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Abstract

The design of a primary electron beam facility at CERN is described. The study has been
carried out within the framework of the wider Physics Beyond Colliders study. It re-enables
the Super Proton Synchrotron (SPS) as an electron accelerator, and leverages the devel-
opment invested in Compact Linear Collider (CLIC) technology for its injector and as an
accelerator research and development infrastructure. The facility would be relevant for sev-
eral of the key priorities in the 2020 update of the European Strategy for Particle Phys-
ics, such as an electron-positron Higgs factory, accelerator R&D, dark sector physics, and
neutrino physics. In addition, it could serve experiments in nuclear physics. The electron
beam delivered by this facility would provide access to light dark matter production sig-
nificantly beyond the targets predicted by a thermal dark matter origin, and for natures of
dark matter particles that are not accessible by direct detection experiments. It would also
enable electro-nuclear measurements crucial for precise modelling the energy dependence
of neutrino-nucleus interactions, which is needed to precisely measure neutrino oscillations
as a function of energy. The implementation of the facility is the natural next step in the
development of X-band high-gradient acceleration technology, a key technology for com-
pact and cost-effective electron/positron linacs. It would also become the only facility with
multi-GeV drive bunches and truly independent electron witness bunches for plasma wake-
field acceleration. A second phase capable to deliver positron witness bunches would make
it a complete facility for plasma wakefield collider studies. The facility would be used for
the development and studies of a large number of components and phenomena for a future
electron-positron Higgs and electroweak factory as the first stage of a next circular collider
at CERN, and its cavities in the SPS would be the same type as foreseen for such a future
collider. The operation of the SPS with electrons would train a new generation of CERN
staff on circular electron accelerators. The facility could start operation in about five years,
and would operate in parallel and without interference with Run 4 of the LHC.
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1 Introduction

Recent interest in light dark matter searches using GeV electrons has stimulated a new study of how
such a beam could be provided at CERN [1]. This study has been carried out within the framework of
the wider Physics Beyond Colliders study. The basic requirement is a very long spill of low intensity
electrons to a missing-energy/missing-momentum experiment [2, 3] as described in Section 2.1.

The present proposal as illustrated in Fig. 1.1 is to use the Super Proton Synchrotron (SPS) simultan-
eously as an accelerator and as a very long pulse stretcher to provide such a beam. The SPS has, in the
past, accelerated electrons and positrons from 3.5 GeV to 22 GeV when it was used as the injector to
the Large Electron-Positron collider (LEP) [4], although most of the equipment required has now been
dismantled. The electron injector would be replaced by a 3.5 GeV compact high-gradient linac based on
Compact Linear Collider (CLIC) [5] technology injecting pulses of 200 ns duration into the SPS, �lling
the ring at 100 Hz on a 700 msec duration plateau. The beam would then be accelerated to 16 GeV,
using a 800 MHz SC RF system, similar to what is needed for FCC-ee. SPS-LSS6 is the preferred loc-
ation for the RF system in order to exploit the existing infrastructure from the crab cavity installation.
The electrons would then be extracted at 16 GeV using slow resonant extraction. The extracted beam is
transported along an existing beamline to an experimental area on the Meyrin site.

Figure 1.1: Schematic of the primary electron beam facility.

Use of the bypass for the SPS RF system requires a 10 min changeover period. If a more rapid change-
over from protons to electrons is interesting or necessary, for example during a SPS supercycle, an
extended pulsed bypass beamline can be considered in this area.

The spacing of the SPS RF buckets is 1.25 ns given its 800 MHz SC RF system. Therefore, the
�lling of the SPS has to be a multiple of this frequency. This multiple is determined by the matching
of the S-band injector linac to the SPS RF frequency, and is thus limited to a multiple of 5 ns between
bunches. The default number of extracted electrons per �lled bucket in the SPS is 1–10, depending on
the experimental capabilities. Around 2/3 of the ring is �lled, and the �lling and acceleration time is
negligible compared to the extraction time. Since the beam can be distributed over a relatively large area
up to 30� 0.4 cm2 and the SPS RF bucket is signi�cantly wider than the timing resolution of the detector
there is scope of being able to deal with several extracted electrons per �lled bucket. The experiment can
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be provided with 1016 electrons in around 107 seconds of beamtime assuming an average of 6 electrons
per delivered bunch spaced within 5 ns.

Changes to the S-band linac would allow the �lling of all 1.25 ns spaced �lled buckets in the SPS
giving a factor 4 higher rate. The RF system and the beamline for delivery to the experiment is compatible
with a beam up to 18 GeV.

A fast extraction is also possible, when the whole beam is extracted from the machine in one revolution
(23ms) to feed a possible beam dump type experiment. This could be repeated every 2 seconds if such
an operation was to be given priority.

During the eSPS operation the beam from the linac is used for less than 5% of the time for injection into
the SPS and is available for other uses the rest of the time. Two experimental areas will be available for
a broad range of accelerator R&D using the injector and/or the full linac beam. The possibilities range
from studies very relevant for future Higgs-factories (linear or circular) to providing a unique plasma
acceleration R&D facility. All these possibilities are described in Section 6. The full range of beams
available to experiments, from injector to extracted beam from the SPS, are summarised in Table 1.1.

Most of the hardware, apart from the 3.5 GeV linac and the 800 MHz SC RF cryomodule in the SPS,
already exist. The main components, shown schematically in Fig. 1.1, are introduced below.

A 3.5 GeV compact linacwould be built using the technology developed for CLIC at 12 GHz, but with
klystrons as power source instead of the two-beam acceleration method proposed for CLIC. An ideal
location would be in transfer tunnels 4 and 5 (TT4 and TT5) at the entrance to the West Hall (building
180), and connected to the SPS by the TT60 tunnel complex. A 0.2 GeV S-band photo-injector would
provide a 200 ns pulse with a very �exible bunch structure inside the pulse. Both of these elements are
detailed in Section 3.

Transfer and injection. The beam from the linac is transferred via TT61, previously used to transport
protons to the West Area, with the electrons being injected in the opposite direction to the protons. A
new 3.5 GeV kicker with a �at top of 200 ns and a 100 Hz repetition frequency would be installed at the
SPS injection point in long straight section 6 (LSS6). The ring would be �lled in about 700 milliseconds.
Section 4.1 presents in detail the scheme.

Acceleration in the SPS.A new vacuum sector in the SPS-LSS6 region was created to test superconduct-
ing crab cavities with proton beams for HL-LHC. This sector comprises two Y-shaped vacuum chambers
articulated by mechanical bellows, the circulating proton beam line and the beam bypass consisting of
the RF module. The mechanical bypass is equipped with a movable table to move the cryomodule in
and out of the circulating beam. A dedicated RF system, cryogenic system and general infrastructure
were put in place on the surface and in the tunnel, and then successfully operated with beam during
2018. The mechanically movable bypass allows for an installation of a RF module operating at 800 MHz
for a dedicated mode of operation with electrons. This con�guration alleviates the strong constraints of
impedance requirements for the high intensity proton beams and other modes of SPS operation. The
changeover time to use the stage is around 10 min. Recent studies in the framework of the FCC study
have led to design of several 800 MHz cavities ranging from single-cell for high beam currents to �ve-
cell structure for the high energy. Two �ve-cell cavities housed in a cryomodule will be suitable for
acceleration of the electrons from 3.5 GeV to 18 GeV.

Resonant extraction of the beamfrom the SPS at 16 GeV would be done by exciting the third integer
resonance using existing sextupoles (see Section 4.3.4). Quantum excitation due to synchrotron radiation
would provide a powerful method of pushing particles into resonances with no dynamic variation of the
tune being required as is the case for the proton beam. The intensity and duration of the spill can be
controlled down to very low currents by adjusting the distance in tune of the beam from the resonance.

2
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A new extraction channel using similar hardware to proton extraction must be installed in LSS1. Fast
extraction through the same channel could be performed using existing SPS kickers if needed for a beam
dump experiment. Preliminary simulation results supporting this scheme are shown in Section 4.3.

Beam transport to the detector. The beam would be extracted into TT10, the beamline which is also
used to inject protons into the SPS. The TT10/TT2 switchyard magnets would not be powered during
electron extraction so that the beam can be directed to a new experimental area. Quadrupoles would be
used to blow up the beam to match the detector requirements. This is presented in Section 4.3.4. The
only civil construction required for the whole project would be a new short connection tunnel and an
experimental hall housing one or two experiments, located just outside TT2 and shown in Section 4.2.

Table 1.1: Summary of the parameters of available experimental beams after each accelerating section,
the S-band linac, the X-band linac and the SPS. Note that single quantities listed here corres-
pond to the upper limit and can be reduced for operation.

Parameter Accelerating section
S-band linac(Section 3.2) X-band linac (Section 3.3) SPS(Section 4.2)

Energy [GeV] 0.05–0.25 3.5 3.5–18
Electrons per bunch 106 – 1010 106 – 1010 109

Bunch length [ns] 10� 4 – 4� 10� 3 10� 4 – 2:5� 10� 3 0.15 – < 0.7
Bunch spacing [ns] Multiples of 0.33 Multiples of 0.33 5
Bunches per cycle 1 – 200 1 – 200 3� 103

Cycle length [s] 0.02 0.02 0.02

The CERN Council adopted anupdate of the European Strategy for Particle Physics[6] in June 2020.
The conceptual design report presented here, describes an infrastructure relevant for several of its key
priorities, like an electron-positron Higgs factory, accelerator R&D, dark sector physics, and neutrino
physics.

� The implementation of eSPS would make excellent use of the investment made in the CLIC pro-
gramme and is the natural next step in the development of X-bandhigh-gradient acceleration
technology, a key technology for compact and cost-effective electron/positron linacs.

� The multi-GeV electron beam from the linac would drive wake�elds in the non-linear regime
and would, with an independent electron witness bunch, demonstrate the applicability ofplasma
wake�elds for high-gradient acceleration. The facility would be unique in its ability to study
collider related challenges, as the only facility with multi-GeV drive bunch and truly independent
electron witness bunch. Addition of a positron witness bunch would make it a complete facility
for collider studies.

� The 800 MHz super-conducting cavities for the eSPS would be the same type as foreseen for a
futureelectron-positron Higgs and electroweak factoryas the �rst stage of a next circular collider
at CERN. The eSPS would be used for the development of and studies of a large number of
components and phenomena for this circular collider. The operation of SPS with electrons would
train a new generation of CERN staff on circular electron accelerators.

� The electron beam would open adark sector physicsprogramme and in particular provide sensit-
ivity to light dark matterproduction signi�cantly beyond the targets predicted by a thermal dark
matter origin, and for the nature of dark matter particles that are not accessible by direct detection
experiments.
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� The futureneutrino physics programmeneeds to precisely measure neutrino oscillation probabil-
ities as a function of energy. This critically relies on the ability to model neutrino-nucleus interac-
tions, and this in turn requires input data on electro-nuclear reactions; the beam from this facility
would be excellent for such measurements.

eSPS could be made operational in about �ve years, and serve the programmes above. It could start
already in LS3 and would operate in parallel and without interference with Run 4 of the LHC.
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2 Physics potential and requirements on the electron beam

The following section is a summary of the physics case presented in the Expression of Interest [3] sub-
mitted to the SPS and PS Experiments Committee (SPSC) in October 2018.

2.1 Reaching light dark matter with a primary electron beam

Only 15% of the observed matter is made of particles described by the Standard Model [7] (SM). The
evidence for dark matter (DM) does not give much direct guidance on the masses of its constituents,
which could be anywhere from a tiny fraction of an eV up to many solar masses. More constraints
can be obtained by focusing on likely scenarios for how the primordial DM was created. The most
straightforward and simplest scenario is the thermal origin, in which DM arose as a thermal relic from
the hot early Universe. This scenario only requires small non-gravitational interactions between dark
and Standard Model matter, and is viable over the MeV to TeV mass range. The mass region� MeV to
� GeV is largely unexplored. The fact that most stable forms of ordinary matter are found in this range,
argues in favour of exploring this mass range.

A thermal origin for DM requires an interaction between DM and familiar matter, and if there is an
interaction of light dark matter (LDM) with ordinary matter, (Fig. 2.1(a)) then there necessarily is a
production mechanism in accelerator-based experiments (Fig. 2.1(b)), both in the minimal framework of
a four-particle contact interaction and in realistic ultraviolet completions of this scenario by the addition
of a new force carrier. The most sensitive way to search for this reaction is to use an electron beam
to produce DM in �xed-target collisions, making use of missing energy and/or momentum to identify
this process [8, 9]. Dedicated searches for these production reactions thereby provide sensitivity to DM
couplings to the Standard Model.

Figure 2.1:Left: Diagrammatic representation of a contact interaction between DM and electrons.
Right: Production of DM in electron-nucleus �xed target interactions, guaranteed by the
existence of this contact interaction. As discussed below, models that resolve this contact
interaction through the introduction of a new mediator at experimentally accessible energy
scales can also be detected through related production modes.

The strength of this interaction determines when the DM froze out of equilibrium, therefore, the resid-
ual DM abundance. This production mechanism, together with the observed DM density thus motivates
a precise interaction strength for any given DM mass.

Relative to other experimental techniques used to search for DM, such as direct detection scattering
in underground experiments or indirect detection searches with satellite experiments, �xed-target ac-
celerator experiments are theonly technique available that can probe the DM interaction at momentum

5



Physics potential and requirements on the electron beam

scales comparable to those governing freeze-out in the early Universe. This technique is, therefore, not
hindered by some of the common challenges faced by, for example, direct detection experiments, where
mass threshold or velocity suppression can severely inhibit signal rates in the non-relativistic limit as is
shown in the left panel of Fig. 2.2. This makes �xed-target probes of DM both complementary to other
terrestrial techniques, and especially robust in exploring thermal freeze-out. Models of thermal DM in
the MeV – GeV mass range require that the interaction governing freeze-out have a cutoff scale below
the weak scale. This is, essentially, a simple generalisation of the Lee-Weinberg bound [10, 11], with
two important consequences:

� Light Forces: There must be new force carriers at the GeV-scale or below to mediate an ef�cient
annihilation rate for thermal freeze-out.

� Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [12].

These properties single out the hidden sector scenario highlighted in Refs. [13, 14], which is the focus of
considerable experimental activity.

For the remainder of this chapter, we will use one of the simplest and most representative hidden sector
models in the literature – a DM particle charged under aU(1) gauge �eld (i.e. “dark QED”). We de�ne
the LDM particle to bec , theU(1) gauge bosonA0 (popularly called a “dark photon” mediator), ande
as the kinetic mixing parameter.

This framework permits two qualitatively distinct annihilation scenarios in the early universe, depend-
ing on theA0andc masses.

� Direct Annihilation: A mediator withmA0 > mc generates the effective contact interaction for
non-relativistic DM particles. In the resolved theory, annihilation proceeds viacc ! A0� ! f f to
SM fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A0

couplinge must be large enough, and theA0 mass small enough, in order to achieve the thermal
relic cross-section. Depending on the mass of the mediator, on-shell mediator production with
decay to DM or production of DM through an off-shell mediator may be the dominant signal in
a missing momentum experiment. In each case, the observed DM abundance implies a minimum
DM production rate at accelerators. Constraints on this scenario can be extracted from CMB data,
but are only relevant for some combinations of DM and mediator spin and couplings. This case
will be the focus of the remaining discussion.

� Secluded Annihilation: For mA0 < mc , a new annihilation channel becomes kinematically al-
lowed, and generically dominates. In this case, DM annihilates predominantly intoA0 pairs [15].
This annihilation rate is independent of the SM-A0couplinge. The simplest version of this scenario
is robustly constrained by CMB data [16].

Since the Feynman diagram that governs direct annihilation can be rotated to yield a scattering process
of SM particles, the direct detection cross section is uniquely predicted by the annihilation rate in the
early universe for each choice of DM mass. Thus, direct annihilation models de�ne thermal targets in
the se vs. mc plane. The left panel of Fig. 2.2 shows how the non-relativistic direct detection cross
sections can be loop or velocity suppressed in many models, and, therefore, these thermal targets vary
by dozens of orders of magnitude in some cases. However, these vast differences in the direct detection
plane mask the underlying similarity of these models in relativistic contexts where both the scattering and
annihilation cross sections differ only by order-one amounts. To study all direct annihilation models on
an equal footing, we follow conventions in the literature (see Ref. [13]), and introduce the dimensionless
interaction strengthy as

s v(cc ! A0� ! f f ) µ e2aD
m2

c

m4
A0

=
y

m2
c

; y � e2aD

�
mc

mA0

� 4

: (1)
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Figure 2.2:Left: Thermal targets for DM plotted in terms of the electron-recoil direct detection cross
sectionse vs. massmDM. The appropriate thermal freeze-out curve for each scenario dif-
fers by many orders of magnitude in these plane due to velocity suppression factors, loop-
level factors, or spin suppression, any of which are signi�cant for non-relativistic scattering.
Right: By contrast, the dimensionless couplings (captured byy) motivated by thermal freeze-
out do not differ by more than a couple of orders of magnitude from one another, as shown
in the y vs. mc plane. Probing couplings at this magnitude is readily achievable using ac-
celerator techniques, which involve DM production and/or detection, as well as mediator
production, all in a relativistic setting. Both plots above are taken from Ref. [14] and also
show a target for asymmetric fermion DM, a commonly discussed variation on the thermal-
origin framework.

This is a convenient variable for quantifying sensitivity because for each choice ofmc there is a
unique value ofy compatible with thermal freeze-out independently of the individual values ofaD;e and
mc =mA0. The right panel of Fig. 2.2 shows the thermal targets in they vs. mc plane. A measured (or
upper limit on the) production cross section (s ) for the process shown in Fig. 2.1(b), is translated toy as,

y µ
�

mc

mA0

� 2

aDm2
c s (2)

From (2) it is seen that for a �xed values ofaD and of themA0 to mc ratio, a measured (or limit on)s
would translate to a parabola in they versusmc plane in the right panel of Fig. 2.2. As also can be seen
from (2), smallmc to mA0 ratios, and smallaD values, would result in stronger experimental reaches. We
conservatively chosemA0 = 3� mc , andaD = 0:5, when estimating the experimental reach described in
this conceptual design report, and in the expression of interest (EoI) [3] that was submitted to the SPSC
in 2018.

More discussions on reach for such parameter settings, including off-shell production ofA0and when
approaching the resonance region ofmA0 � 2� mc , are in Ref. [17].

The thermal targets for various direct annihilation models shown on the right panel of Fig. 2.2 in the
y vs mc plane, are the same models as shown on the left panel, but the parameterisation iny andmc re-
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veals the underlying similarity of these targets and their relative proximity to existing accelerator bounds
(shaded regions). Reaching experimental sensitivity to these benchmarks for masses between MeV and
GeV would provide nearly decisive coverage of this class of models.
Reaching the sensitivity to �nd events as shown in Fig. 2.1(b), or to establish the absence of such pro-
duction, sets two contradictory requirements on the beam:

1. A large number of electrons on target (EOT) since the interaction strength is weak. More quant-
itatively, to reach the thermal targets for all possible natures of DM particles not excluded by
CMB data [16] requires reaching at least� 1014 (� 1016) EOT for Scalar (Pseudo-Dirac) DM
particles [2].

2. A low current to be able to measure individual electrons entering the target, and to match them
with potential signal electrons leaving the target. In addition, one has to be able to ensure the
absence of any bremsstrahlung photons, but without rejecting signal events due to such photons
produced by unrelated beam electrons.

Only a primary electron beam can deliver � 1014 to � 1016 EOT with low current and high duty
cycle at 5–20 GeV energy.

The higher end of this energy scale gives advantages on both signal production and background re-
jection (where the latter in particular requires discovering photo-nuclear events from bremsstrahlung
photons). On the one hand, the signal cross sections increase with energy, improving the sensitivity, par-
ticularly in the high mass region (several hundred MeV) as is shown in Fig. 2.3. On the other hand, the
rates of certain backgrounds decrease with higher energy, e.g. that of the exclusive 2-body photo-nuclear
reactions scales asE� 3

g , and the products from these reactions carry more energy and are hence more vis-
ible in a detector. Similarly, in-�ight decays within a detector, e.g. of charged kaons from photo-nuclear
reactions, have a lower rate and more detectable products at higher energy.

Figure 2.3: Both beam energy and target material affect the dark photon production cross-section at the
higher end of the mass range of interest. This �gure illustrates how increasing the beam
energy to 8 or 16 GeV, and/or switching from a Tungsten to an Aluminium target (�xed at
0.1X0), impacts the signal production cross-section for different dark photon masses. We
assume the kinematic selectionErecoil < 0:3Ebeam. The plot is taken from Ref. [3].

As mentioned above, an Expression of Interest [3] was submitted to the SPSC in 2018. It describes the
potential of a missing-momentum experiment like the Light Dark Matter eXperiment (LDMX), using the
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primary electron beam delivered by the accelerator complex described in this Conceptual Design Report.
The red dashed line in Fig. 2.4 shows the expected performance compared with the thermal targets. The
potential to cover a large fraction of sub-GeV mass range for all natures of DM particles, is clear.

Figure 2.4: The experimental reach compared to the thermal targets for various direct annihilation mod-
els shown on the right panel of Fig. 2.2. The blue line is the sensitivity from the refer-
ence study discussed in Ref. [2], that conservatively assumes 0.5 background events for
4 � 1014 EOT at 4 GeV. A scaling estimate of the sensitivity of the con�guration for the
mass range 150MeV� Mc < 300MeV is illustrated by the solid red line. The dashed red
line represents a similar estimate of the projected reach forme � 12 and roughly 3 years of
running. For the latter two examples we have again assumed low background, consistent with
reductions in yields of potential background sources, and better rejection, while increasing
the effective luminosities to 1:6� 1015 and 1:6� 1016 EOT, respectively. The plot is taken
from Ref. [3].

As was discussed above, each coloured line in Fig. 2.4, corresponds to one value of a measured (or
the limit on)s . But, more information can be extracted if signal events are found. As demonstrated in
Ref. [18], the background to the signal, can be fully rejected without making use of thepT (or de�ection
angle) of the signal-electrons. The electronpT (or de�ection angle) distribution can, therefore, be used
as an independent signal hypothesis test, and as a DM mass estimator. Figure 2.5 shows how much these
distributions change for different DM masses.

Although the emphasis in this chapter has been on various models of DM with direct annihilation
through a dark photon mediatorA0, the missing momentum technique can probe multiple other mediator
scenarios with equally powerful sensitivity to the corresponding theoretical targets. For example, both
dark and visible matter could be directly charged under a newU(1) group which gauges an anomaly-
free combination of SM quantum numbers (e.g. baryon minus lepton number). Such new forces can
also mediate DM direct annihilation to SM particles with thermal targets analogous to those presented
in Fig. 2.2. Some of these are discussed in Ref. [3]. Furthermore, missing momentum techniques can
also probe strongly interacting dark sectors [19], millicharged particles, minimal dark photons, minimal
U(1) gauge bosons, axion like particles, and light new leptophilic scalars [17].
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Figure 2.5: Electron de�ection angle for DM pair radiation process, at various dark matter masses for
electron beam energy of 4 GeV (left) and 16 GeV (right). The distributions are for electrons
requiring 50 MeV< E < 0:3Ebeam. In both panels, the numbers next to each curve indicate
A0mass.The plots are taken from Ref. [3].

2.2 Mediators, millicharges, neutrino physics and nuclear physics

The missing momentum search is sensitive to a range of other new-physics scenarios, potentially unre-
lated to dark matter.

Figure 2.6 illustrates the sensitivity to invisible dark photons and to minimal B-LZ0gauge bosons, via
their invisible decays to neutrino �nal states. Figure 2.7 illustrates the sensitivity of a missing momentum
search to production of millicharged particles. Millicharge production occurs through off-shell photon
exchange, and particles with suf�ciently small millichargeQc =e have no additional interactions in the
detector.

Figure 2.6: Sensitivity to invisibly decaying dark photons (left) and B-L gauge bosons (right). The blue
and the red lines correspond to the full blue and red lines in Fig. 2.4. The plots are taken from
Ref. [3].

A primary electron beam facility described in this CDR, opens more possibilities than the missing
momentum searches described in Section 2.1 and above in this section. Section 5.5, therefore, outlines a
scenario with two beamlines into the experimental hall, with space for two experiments.

The majority of the electrons remain in the SPS after the extraction of the long low current electron
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Figure 2.7: Sensitivity to millicharge fermion particles with chargeQc =e vs mass. Production occurs
through an off-shell photon. Grey regions are existing constraints. The green shaded region
represents parameter space where a millicharged dark matter subcomponent can accommod-
ate the 21 cm absorption anomaly reported by the EDGES collaboration [20–23]. The blue
and the red lines correspond to the full blue and red lines in Fig. 2.4. The plot is taken from
Ref. [3].

spill. These 1� 5� 1012 electrons could be dumped in the other beamline in a 23ms spill. This could
allow the accumulation of more than 1018 electrons in a year. More than that in fact, since if priority was
given to such an operation, the cycle �ll-accelerate-dump could be repeated every two seconds.

As can be seen in Ref. [18], photo-nuclear and electro-nuclear reactions are major background sources
for a dark matter missing momentum experiment. However, to measure such reactions is also important
to understand neutrino-nuclear response. The future neutrino long baseline experiments need to precisely
measure neutrino oscillation probabilities as a function of energy. This critically relies on the ability to
model neutrino-nucleus interactions, and this in turn requires input data on electro-nuclear reactions; the
beam from this facility would be excellent for for this purpose. Such measurements could maybe be
done by a missing-momentum experiment, however, given the importance to understand such reactions
for neutrino physics, there may be a case for a dedicated experiment. The physics of this is described in
Ref. [3].

There is a broad usage of electron beams for the study of hadrons and their underlying structures, like
the momentum and spin distributions of sea quarks and gluons in the nucleons, the study of excitation
spectra of nucleons and hyperons, and the prospect to produce mesons with exotic composition and/or
exotic quantum numbers. The facility presented in this CDR would extend the energy range, but could
not reach the beam intensity currently available, at Jefferson laboratory in the USA where the requests
for beam go beyond what is available.
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3 Linac

The electron linac produces the electron beam and accelerates it to an energy of to 3.5 GeV, the energy
required for injection into the SPS. The linac consists of two parts; the injector, that produces the electron
bunches with the required time structure, emittance and charge and brings them at an energy of about
200 MeV, and the high-gradient X-band linac that further accelerates them to 3.5 GeV. Each beam pulse
consists of 40 bunches, separated by 5 ns. Such bunch spacing corresponds to every 4th RF bucket in the
800 MHz SPS RF system and the number of bunches in turn depends by the optimised pulse length in
the linac. The pulse structure and the 100 Hz linac repetition rate allow to �ll the SPS ring with 3000
bunches, the maximum given its diameter, within 1 second.

After the injector, a low-energy beam line branches out from the main beam line, bending the beam by
180� to an experimental area. This area can be used to perform independent experiments at a maximum
beam energy of 250 MeV, similar to what is presently ongoing in the CLEAR user facility [24]. At the
end of the linac, another independent beam line can be used for experiments requiring a higher beam
energy.

3.1 Beam dynamics studies and start-to-end simulations

The beam dynamics in the eSPS linac are dominated by the impact of wake�elds, due to the small iris
aperture of the X-band accelerating structures. The linac optics are based on a FODO lattice that uses
the two quadrupoles of each pair of consecutive RF modules as focusing and defocusing magnets. The
averageb function in the linac is less than 5 metres, and the phase advance per cell is 90 degrees. This
setup is chosen to apply strong focusing in the transverse planes and to increase beam stability. At the
start of the linac the beam energy is about 200 MeV; the linac provides acceleration to the �nal energy
of 3.5 GeV. The beamline consists of 24 RF units and has a length of approximately 68 m, with a �lling
factor of 86%.

Start-to-end simulations of the linac have been performed in order to assess the beam quality perform-
ance in the presence of various imperfections. The simulations were carried out using the code PLACET,
a particle tracking code developed at CERN for linear collider studies, that can simulate the transport of
particle beams through a linear accelerator under the effects of various imperfections [25]. PLACET en-
ables the simulations of beam correction techniques, such as Beam-Based Alignment (BBA), to evaluate
the beam quality after correction, and implements multi-bunch effects.

3.1.1 Single-bunch effects

The wake�elds generated in the X-band structures induce both emittance growth in the transverse plane
and an increase in the correlated energy spread of the bunch. The effect on the energy spread can be
partly compensated by running off crest in the phase of the accelerating structures with the optimal RF
phase depending on both the charge and the bunch length. The requirement on the energy spread of 0.1%
at the end of the linac, for injection in the SPS, limits the maximum bunch length allowed for a given
speci�c charge. Figure 3.1 shows the minimum energy spread achievable at the end of the linac as a
function of the RMS bunch length, for different bunch charges. A bunch with charge 50 pC and length
150mm reaches its minimum energy spread when the RF structures operate nearly on crest. A bunch
charge of 1000 pC can reach at best 0.2% energy spread at a bunch length of approximately 200mm for
an RF phase of� 7 degrees.

Transverse misalignment of the elements also induce emittance growth, through two mechanisms:
spurious dispersion due to off-axis quadrupoles, and transverse wake�eld kicks due to the beam travelling
off-axis through the accelerating structures. BNS damping can be considered to stabilise the beam,
but it wasn't deemed necessary given the relatively large emittance requirements and the overall good
robustness of the linac to such effects.

13



Linac

Figure 3.1: Minimal energy spread achievable at the linac end as a function of the RMS bunch length,
for different bunch charges. The black line indicates the required value of 0.1% for injection
in the SPS.

3.1.2 Multi-bunch effects

Considerable advancement in the understanding and control of the effects of long-range wake�elds on
the beam stability has been made throughout the last few decades, for example within the context of
the CLIC Study, supported by experimental veri�cation at SLAC/FACET [26]. The tools developed for
the CLIC Study have been used to evaluate the maximum bunch charge that can be transported through
the 3.5 GeV electron linac. The natural suppression of the long range wake�elds, due to the tapering
of the iris aperture, also guarantees beam stability in multi-bunch operation for all 40 bunches in the
nominal 200 ns-long train. A bunch charge of up to 300 pC can be transported with negligible emittance
growth through the linac without high-order mode damping. Semi-analytical estimations show that the
average ampli�cation factor of incoming beam offsets as a function both of the bunch charge and of the
structure'sQ factor, in case of a coherent offset of all bunches in the train: even with no damping (that
is, smallQ), a charge of 300 pC is transported through the linac with a small ampli�cation factor of less
than 2, as shown in Fig. 3.2.

3.1.3 Linac operational modes

Four operational modes have been studied:

� nominal: for a missing momentum experiment, trains of 40 bunches of 50 pC, spaced by 5 ns are
accelerated;

� high-charge:trains of 40 bunches with charge up to 300 pC and bunch length about 200mm are
accelerated;

� very-high-charge:single bunches with 1 nC charge and length about 750mm are accelerated;

� plasma R&D:for plasma acceleration R&D, single bunches of 1.7 nC and length less than 250mm
are accelerated.
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Figure 3.2: Multi-bunch operation: average beam offset ampli�cation due to long-range wake�elds as a
function of bunch charge and the structure'sQ factor, due to a coherent incoming offset of the
bunch train. Bunch charges below 300 pC show a factor 2 ampli�cation even without HOM
damping.

In the latter case the goal is to achieve the required high electron density at the plasma cell. Longitud-
inal bunch length compression would need to be implemented though a conventional 4-bend magnetic
chicane. The initial and �nal bunch parameters, of all cases, are listed in Table 3.1. Other operational
scenarios could be considered, like �lling all buckets of 800 MHz RF system in the SPS: 160 bunches,
50 pC (or 50/4),� 1.25 ns bunch spacing.

Table 3.1: Beam parameters in the linac.

Parameter Nominal High-charge Very-high-charge Plasma R&D
Bunch charge [pC] 50 300 1000 1700
Bunch length [mm] 150 200 750 250
Bunches per train [#] 40 40 1 1
Normalised emittance [mm] < 100
Initial energy [MeV] 200
Initial relative energy spread [%] 1
Final energy [MeV] 3500
Final relative energy spread [%] < 0:1% 0:2% 3% 0.5%

3.1.4 Injector simulations

In order for the eSPS linac to operate in each of the four operational modes mentioned in Section 3.1.3,
the injector must be �exible enough to provide beams of several different types, the parameters of which
are summarised in Table 3.1. The beam dynamics in the injector are dominated by space-charge effects
when the beam is at a low energy in the gun and bunching cavity. The beam parameters can be adjusted
by altering the pulse length and spot size of the laser, the electric �eld strength and phase of the RF
gun and bunching cavity and, the magnetic �eld strength of the gun and buncher solenoids. The current

15



Linac

instillation of the CLEAR injector uses a laser with a �xed pulse length of 4.7 ps, and �xed electric �eld
strengths of 80 MV/m and 18 MV/m in the gun and bunching cavity respectively.

The beam in the injector was simulated using the code ASTRA, to calculate the effect of space-charge
forces [27]. Any wake�eld effects in the S-band linac were considered negligible so were not included
in simulation. Any misalignments and losses were also omitted. To verify the validity of the ASTRA
model, the simulated beam was compared to experimental measurements of the beam in the CLEAR
user facility. Different bunch charges of up to 2000 pC with laser spot sizes of an RMS radius of up to
1.2 mm were investigated.

When accelerated on the maximum energy phase in the bunching cavity the bunch length stays around
the 4.7 ps (� 1400mm) of the laser pulse. To achieve shorter bunches the phase of the buncher is reduced,
with maximum compression achieved around zero crossing,� 90� below crest. The simulated bunch
length at different phases of the buncher gave reasonable agreement with experiment up to a charge of
500 pC on CLEAR, shown in Fig. 3.3. The minimum bunch length achievable depends on the bunch

Figure 3.3: A comparison of simulated and experimentally measured bunch lengths at different phases
of the bunching cavity on CLEAR for a laser spot size of 0.6 mm. The phase, 0� , is de�ned
as the phase of maximum energy gain.

charge, due to the increased space-charge forces in higher charge bunches. To reduce the effect of the
space charge forces, thus to maximise compression, the size of the laser spot can be increased. The
minimum lengths achievable in simulation for different laser spot sizes and bunch charge are shown in
Fig. 3.4. In these simulations it is assumed that the RF gun is operating at the peak energy phase. By
de-phasing the gun by up to� 20� , shorter bunch lengths can be achieved for bunches of charge less than
� 500 pC. For the nominal 50 pC case, a bunch length of less than 0.1 ps (30mm) can be achieved in both
simulation and experiment. Without any gun de-phasing the bunch lengths required for the high-charge
and very-high-charge modes can be satis�ed. The bunch length for the Plasma R&D beam may be able
to be achieved with velocity bunching alone, but the tolerance will be very �ne. Increased compression
with a magnetic chicane may be desirable for this operational mode.

When beams are accelerated with the crest energy phase in the buncher the energy spread of each
bunch simulated is less than the required 1%. When compressing, the energy spread grows. When
operating at maximum compression phase in the buncher, the energy spread of the beam after the buncher
is less than 4%, for each bunch up to 2000 pC. After the two following accelerating structures, the energy
spread is reduced to less than 1% for each bunch charge. It must be noted that for compression phases in
the buncher between the peak energy and maximum compression phases the energy spread is larger than
1%, with a maximum of� 4% at the end of the injector.

The emittance tolerance for the eSPS linac in each of the operational modes is quite large at 100mm.
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Figure 3.4: Simulated bunch lengths in CLEAR, at maximum compression for different laser spot sizes
and different charges.

When accelerating on crest in the bunching cavity, the emittance for bunches up to a charge of 2000 pC
remains below 20mm. When operating at a compression phase in the buncher, the emittance grows
relative to the peak energy phase by around a factor� 3. This growth can be suppressed by optimising
the strength of the buncher solenoid. After an optimisation, the emittance growth is reduced to a factor
� 1.7, with a maximum emittance of 35mm for a 2000 pC beam produced with a laser spot of 1.2 mm.

There are likely to be several small upgrades made to the CLEAR injector for use as the eSPS linac
injector. It is proposed to use two independent klystrons to power the gun and bunching cavity, instead of
the current setup of one. Therefore, the electric �elds in each would be able to be adjusted independently.
A higher �eld in the gun would reduce the emittance growth and bunch lengthening due to space-charge
effects. The gun would also be more able to operate at a lower phase for high charge bunches allowing
compression in the gun. The added klystron would also allow the optimisation of the buncher �eld to
maximise compression. The use of a new laser, with a shorter laser pulse, would also enable the creation
of shorter electron bunches. The emittance of the beam could also be signi�cantly reduced by optimising
the drift length between the gun and the buncher.

3.1.5 Start-to-end simulation results

In the presence of imperfections beam-based alignment techniques must be applied in order to preserve
beam quality. The alignment procedure follows the experience made in the context of linear collider
studies, and relative experimental tests, and consist of three steps to be applied in cascade:

1. Orbit correction, where dipole correctors are used to centre the beam through the BPMs;

2. Dispersion-Free Steering (DFS), where the dipole correctors are used to remove residual dispersion
introduced by misaligned quadrupoles;

3. Wake�eld-Free Steering (WFS), where the dipole correctors are used to remove wake�eld kicks
introduced by misaligned accelerating structures.

In order to perform trajectory correction, it has been assumed that all quadrupoles are equipped with a
beam position monitor, and corrector coils to de�ect the beam transversely in both horizontal and vertical
direction. Table 3.2 lists the RMS imperfections that have been considered. All simulation results shown
are the average of 100 randomly misaligned machines, corrected with beam-based alignment. Figure 3.5
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shows the relative emittance growth in presence of static imperfections for the four operational scenarios
described.

Table 3.2: List of imperfections.

Imperfection RMS Value
Quadrupole offset [mm] 100
Quadrupole pitch [mrad] 100
Structure offset [mm] 100
Structure pitch [mrad] 100
BPM offset [mm] 100
BPM resolution [mm] 10

Given the relatively large initial emittance, the impact of errors is small in both the nominal and
high-charge cases; in the case of very-high-charge or plasma R&D case the application of beam-based
alignment techniques is necessary to reduce the emittance growth.

3.2 Gun and injector

The CERN Linear Electron Accelerator for Research (CLEAR) injector operating at CERN can be used
basically unchanged to produce the electron beam with the speci�cations required for missing momentum
and beam dump experiments as well as for many other potential applications [24].

3.2.1 The CLEAR injector linac

The present installation is about 25 m long and its schematic layout is shown in Fig. 3.6. The electron
bunches are generated on a Cs2Te photo-cathode by a pulsed UV laser. This allows the generation of
a beam with arbitrary time structure with the minimum bunch spacing of 0.33 ns given by the 3 GHz
RF frequency of the gun (at present the spacing is limited to multiples of 0.66 ns by the laser system,
a modi�cation will be needed to be able to get multiples of 0.33 ns). The gun is followed by three
LEP Injector Linac (LIL) 4.5 m-long accelerating structures which are used for beam bunching and
acceleration. The �rst structure can be used to vary the bunch length from 0.3 to 1.2 mm rms by means
of velocity bunching. The gun, buncher and �rst accelerating structure are inside solenoid magnets
which provide tuneable focusing and space charge compensation. A matching section with three tuneable
quadrupoles and a spectrometer line complete the injector. The range of beam parameters which can be
obtained at the end of the CLEAR injector are summarised in Table 3.3.

Table 3.3: Beam parameters at the end of the CLEAR injector.

Parameter Value range Value for eSPS
Energy [MeV] 50 to 250 200
Bunch charge [nC] 0.001 to 1.5 0.05
Norm. emittance [mm] � 3 for 0.05 nC/bunch 3

� 20 for 0.4 nC/bunch
Bunch length rms [mm] 0.3 to 1.2 0.8
Energy spread rms [%] below 0.2 0.1
Number of bunches 1 to 200 40
Micro-bunch spacing [ns] multiple of 0.33 5
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Q = 50 pC(nominal)

Q = 300 pC(high-charge)

Q = 1000 pC(very-high-charge)

Q = 1700 pC(plasma R&D)

Figure 3.5: Relative emittance growth along the linac in presence of static imperfections, before and after
beam-based alignment. In the nominal and high-charge cases, the emittance growth remains
below 10%. In the case of very-high-charge and plasma-R&D, WFS is needed to reduce the
emittance growth to below 20% and 40%, respectively.

Figure 3.6: Layout of the CLEAR injector. The electron beam travels from right to left [24].
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3.2.2 Implementation of the CLEAR injector in the eSPS linac

The present installation is located in B2010, with some technical equipment being hosted in adjacent
building. All the equipment will be relocated in TT5 and in B183. A few upgrades and modi�cations
of the CLEAR linac are also planned, the main being the implementation of a new Modulator/Klystron
station, in order to provide more operational �exibility. At present, the RF gun and the �rst acceleration
structure, used as a buncher, are fed by a single klystron (see Fig. 3.6). In the new con�guration, they
will be independently fed by two klystrons, giving the possibility of completely independent adjustment
of the RF amplitude and phase, the use of compression only in the buncher, and slightly increasing
the maximum obtainable beam energy. The present laser system should also be modi�ed in order to
provide pulses with a spacing of 0.33 ns instead of the present value of 0.66 ns. A likely better alternative
is to substitute it with a new system, simpli�ed and adapted to the eSPS requirements. Other minor
upgrades and rearrangements will likely concern beam diagnostics and ancillary equipment. Some of
these upgrades are under study for the next few years of CLEAR operation, therefore, the details will
depend on their advancement at the time of installation in TT5.

In the new implementation layout (see Fig. 3.7) a 10 m free space has been reserved after the CLEAR
injector and before the linac, to host dedicated beam diagnostics and possibly a three bends chicane,
which will add �exibility for bunch compression especially at high bunch charge. In this space, a beam

Figure 3.7: TT5 Layout.

line will branch off the main one and give the possibility to send the beam back, through a 180 degrees
achromatic arc cell, towards the low energy experimental beamline, hosted in an independently shielded
zone within TT5.

3.3 X-band linac design

Unlike the injector where S-band (3 GHz) RF structures are used at a relatively low accelerating gradient
of about 15 MV/m in order to obtain the desired beam parameters, high gradient X-band (12 GHz) RF
accelerating structures are used in the linac in order to make it compact and accelerate the beam from
0.2 GeV up to 3.5 GeV within 70 m. A high gradient is required due to limited space in the TT4/TT5 area
at CERN. The X-band high-gradient RF technology has been developed in the framework of the CLIC
study and is now being widely adopted. The high-gradient X-band RF systems have been extensively
operated at CERN Xbox1, 2 and 3, as well as in several linac based light sources: SwissFEL, FERMI,
and LCLS, where it is used for beam manipulation and beam diagnostic purposes.
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For the klystron-based option of the �rst stage of CLIC at 380 GeV [28], an average loaded accelera-
tion gradient of 75 MV/m (95 MV/m unloaded) has been chosen as a compromise between making the
main linac as short as possible and reducing the required peak power and associated number of klys-
trons. About one klystron per metre is necessary to feed the klystron-based CLIC main linac. This very
ambitious speci�cation requires development of a special compact modulator unit accommodating two
high-ef�ciency klystrons. Going to slightly lower gradients for the eSPS reduces the peak power per
metre and simpli�es the integration in the available space in TT4/TT5 area. This makes it possible to use
commercially available klystron/modulator units used, for example, in XBOX2 facility at CERN. The
schematic layout of the RF unit is presented in Fig. 3.8. The total length of one RF unit is 2650 mm

Figure 3.8: Schematic layout of one X-band RF unit. Dimensions are given in mm.

including 2400 mm for four accelerating structures and 250 mm for magnetic quadrupole, BPM and in-
terconnections. Section 3.4 provides more details on the integration of different components into an
eSPS module and how the R&D done for the klystron-based option of CLIC has been used. In particular,
for the RF waveguide (WG) network connecting X-band klystron with four accelerating structures com-
ponents designed for CLIC has been used. Based on this, total power loss from the klystron to the input
of the accelerating structures has been estimated to add up to about 13%. Table 3.4 summarises losses in
each component and also indicates whether single or double height is used.

Table 3.4: Power loss in the X-band RF WG network.

Component Double height [Y/N] Power loss [%]
Long straight with bend Y 4.5
CCC Y 2.3
BOC Y 2.2
3dB-Hybrid Y 0.3
Directional coupler Y 0.3
Straight with 2 bends Y 2.2
3dB-Hybrid N 0.5
Straight with bend N 0.5
Total 12.8

The RF WG network includes an RF pulse compression system designed for klystron-based CLIC
that includes SLED-type pulse compressors based on Barrel Open Cavity (BOC) with Correction Cavity
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Chain (CCC). Power gain versus compression ratio curve calculated for CLIC and a pulse shape with a
�attop are shown in Fig. 3.9.

Figure 3.9: Power gain versus compression ratio for pulse compression system based on BOC + CCC is
shown.

For eSPS it is envisaged to use commercially available CPI VKX-8311A tubes. One tube can generate
50 MW, 1500 ns RF pulses at 100 Hz repetition rate. Based on this klystron pulse length a compression
ratio of �ve has been identi�ed as good compromise between achievable power gain (3.2) and com-
pressed pulse length (300 ns) available for �lling acceleration structure (AS) (100 ns) and accelerating
the train of bunches (200 ns).

The total �ange to �ange length of one accelerating structure is 600 mm. Using the CLIC design
for structure interconnection, an active length of 575 mm per structure can be used for the RF design.
With these two constraints on the �lling time and the active length. The accelerating structure has been
designed as a quasi constant gradient structure with linear tapering of the iris radius. In Fig. 3.10, the
distribution of surface �eld quantities, accelerating gradient, and power along the structure for a loaded
gradient of 60 MV/m averaged over the structure active length are shown (solid lines) for the nominal
train of 40 bunches of 50 pC every 5 ns for a missing momentum experiment. The dashed lines show the
unloaded case, which is very close to the loaded one since the peak beam current in the train is very low
(10 mA) and the beam loading effect is very weak and hardly visible on the plot.

The parameters of the X-band linac for an energy gain of 3.3 GeV are summarised in Table 3.5 for two
cases: the nominal case with 24 RF units in operation and the sub-nominal case where one RF unit is
defective and the corresponding energy gain is compensated by increasing the gradient in the remaining
23 RF units.

In both cases there is a large enough operational margin in the required klystron peak power for
an overall energy gain of 3.3 GeV since it is signi�cantly lower than the klystron maximum speci�ed
power of 50 MW. For operation in single bunch mode the compressed pulse is shorter (approx. 100 ns)
and higher compression factors can be used. However, since the RF pulse compression system and
accelerating structure parameters (summarized in Table 3.6) are optimised for multi-bunch operation and
cannot be adjusted for the single bunch mode the improvement in the effective power gain is limited and
estimated to go up to 3.5 only. This results in a rather small increase in the energy gain in the X-band
linac for the same klystron input power. Keeping the same operational margin for nominal parameters in
Table 3.5, the beam energy goes up from 3.3 GeV to 3.45 GeV only.
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Figure 3.10: Distribution of accelerating gradient (red), surface electric �eld (green),Sc (magenta),
power (black) and pulse surface temperature rise (blue) along the accelerating structure is
shown for 60 MV/m average loaded accelerating gradient (solid lines). The unloaded case
is also shown in dashed lines.

Table 3.5: Parameters of the X-band linac for energy gain of 3.3 GeV.

Parameter Nominal Fault
Klystron pulse length [ns] 1500
Power loss in WG [%] 13
Compression factor 5
Power gain 3.2
Number of RF units 24 23
Energy gain per RF unit [MeV] 137.5 143.5
Average acc. gradient [MV/m] 59.8 62.4
Required peak power per klystron [MW] 43.5 47.4

The structure is designed without any higher order mode suppression features, except the detuning
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Table 3.6: Parameters of the X-band accelerating structure.

Parameter First cell Last cell
Aperture iris radius [mm] 3.7 2.7
Iris thickness [mm] 1.35 1.35
Q-factor 7090 7020
Group velocity [% ofc] 3.6 1.34
R0=Q [kW/m] 14.3 17.5
Number of cells 69
Active length [mm] 575
Input power for <60MV/m> [MW] 30.5
Rise time (1/bandwidth) [ns] 12
Filling time [ns] 88

caused by the iris tapering. The frequency of the �rst dipolar Higher Order Mode (HOM) changes from
16 GHz in the �rst cell to 17.2 GHz in the last cell. The difference in frequency of 1.2 GHz results in
a suppression of the wake�eld amplitude by an order of magnitude within 1 ns, resulting in a very low
value of the wake�elds at the position of the second bunch. Since the structure has 69 cells, wake�eld
re-coherence takes place and the amplitude increases every 60 ns. Nevertheless, ohmic losses in copper
walls help to reduce the wake�eld amplitude on this longer time scale. The amplitude of the transverse
long range wake�eld at the positions of all 40 bunches is presented in Fig. 3.11 demonstrating good
wake�eld suppression.

Figure 3.11: Magnitude of the transverse wake�elds in AS is shown for the �rst dipole mode at the
position of the bunches with 5 ns spacing (circles) and 1.25 ns (dots). Dashed line is the
envelop of Q = 5000 mode for comparison.
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3.4 Linac integration

As described in Section 3.3, four 0.6 m long accelerating structures are assembled in one eSPS Module
(see Fig. 3.12). Each of the structures is aligned by adjustable supports that are envisaged to provide an

Figure 3.12: Side view of the eSPS Module, with longitudinal dimensions.

alignment precision of the accelerating structures within 10mm rms with respect to the beam axis. The
Module is also supporting a quadrupole magnet and its associated Beam Position Monitor (BPM). In this
case it has been chosen to adopt an adjustable support for the BPMs based on a platform developed by the
Survey Group that can be equipped with motors, thus allowing realignment of the quadrupole during the
accelerator operation or using it to introduce beam steering. The possibility to adopt integrated steering
dipoles is also considered in order to avoid the complication introduced by the motorised displacement
of the quadruple magnet. The accelerating structures and BPMs are sitting on a steel girder, which is
supported and aligned by means of jacks that have already been used for Linac4 installation.

A total of 24 Modules is required to achieve the �nal electron energy of 3.5 GeV. Due to the limited
available space in the installation area an as compact as possible layout has been adopted (see Fig. 3.13).
Each Module is fed by a single 12 GHz klystron delivering a 43.5 MW, 1.5ms RF pulse to a pulse com-
pression system. A compressed RF pulse 300 ns long is delivered to each accelerating structure with
30.5 MW peak power. The power delivery system adopts waveguide components that have been de-
veloped for the CLIC accelerator and have been built and tested at the Xbox test stations. We estimate
that 13% of the power is lost in the power distribution system. The average power dissipation is 0.9 kW
for each TW accelerating structure and 0.6 kW in the output load, if the 100 Hz operation is assumed.
The accelerating structure temperature stabilisation is achieved by demineralised water circulation at
the reference temperature of 28� C. The water consumption is estimated in 6 litres/min per accelerating
structure.

3.5 Linac beam instrumentation

The source and injector will be reusing the existing CLEAR facility along with its current beam instru-
mentation. The latter will bene�t from the most recent development in beam instrumentation performed
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Figure 3.13: Two eSPS Modules in the accelerator tunnel.

on CLEAR for low beam charge using inductive BPMs [29]. The beam position monitors along the
X-band linac will be based on RF cavities also developed for the CLIC main linac [30]. There will
be one monitor per quadrupole, i.e. 24 BPMs in total for the full linac. The beam energy, emittance
and bunch length will be measured at the entrance and the exit of the linac to monitor the evolution
of beam properties before and after acceleration. Beam emittance and energy measurements will be
based on Optical Transition Radiation (OTR) beam-imaging systems (BTV). Emittance monitoring is
performed at the entrance and the exit of the linac using optical systems capable of providing resolution
better than 10mm [31]. The beam energy is measured in spectrometer lines equipped with optimised
screen materials and shapes developed for the CLIC test facility 3 (CTF3) [32, 33]. Non-invasive bunch
length measurements will be performed non-invasively using coherent radiation [34] or electro-optical
techniques [35].

3.6 Possible upgrade for positron related studies and its impact on the electron linac

There is an enormous interest in studying positron production and acceleration for future lepton collider
projects. Worldwide only a few positron sources are still operated and usually part of facilities with
little time for R&D. Ef�cient positron production typically requires a primary electron beam of a few
GeV which is then converted into a positron beam using a dense target. The availability of a 3.5 GeV
electron beam, therefore, presents an excellent opportunity to study positron production and possibly re-
acceleration. A �rst step could be to implement a converter target area into the facility which allows the
study of target technologies and their limitations, a very critical area in the design of a reliable positron
source. The positron yield which can be achieved is a �gure of merit for these sources. A second critical
device is the so called adiabatic matching device, a strong pulsed magnet which focuses and collects the
low energy positrons for re-acceleration. A promising place for such a positron source R&D area could
be the �rst alcove within the TT61 transfer tunnel. The primary beam could be separated with a dogleg
from the main SPS injection line allowing the installation of a positron target, a capturing device and
some diagnostics including a beam dump. The location in the underground tunnel would not require
excessive shielding to be able to perform such experiments. Figure 3.14 shows a schematic of the CLIC
positron source consisting of a hybrid target and an adiabatic matching device.

26



CERN Yellow Reports: Monographs, CERN-2020-008

Figure 3.14: Schematic layout of a positron production target consisting of a tungsten crystal and an
amorphous tungsten target followed by a adiabatic matching device.

The CLIC positron source [28, 36] represents a typical example of such a source and is similar to
the one proposed for FCC-ee. In order to provide high quality, high energy positrons for experiments,
the positrons have to be captured and re-accelerated to a few 100 MeV and cooled in a damping ring.
After that they can be transported back to the beginning of the linac and �nally accelerated to 3.5 GeV.
The yield of such a system would be of the order of one, which would result in positron bunches relev-
ant for lepton collider studies. These beams could be used for plasma based acceleration studies with
positrons, which is still an unsolved problem for future linear colliders based on plasma acceleration, see
Section 6.6. Another possibility would be to inject the positrons into the SPS for further acceleration
and for damping ring studies or Muon collider studies based on the LEMMA scheme. It is, however,
not straightforward to upgrade the proposed eSPS linac facility to a high energy positron source without
additional civil engineering. Nevertheless such an integration could be feasible as shown by the pro-
posed FACET II facility which includes a positron production target, damping ring and re-acceleration
all within the moderately sized SLAC main tunnel[37]. To summarise, the implementation of an area
for positron production studies seems straightforward and would require only minor modi�cations of the
beam transfer line down to the SPS in TT61 while a full energy positron beam available for experiments
represents a larger integration challenge. More details about the potential research program of such an
upgrade of the facility can be found in Section 6.6.

3.7 Possible upgrade for plasma related studies and its impact on the electron linac

The possibilities and the potential for plasma-based acceleration Research and Development taking ad-
vantage of the 3.5 GeV electron linac are described in Section 6.4. For these kind of experiments the
high energy 3.5 GeV linac with its excellent beam quality is used to accelerate the drive bunch. The
witness bunch has to be truly independent to be able to probe the wake�elds at variable distances without
compromising the beam quality of the witness bunch. This can only be achieved with a second inde-
pendent injector. Therefore, to fully exploit the potential of such experiments, a second injector could
be added in an upgrade of the facility. An energy between 100 and 200 MeV would be suf�cient for this
purpose. Further requirements as explained in Section 6.4 are a very short bunch length of the order of
140 fs (42mm), a moderate charge of 100 pC and a small emittance to be able to match the witness beam
to the plasma wake�elds. Such an injector has been studied in detail for the AWAKE project[38] and
could be �tted into the facility at the beginning of the TT61 tunnel. The injector consists of an S-band
RF-gun followed by X-band structures for velocity bunching and acceleration. The beam produced by
the injector could be connected with a achromatic dogleg onto the main beam axis at the end of the
linac. After the dogleg an approximately 2 m long experimental area would be needed to accommodate
a plasma cell and corresponding diagnostics. Finally a spectrometer capable of beam energies of up to
10 GeV is needed at the end of the beam line. A schematic drawing of such an implementation can be
seen in Fig. 3.15. Space for two more modulators units can be found extending slightly in the klystron
gallery.

The injector itself could use a slightly modi�ed X-band acceleration module as described for the main
linac. This would provide up to 160 MeV of acceleration when powered by a single X-band klystron.
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Figure 3.15: Schematic layout for a second injector dedicated for plasma wake�eld acceleration research.
The injector could be installed at the beginning of TT61 and connected via a dogleg to an
experimental area at the end of the linac.

According to the AWAKE study the witness beam injector could produce the required beam parameters,
see Table 3.7.

Table 3.7: Tentative Beam parameters for a witness beam injector.

Parameter Value
Energy [MeV] 160
Bunch charge [pC] 100
Norm. emittance [mm] 1
Bunch length rms [fs] 140
Energy spread rms [%] 0.1

Beside the space for the experimental area at the end of the X-band linac, no hardware modi�cations
are necessary within the main linac and injector. However, the drive beam requires a high charge of
1.7 nC which has to be accelerated and �nally compressed to a bunch length of 0.8 ps (240mm). Beam
dynamics studies have shown that the acceleration of such a bunch is feasible with the linac described in
Section 3.1. Such a facility would represent unique opportunities to study beam driven plasma wake�eld
acceleration (PWFA). For the time being, there are no facilities in the world providing truly independent
drive and witness bunches, which is essential to study emittance preservation, beam loading and energy
spread compensation in detail and with high precision for collider applications.
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4 SPS and transfer lines

From 1989, and for more than a decade, the SPS was used as injector for the LEP. It accelerated electrons
and positrons coming from the PS from 3:5 GeV to 22 GeV [4]. This clearly demonstrated capability was
the genesis of this new proposal to once again accelerate leptons in the SPS ring.

The concept draw on the LEP era but several aspects are adapted to the new experimental requirements.
We discuss in particular the new the injection, acceleration and extraction systems proposed to produce
a low-current but high frequency spill of electrons at 16 GeV.

4.1 Linac to SPS transfer

Electrons from the linac in transfer tunnel 4 (TT4) will be transported through TT61 to the injection
system in SPS long straight section 6 (LSS6). Figure 4.1 presents a conceptual design of these transfer
line optics. Beam size is represented using a 4s envelope with the beam parameters mentioned in
Table 3.3 and includes maximum trajectory offsets of 2 mm.

Figure 4.1: Beam envelopes and optical functions from the linac to the SPS.

4.1.1 TT61 transport

The linac matching section is composed of six independently powered quadrupoles. Those quadrupoles
of type QTN allow matching of the beam envelope coming from the linac to larger sizes that are more
convenient for the long and mostly straight transport in the TT61 tunnel. Bending of the trajectory in
both horizontal and vertical planes is needed to transfer the beam from the linac to the axis of the TT61.
A total of four water-cooled dipoles of type BH2 type2 will be used in the linac matching section.

A long FODO straight section uses QTR type quadrupoles in a regular arrangement of two families
powered in series. Those low-�eld quadrupoles provide suf�cient focusing strength, large aperture and
present the advantage of being air-cooled. The use of air-cooled magnets in TT61 for around 400 m
minimises the costs by forgoing the need to supply cooling water.

From the end of the FODO section the beam joins the TI2 and TT61 lines currently used for transfer of
the proton beam from the SPS to the LHC. A further three dipole magnets are used to align the trajectory
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of the electron beam with the TI2 line. The existing magnets and powering scheme in TI2 are used to
provide the optics and beam sizes shown in Fig. 4.1. However, this study does not consider power supply
stability or remnant �elds at the very low currents the magnets of the TI2 and TT61 lines will need to
be operated. Table 4.1 lists the existing magnets that are considered to be re-used in the design of the
electron transport line, only needing at most a refurbishment before installation.

Table 4.1: List of existing magnets used in the linac to SPS beam transport line design.

Name Type Quantity Max. current [A] Max. integrated strength
QTN Water-cooled quadrupole 6 150 2:0520 T
QTR Air-cooled quadrupole 11 50 0:4997 T
BH2 Water-cooled dipole 7 650 0:7752 Tm

4.1.2 SPS injection

Matching of the beam to the SPS lattice is imperfect despite the many independent quadrupoles available
in TI2/TT61. In particular, a mismatch of the horizontal dispersion causes a large horizontal beam size
in the SPS ring. A more careful design of the transfer line optics and FODO section may cure this
mismatch but is not critical for our application. As long as the beam �ts within the acceptance of the
SPS, the synchrotron radiation damping will ensure that beam characteristics quickly converge towards
their equilibrium values.

The injected bunch structure will depend on the linac injector and the SPS RF system frequency. We
consider here that the linac will produce 200 ns trains of bunches. A fast bunch-to-bucket fast injection
scheme, very similar to the one in used during LEP era [4], will synchronise the injection of the bunches
with the SPS buckets. The number of bunches per train will depend on the frequency of the SPS RF
system and the experimental requirements. It could be as little as 40 bunches for a 5 ns spacing between
bunches or as much as 160 bunches to �ll the SPS with an 800 MHz RF system.

Figure 4.2 shows the injection trajectory through the side channel of the quadrupole QDA61910 fol-
lowed by bending by the MSE septa and de�ection onto the SPS orbit by a new fast kicker. As during

Figure 4.2: Horizontal electron injection trajectory in the SPS LSS6 region.

LEP operation in LSS1, the MSE will be powered at low �eld using a new low current power supply and
the MST will be powered-off but demagnetised using another power supply.

Short trains of 200 ns coming from the linac require a kicker system with fast rise or fall time, to allow
maximum �lling of the ring. A transmission line of magnets composed of two 50 cm tanks could achieve
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a rise time of 100 ns and the desired �at-top of 200 ns to provide the required kick of 500 µrad. The use
of solid state switches will allow a 100 Hz repetition rate. The SPS will be �lled by up to 70 trains within
less than a second. The new kicker system has to be designed and built but will largely make use of
existing technologies and CERN competencies.

4.1.3 Beam instrumentation

Fourteen new inductive beam position monitors [29] are required to measure the beam trajectory through
the transfer line, with two new Optical Transition Radiation Beam TeleVision (OTR-BTV) systems [31]
foreseen to measure the average beam size at the beginning and the end of the transfer line.

In addition, two new OTR-BTV systems [31] will also be required to measure the average beam size
and position upstream and downstream of the new injection kickers to be installed in the SPS LSS6
section.

4.2 SPS acceleration

After injection into the SPS, the electron bunches should be accelerated from 3:5 GeV to 16 GeV. In the
LEP era, a dedicated RF system for lepton acceleration at 200 MHz was installed in the SPS LSS3. If
the same system is reinstalled in LSS3, a total of twelve cavities, providing 1 MV RF voltage each, will
be suf�cient to store and accelerate electrons up to 16 GeV. A frequency of 200 MHz would be the min-
imum frequency to ful�l the time structure of the eSPS beams and also the 15th harmonic of the injector
frequency. Higher frequencies, up to 800 MHz, open the possibility for increased number of bunches
(x4) and give reduced beam loading for high current beams. Frequencies of 200, 400 and 800 MHz are
already in use at the CERN accelerator complex with signi�cant operational experience of both normal
and superconducting RF systems. Although different options at these frequencies were considered, only
the use of the normal conducting 200 MHz cavities from the LEP era and a superconducting option at
800 MHz are discussed below.

4.2.1 Normal conducting RF system

The LEP-era 200 MHz cavity design and the RF system are described in [39–41]. Although thirteen of
LEP-era 200 MHz RF cavities were stored in good conditions and are still available for re-installation into
the SPS ring, only a few of the RF auxiliaries are still available. Most of the HOM dampers, fundamental
power couplers and tuners have to be rebuilt. In addition, a new high power RF system including 60 kW
power ampli�ers for each cavity has to be built and installed in the SPS together with the new LLRF
system. In general, the 200 MHz RF system, accelerating leptons in the SPS used as a LEP injector, was
very robust. It worked for twelve years and had a very little impact on the down time, also during the
proton operation for �xed target experiments.

All RF systems for lepton acceleration were removed from the SPS, along with many other items,
when the LEP was decommissioned. This allowed to reduce the impedance of the SPS ring which was
necessary for the production of high intensity (nominal) proton beams for the LHC. To double the bunch
intensity for HL-LHC, a broad impedance reduction campaign is underway in the framework of the LIU
project [42]. Re-installation of twelve accelerating cavities for electron acceleration in the SPS ring will
require a detailed study of the impact of their impedance on beam stability for proton operation including
both their low-frequency inductive part ImZ/n and narrow-band HOMs. The so-called low-frequency
ImZ/n, will be increased by 0:55W, comparable with overall SPS impedance after LIU upgrades. This
preliminary estimate was done using the values published in Ref. [43]. A 200 MHz normal conducting
RF system designed for beam capture in the LHC [44] could also be a potential alternative, but the
compatibility with HL-LHC beams in the SPS have to be assessed, similar to the LEP-era cavities.
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SPS and transfer lines

4.2.2 Superconducting RF system

In the framework of the HL-LHC project, a new vacuum sector in the SPS LSS6 region was created
to test superconducting crab cavities with proton beams [45]. This sector comprises two Y-shaped va-
cuum chambers articulated by mechanical bellows, the circulating proton beam line and the beam bypass
consisting of an RF module. The mechanical bypass is equipped with a movable table to move the cryo-
module in and out of the circulating beam path. A dedicated RF system, cryogenic system and general
infrastructure were put in place on the surface (BA6) and in the tunnel (see Fig. 4.3), and then success-
fully operated with beam during 2018. The mechanically movable bypass allows the installation of an

Figure 4.3: Schematic view of the tunnel and surface installation of the cryogenic, mechanical and RF
infrastructure in the SPS [45].

RF module operating at 800 MHz for a dedicated mode of operation with electrons. This con�gura-
tion alleviates the strong constraints of impedance requirements for the high intensity proton beams and
other modes of SPS operation. The remotely operated bypass with 2 K helium, allows a rapid exchange
between the dedicated mode and regular operation in about 10 minutes, already demonstrated in 2018.
An alternative method could foresee a �xed dog-leg at the same location using the SPS magnets (or ad-
ditional elements) to allow the electrons to circulate through the bypass with the RF cryomodule while
the protons circulate through the empty vacuum chamber. Feasibility of such a con�guration requires a
detailed study on magnetic requirements, integration and aspects related to synchrotron radiation in the
dog-leg region.

Recent studies in the framework of the FCC study have led to design of the 800 MHz cavities ranging
from single-cell for high beam currents to �ve-cell structures for the high energy and lower beam cur-
rents [46, 47]. A schematic of two �ve-cell cavities housed in a cryomodule and suitable for acceleration
of the electrons from 3:5 GeV to 18 GeV is shown in Fig. 4.4 and some relevant parameters are listed in
Table 4.2. The two-cavity con�guration would only require a moderate 5 MV=m per cavity to keep the

Figure 4.4: Two-cavity concept for a cryomodule using �ve-cell 800 MHz cavities for the bypass option.

RF power to moderate level and be compatible with the existing crab cavity RF chain. A �ve-cell cavity
in bulk niobium was built in collaboration with Jefferson lab and obtained an accelerating gradient of
30 MV=m [48].

The length of such a cryomodule is approximately the same as the crab cavity module presently in-
stalled. The two-cavity option is also compatible with the rest of the infrastructure needs. Due to the
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