigated in [11] and the results are summarized in
Table 3. As can be seen, significant gains in luminosity are achievable with only a modest increase
in power consumption, achieving up to three-fold luminosity per power unit. This would enable
C? to collect larger amounts of data within the same proposed timeline, significantly enhancing its
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Table 2: Power savings with adjustment in main linac design and beam parameters at 250 GeV. For 550 GeV
the percentage savings would be unchanged for a combined 79 MW reduction in electrical power from the
nominal 125 MW for the main linac.

Scenario rf System (MW)  Cryogenics (MW) Total (MW) Reduction (MW)
Baseline 250 GeV 40 60 100
rf Source Efficiency Increased 15% 31 60 91 9
rf Pulse Compression 28 42 70 30
Double Flat Top 30 45 75 25
Halve Bunch Spacing 34 45 79 21
All Scenarios Combined 13 24 37 63

physics outcome. However, detailed studies of the impact on detector performance are needed to
inform the accelerator parameters.

Table 3: Beam configuration scenarios for C? at 250 GeV which include modifications in the bunch spacing
Atp,, the number of bunches per train n;, and/or the train repetition rate f,. The last two columns give the
instantaneous luminosity and the estimated total site power in each case. More details can be found in [11].

Scenario Flat top (ns) | At (ns) | np | fr (Hz) | £ (10°* cm™2 s71) | Pge (MW)
Baseline 700 5.26 133 120 1.35 150
Double flat top 1400 5.26 266 60 1.35 125
Halve bunch spacing 350 2.63 133 120 1.35 129
Sustainability 700 2.63 266 60 1.35 110
Combined - half rep. rate 1400 2.63 532 60 2.70 154
Combined - nominal rep.rate 1400 2.63 532 120 5.40 180

4. Comparative Analysis of total carbon footprint

To better understand the carbon footprint of C3, we have to evaluate in the context of other
proposed Higgs Factories, both linear, CLIC and ILC, and circular, FCC and CEPC. For each
of these colliders, the total energy consumption over the entire machine lifetime was calculated,
using a methodology that takes into account the contributions from collision time, down-time
and machine development, as explained in [6]. To convert this to a global warming potential
(GWP) estimate, we multiply each energy consumption by a common carbon intensity estimate
of 20 tCO,e/GWh for all collider facilities. This is a fair assumption, as any facility can propose
mitigation strategies to decouple its carbon intensity from the regional average and expecting an
improvement in clean-energy supply chains in the next decades.

The total energy consumption and resulting GWP for the considered colliders is shown in
Figure 2. As can be seen, the carbon cost of operations is higher for circular colliders, driven by
larger required site power, whereas linear colliders have overall smaller energy consumption.

For a comprehensive evaluation of the total carbon footprint of each facility, emissions from
construction should also be taken into account. This was done following the methodology of the life
cycle assessment performed by ARUP for ILC and CLIC [3] and assuming a cut-and-cover approach
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Energy Consumption of Different Colliders
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Figure 2: Total (a) energy consumption and (b) GWP from operations over the entire lifetime for the
considered collider concepts. The hashed pink component represents the additional costs of operating
C3 without the power optimizations of Table 2, while light blue regions account for additional run modes
targeting Z and WW production.

for C3, which allows the reuse of excavated material as shielding, reducing the amount that has to
be carried away. Taking into account the contributions from both operations and construction, the
estimated GWP for different colliders is given in Figure 3a.
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Figure 3: Total global warming potential from construction and operations for all collider concepts, both (a)
unweighted and (b) weighted with respect to the average coupling precision for each collider. The hashed
green component represents the additional costs of operating C3 without power optimizations, while light
green regions account for additional run modes targeting Z and WW production.

We can also scale the GWP of each collider by its cumulative expected physics reach. We
quantify this in terms of the expected precision gain in the measurement of Higgs couplings with
respect to the High-Luminosity LHC (HL-LHC) projections using the metric developed in [6],
and present the precision-weighted GWP in Figure 3b. As can be seen, accounting for physics
impact, linear colliders are overall superior in terms of GWP, with comparable contributions from
operations and construction processes. The GWP of circular colliders, on the other hand, is driven
by construction, owing to the requirement for large-circumference tunnels. Finally, with power

optimization taken into account, C? emerges as an excellent candidate for a sustainable Higgs
factory collider.
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5. Conclusions

In this work, we presented an overview of the environmental impact of the C* concept and
a comparison with other proposed facilities taking into account the carbon footprint for both
construction and operations, and incorporating the expected physics reach of each collider. We
found that the compact nature of linear collider facilities reduces the total carbon footprint, and laid
out additional power-saving options for C>. We conclude that linear colliders, and C? in particular,
present compelling options for the realization of an environmentally sustainable e*e~ collider.

References

[1] K. Bloom, V. Boisvert and M. Headley, Report of the Topical Group on Environmental and
Societal Impacts of Particle Physics for Snowmass 2021, 2209.07684.

[2] P.Janot and A. Blondel, The carbon footprint of proposed e*e™ Higgs factories, Eur. Phys. J.
Plus 137 (2022) 1122 [2208.10466].

[3] S. Evans and B. Castle, CLIC and ILC Life Cycle Assessment Final Report, .

[4] S. Dasu, E.A. Nanni, M.E. Peskin, C. Vernieri et al., Strategy for Understanding the Higgs
Physics: The Cool Copper Collider, in Snowmass 2021, 3, 2022 [2203.07646].

[5] C. Vernieri, E.A. Nanni, S. Dasu, M.E. Peskin, T. Barklow, R. Bartoldus et al., A “Cool”
route to the Higgs boson and beyond. The Cool Copper Collider, Journal of Instrumentation
18 (2023) P0O7053.

[6] M. Breidenbach, B. Bullard, E.A. Nanni, D. Ntounis and C. Vernieri, Sustainability Strategy
for the Cool Copper Collider, PRX Energy 2 (2023) 047001.

[7] ILC InTERNATIONAL DEVELOPMENT TEAM collaboration, The International Linear Collider:
Report to Snowmass 2021, 2203.07622.

[8] M. Nasr, E. Nanni, M. Breidenbach, S. Weathersby, M. Oriunno and S. Tantawi,
Experimental demonstration of particle acceleration with normal conducting accelerating
structure at cryogenic temperature, Phys. Rev. Accel. Beams 24 (2021) 093201.

[9] K.L. Bane, T.L. Barklow, M. Breidenbach, C.P. Burkhart, E.A. Fauve, A.R. Gold et al., An
Advanced NCRF Linac Concept for a High Energy ete™ Linear Collider, 1807 .10195.

[10] E.A. Nanni, M. Breidenbach, C. Vernieri et al., C> Demonstration Research and
Development Plan, 2203 .09076.

[11] D. Ntounis, E.A. Nanni and C. Vernieri, Luminosity and beam-induced background studies
Jor the Cool Copper Collider, Phys. Rev. Accel. Beams 27 (2024) 061001.


https://arxiv.org/abs/2209.07684
https://doi.org/10.1140/epjp/s13360-022-03319-w
https://doi.org/10.1140/epjp/s13360-022-03319-w
https://arxiv.org/abs/2208.10466
https://arxiv.org/abs/2203.07646
https://doi.org/10.1088/1748-0221/18/07/P07053
https://doi.org/10.1088/1748-0221/18/07/P07053
https://doi.org/10.1103/PRXEnergy.2.047001
https://arxiv.org/abs/2203.07622
https://doi.org/10.1103/PhysRevAccelBeams.24.093201
https://arxiv.org/abs/1807.10195
https://arxiv.org/abs/2203.09076
https://doi.org/10.1103/PhysRevAccelBeams.27.061001

	Introduction
	Review of C3 
	Power optimizations for C3 
	Comparative Analysis of total carbon footprint
	Conclusions

