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This report provides an insight into the progress of the FCC-ee Injector
Study collaboration in the framework of the CHART proposal over the past
12 months. The report is organised with a section for each work package to
highlight the results achieved for each topic.
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1 Overall Parameter Optimization (WP0)

The FCC-ee pre-injector complex must provide the electron and positron bunch trains
for alternating bootstrapping injection during both top-up and filling from scratch op-
erations. The most demanding collider operation mode in terms of bunch population
in the single bucket is the Z-pole running [1]. Considering the charge per bucket and
lifetime for this operational mode then an alternating injection of a train of positrons
and electrons approximately every few tens of seconds is required to ensure the correct
balance within 5% between positron and electron bunch charges during collider opera-
tion. The baseline described in the CDR [1] considers a 6 GeV linac, with two bunches
per RF pulse with a time separation between 15 ns and 25 ns, with a repetition rate up
to 200 Hz and two possible options for the pre-injector complex. In the first option, the 6
GeV bunches are injected into the existing Super Proton Synchrotron (SPS) ring, while
in the second option, an additional High-Energy (HE) linac would increase the energy
from 6 GeV to 20 GeV and inject the beams directly into the Booster Ring (BR). Table 1
lists the specifications to be considered as target parameters at the pre-injector end for
the two options. It is worth noting that the maximum charge to be injected into the
collider rings at each injection from the booster is about 4 nC (bunch population 2.5·1010
particles), and considering a transmission efficiency between the different accelerators,
such as between the linac and the booster ring (BR) and the BR and the collider rings
(CRs), of 80%, then the pre-injector must guarantee a charge of about 5 nC at the end
of the pre-injector.
Figure 1 schematically shows the latest basic layout of the pre-injector complex. It in-
cludes two separate linacs for electrons and positrons up to a beam energy of 1.54 GeV
– the Electron Linac (e-Linac) and the Positron Linac (p-Linac), respectively. For the
positron production mode, following the e-Linac, the electron bunches will share a sec-
ond linac, the Common Linac, with the positron bunches coming from the damping ring.
The common Linac (c-Linac) will increase the energy of both species to an energy of 6
GeV. The schematic layout also includes the high-energy (HE) linac, which boosts the
beam energy from 6 GeV up to 20 GeV in order to inject beams directly into the BR
without passing through the Super Proton Synchrotron (SPS) ring. The baseline for
the positron source is based on a conventional scheme using electrons from the common
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Table 1: Target parameters for latest baseline layout of the pre-inejctor for the Z-pole in
the collider.

Baseline HE Linac Unit
Ring for injection PBR BR
Injection energy 6 20 GeV
Single bunch charge 4 4 nC
Repetition rate 200 200 Hz
Number of bunches 2 2
Bunch spacing 15− 25 15− 25 ns
Rms nor. emittance (x, y) 50, 50 10, 10 mm.mrad
Rms bunch length ≈ 1 ≈ 1 mm
Rms energy spread 0.3 ≈ 0.1 %

linac at 6 GeV impinging on a tungsten target while two options are currently being
considered for the Adiabatic Matching Device (AMD). The first involves the use of a
Flux Concentrator (FC), which makes use of a pulsed magnet, a technology currently
used in the SuperKEKB collider positron source, while the second involves the use of a
superconducting solenoid (SC). The technology used to make the solenoid is based on
High-Temperature Superconducting (HTS) tape, and a demonstrator will be tested in
the SwissFEL linac at PSI. Following the positron linac, an energy compressor system
is used to reduce the incoming beam energy spread in order to maximize the injection
efficiency into the Damping Ring (DR) for emittance reduction. A complex and long
transfer line system is used to bring back the positron beam from the DR to the com-
mon linac where is accelerated up to 6 GeV. The transfer lines system includes doglegs
to implement injection and extraction in and from the DR, and arcs to bring back the
low-emittance positron beam to the entrance of the common linac stage. A bunch com-
pressor is also used to keep under control the bunch length of the positron beam before
the injection in the common linac.
During the process of generating positrons, both positron and electron bunches must be
accelerated in the common linac. There are two possible configurations being considered
for the temporal structure. In the first configuration, positron and electron bunches are
accelerated in separate RF pulses that are spaced 2.5 ms apart, resulting in an effective
repetition rate of 400 Hz (2×200 Hz). This arrangement poses challenges for the RF
source, the klystron, and the accelerating structures, as they all need to work at such
a high repetition rate and handle the associated high power dissipation. Alternatively,
in the second configuration, two bunches of positrons and two bunches of electrons are
accelerated within the same RF pulse with a repetition rate of 200 Hz. Accommodating
four bunches within a single RF pulse presents even more significant difficulties for the
low-level RF system, and the feasibility of this approach must be thoroughly examined.
Additionally, a more fundamental issue would be the requirement for different magnet
settings for electron and positron bunches. The currently baseline is the configuration
in which the common linac is operated at 400 Hz.
The top-up operation also still needs to be clarified in order to define the lower limit of
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Figure 1: Latest baseline layout of the pre-injector complex including the high-energy
(HE) linac.

the charge variation, which should arbitrarily vary from 0% to 100%. This requirement
results from the different lifetimes of the individual bunches in the collider rings, which
will also determine the filling pattern for each injection. Regarding to the emittance,
the specification for the injection into the BR requires a rounded beam with an rms
normalized emittance of 10 mm.mrad in both planes to ensure a shorter cycle in the
booster itself. This specification has an impact on both electron source and DR parame-
ters. In particular, the electron source must guarantee this emittance value even during
the required charge variation for top-up operation, and this question has an impact on
the optimization of the photo-cathode RF gun. Currently, the existing baseline does not
include the use of the DR for electron bunch and this particular option will undergo a
thorough review in the future.
In order to achieve independent design specifications for the linacs in the pre-injector
from those of the BR, an energy compressor is planned in the transfer line from the HE
linac to the BR. This arrangement is depicted in the top left part of the figure 1. By
adopting this approach, the design of the linacs can converge towards a solution for the
beam length and energy spread at the linac end specified in 1 without considering more
complex layouts that include compression and/or decompression of the beam along the
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different linacs.
The design process of pre-injector study is also collected in two scientific reports where
the results are presented in more detail including a comprehensive list of references
[11, 12].

1.1 Pre-injector layout with a damping ring at higher beam energy

As it will be seen in Tab. 7, in later chapters of the text, the current positron yield
estimate allows for some consideration concerning the production of positrons at lower
electron beam energy and higher-energy for the DR. A schematic layout considering a
DR at 2.86 GeV is shown in Fig. 2.
This approach allows all linacs to operate at 200 Hz with 2-bunch to meet the CR filling

Figure 2: Schematic layout of the pre-injector with a damping ring at higher energy.
linac. EC: Energy Compressor, BC: Bunch Compressor.

specification without having to provide for challenging 400 Hz operation of the common
linac. A dedicated linac for electrons and positrons up to 2.86 GeV leads to considerable
simplification in operations while maintaining or reducing the total acceleration length.
For example, simpler operation of the common linac in terms of seconds instead of
milliseconds between positron and electron operations. Furthermore, with this approach,
no positron return line and arc are required.

2 Electron Source, Electron and Positron Linacs (WP1, WP2)

2.1 Electron Source

The most recent baseline configuration of the injector complex, as illustrated in Fig. 1,
includes a single electron source for the production of both the nominal electron beam
and the driver electron beam for positrons production. Extensive simulations has been
conducted on the electron source, which involves employing an photo-cathode RF gun
followed by acceleration to approximately 200 MeV. This particular configuration has
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been thoroughly studied and is now established as the fundamental design for the pre-
injector. The primary specification for the electron source is to generate a bunch with
a charge of 5 nC while maintaining a normalized emittance below 10 mm.mrad, as per
the requirements for injection into the main beam ring (BR).
Furthermore, investigations into the yield of positron production indicate that 5 nC
electron bunches are sufficient to achieve the desired positron bunch charge. Various
distribution models, such as uniform and truncated Gaussian, have been examined. The
following beam parameters can be attained at the end of the electron source, specifically
at 200 MeV, effectively meeting the specified requirements. These parameters, along
with the simulated distributions, have been utilized as inputs for the subsequent design
and simulations of the down-stream linacs. Please refer to Table 2 for the specific source
parameters.
The latest baseline layout of the injector complex, as illustrated in Fig. 1, includes a
single electron source for the production of both positrons and electrons. The electron
source is composed from a photo-cathode 2.6 cell RF photo gun followed from three
RF accelerating structures to reach the beam energy of approximately 200 MeV. The
main specification for the electron source is to generate a bunch with a charge of 5 nC
keeping the normalized emittance below 4 mm.mrad in order to have a margin in any
emittance growth along the linacs and transfer lines between linacs. Both uniform and
truncated Gaussian distributions have been studied and table lists the optimized beam
parameters that were achieved at the end of the electron source. These parameters and
the simulated distributions have been used as input for the design and simulations of
the following linacs.
One of the most challenging aspects for the electron source is the top-up operation mode

Table 2: Electron Source beam parameters at 200 MeV with a bunch charge of 5 nC.

Parameter Uniform Distribution Gaussian Distribution
Transverse Emittance [mmmrad] 2 3
Energy Spread rms[%] 0.4 0.25
Bunch Length rms (mm) 0.98 1.3

for the collider. In this operational mode, the bunches circulating in the collider rings will
be topped up with charge according to the charge decreasing during a collision. Therefore
the injector has to deliver varying bunch charges in the range of 10-100% for each bunch.
Since we operate in a two bunch per rf pulse scheme with a distance of 15-25 ns it will
be likely not possible to change the charge within these two pulses if the cathode is
driven by only one laser. To enable this possibility, two independent lasers need to be
foreseen. The source and the linac will work with a 200 Hz repetition rate, leaving 5 ms
between pulses to adjust laser, RF or magnet parameters. A detailed beam dynamics
study has been started to determine which parameters need to be changed for different
bunch charges to deliver as similar beams as possible. The best option would be to
leave RF and magnet parameters constant and change only the laser spot size on the
cathode so that the charge density stays as similar as possible. The spot size could be
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manipulated fast enough using a controllable mirror array. Simulations show that, in
this case, the beam parameter variation at the exit of the electron source is not to big
(see Fig. 3).

Figure 3: Beam parameter variation as a function of bunch charge simulating the top-up
operation of the electron source and pre-injector.

2.2 Electron and Positron Linacs

Extensive beam dynamics simulations have been done to study both longitudinal and
transverse beam dynamics. The main purpose was to define the design specifications
for RF structures in terms of iris aperture, working frequency, structure length, gradi-
ent, etc.. In the context of longitudinal dynamics, the study considered two options:
without and with an energy compressor to be installed in the transfer line between the
pre-injector and the booster ring. The solution with the energy compressor leaves more
room for variation of the beam parameters in order to meet the injection specifications
in the BR. Fig. 1 shows the bunch length, relative energy spread and emittance at the
end of the different linacs for the case of the 5 nC electron bunch. As can be seen,
the specifications in Tab. 1 are met, and with the energy compressor it is possible to
achieve a wide range of variations in bunch length and relative energy spread, see beam
parameters listed on the top right in Fig. 1.
According to the simulation results collected in [11, 12], we are converging with the
definition of the RF structures for the different linacs. The RF parameters of the accel-
erating structures for the linacs are collected in the Tab. 3. For the p-linac, 30+1 2-GHz
three-meter-long type accelerating structures are required to reach a positron energy of
1.54 GeV. The module layout consists of one HV modulator, one klystron with a 5-µs
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RF pulse length, one pulse compressor and two three-meter long structures. Assuming
power losses in the waveguide system and klystrons operating at 90% of their RF power
specifications, the required number of modules is then 15+1. The klystrons peak RF
power specification is 80 MW. For the e-Linac, the three-meter 2.8-GHz structure with
an average aperture radius of 16.1 mm is very attractive because it has the high effective
shunt impedance. An RF module consists of one HV modulator, one klystron, one pulse
compressor and two three-meter long structures. To achieve an energy gain of 1.54 GeV
in this configuration and assuming on-crest operation, 10+1 RF modules are required
with a klystron RF peak power specification of 80 MW and an RF pulse width of 3 µs.
One of the salient features of the common linac is its operation at a 400 Hz repetition
rate. In this case to keep under control the dissipated power in the RF system and using
the same 2.8-GHz RF structure as in the e-linac then 70 RF structures are necessary to
reach the beam energy of 6 GeV. With two RF structures, a klystron with a peak power
of 50 MW and using an RF pulse compressor then 35 modules are necessary to reach
the beam energy of 6 GeV.
For HE linac, the baseline remains the S-band operational frequency, although the C-
band frequency could bring some benefit in terms of power consumption. Table 4 shows
the estimated plug-power required for the linacs at the pre-injector. As can be seen,
the network power for the HE linac with the C-band option is 30% lower compared to
the S-band option. However, the S-band option has important advantages including the
possibility of using the same RF module as in the e-linac, which uses most of the RF
components of the c-linac. This aspect is very cost-effective in terms of spare parts and
maintenance costs. It is also more suitable for beam dynamics because the iris aperture
is larger and the RF curvature is smaller compared to the C-band option. Furthermore,
the S-band technology is much more available on the market and also more mature,
This last aspect when considered together with the costs which are similar to the C-
band option has led to the conclusion that for linac HE the S-band option is the most
cost-effective.
For the RF power sources i.e. klystrons, one of the technical challenges for the positron,
electron and common linacs is the high repetition rates that are under consideration,
200 Hz for the position and electron linacs and 400 Hz for the common linac. More-
over, there is no klystron designed to operate at 2 GHz. At 2.8 GHz, although there
are no klystron at this specific frequency, many klystrons have demonstrated reliable
performances at 2.856 GHz. Consequently, frequency adjustments on the klystron cav-
ities would certainly reduce the development cost of such klystrons. The high average
RF power resulting from higher repetition rates would be dealt with by redesigning the
water cooling system of the klystron body and collector. Several companies have been
contacted to assess the feasibility of klystrons operating at 2 GHz, 2.8 GHz and 5.6 GHz.
One of these companies provided us with peak RF power levels that could be achieved
at repetition rates of 200 Hz and 400 Hz for an RF pulse length of 3 µs and 5 µs - see
Tab. 5.
To evaluate the impact of different charge values for the top-up operation, simulations
were performed by varying the beam charge from 10% to 100%. The results showed that
although charge variations affect the longitudinal dynamics of the beam, the current
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Table 3: RF module summary table for all linacs. For RF power from the klystron,
waveguide losses and 90% of the available RF power are taken into account. Two
BPMs, two quadrupoles and two correctors are included in each RF module.

p-linac e-linac c-linac
HE-linac
S-band

HE-linac
C-band

Unit

Frequency 2 2.8 2.8 2.8 5.6 GHz
Repetition rate 200 200 400 200 200 Hz
Min. iris radius 30 16.1 16.1 16.1 10.2 mm
Length 3 3 3 3 3 m
Filling time 447 486 486 1486 334 ns
SLED/BOC coupling 17 15 15 15 10
RF pulse length 5 3 3 3 3 µs
Average gradient 20 29.5 23.4 29.5 28.8 MV/m
Energy gain per structure 60 88.5 70.2 88.5 86.4 MeV
Klystron power per struct. 31 30 18.9 30 18.2 MW
Klystron max. power 80 80 50 80 50 MW
Structures per klystron 2 2 2 2 2
Number of structures 1+30 1+20 70 164 172
Number of rf modules 1+15 1+10 35 82 86
Length of all modules 140 90 262.5 615 645 m

Table 4: Comparison of the plug-powers for the linacs at the pre-injector.

Linac Plug-power [MW]
klystron efficiency [%] 42 65
p-linac 6.1 4.0
e-linc 3.2 2.1
c-linac 12.5 8.3
Total p-, e-, c-linac 21.8 14.5
HE linac - S band option 23.6 16.0
HE linac - C band option 15.2 11.1
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linac configuration allows for accommodating various levels of charge required for the
top up operation. The different charge corresponds to different beam loading, which re-
sults in different energy and energy spread at the end of the common linac. The energy
compressor between the linac end and the transfer line to the BR can still be used to
compensate for these effects. The system converts the energy separation between the
first and second bunch into time separation due to the non-zero R56. In such a way,
the bunches travel through downstream RF structures so that they experience different
RF phases and finally different energy gains. In so doing, this system can be used to
compensate for the difference in energy gain and energy spread from bunch to bunch due
to the different beam intensity. This approach is fully compatible, using the RF phase
in HE linac, to also set the length of the single bunch needed for injection in the BR.
Finally, Table 6 lists the relative cost of the different linacs in arbitrary units. In terms
of cost and plug-power requirements, the HE linac is comparable to the other linacs and
this basically means that, with this approach, the cost of the pre-injector linacs depends
linearly on the beam energy to be achieved at the pre-injector end.

3 Positron Source: Target and Capture System (WP3)

Positron production is always an extremely important topic for any electron-positron
collider. This is particularly true for future colliders such as FCC-ee, which are de-
signed to operate at the extreme end of parameters, where a positron source with a
high positron yield is required. Thus, the high-luminosity circular collider FCC-ee will
need a low-emittance positron beam with high enough intensity to shorten the injection
time. A positron bunch intensity of 2.5·1010 particles is required at the injection into the
collider rings. Positron rate foreseen at FCC-ee is within a factor of 2 compared to the
positron rate obtained at the SLC at SLAC and is an order of magnitude lower than the
typical values foreseen for the Linear Collider projects [5]. At the pre-injector level, the
main specification for the positron source design is to provide the positron bunch charge
of 5.4 nC accepted in the Damping Ring (DR), including the transmission efficiencies
from the DR up to the collider ring. Based on the available experience of designing and
operating previously or currently operated positron sources, a safety margin of 2.5 is
now applied for the whole FCC-ee positron source studies. Thus, a total positron bunch

Table 5: RF power source parameters. The two options for the HE linac are both listed.

Linac Freq.
Peak power
specification

Rep.
rate

RF pulse
length

Duty
factor

Average
power

Required
numbers

[MHz] [MW] [Hz] [µs] [10−3] [kW]
p-linac 2004 80 200 5 1 80 16+1
e-linac 2806 80 200 3 0.6 48 10+1
c-linac 2806 50 400 3 1.2 60 35
HE linac 2806 80 200 3 0.6 48 82
HE linac 5611 50 200 3 0.6 30 86
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Table 6: Relative cost of linacs in the pre-injector in arbitrary unit.

Linac Klystron cost HV Modulator cost Cost estimation
p-linac 0.27 0.9 32.5
e-linac 0.18 0.82 20.5
c-linac 0.19 0.85 66.5
Total p-, e-, c-linac 119.5
HE linac - S-band option 0.18 0.82 152.5
HE linac - C-band option 0.16 0.80 155

intensity of 13.5 nC should be delivered to the DR.
Two methods are investigated for positron production for the FCC-ee to obtain the
required performances. The first one is based on a conventional positron source using
6 GeV electrons impinging on a 17.5 mm thick tungsten target. The bremsstrahlung
radiation of the electrons in the field of the nuclei is converted in e+e−pairs. This scheme
has been used for all the e+e− colliders (ADA, ACO, DCI, SPEAR, ADONE, LEP, and
also for the first linear collider SLC). The experience has been mainly successful. How-
ever, due to the high number of electrons in the short bunch of SLC, the breakdown
analysis of the used target led to a limitation in the deposited power density expressed in
J/g [17]. Its maximum value (PEDD), for tungsten targets, is about 35 J/g. Such limi-
tation has some consequences on the incident electron beam size and the target thickness
limitations. A second approach is based on the production of a large number of photons
in thin crystal targets oriented on their main axes. Electrons propagating in the crystal
at glancing angles to the axes are channeled and emit a large number of soft photons
due to the collective action of a large number of nuclei [9]. Such method has been suc-
cessfully tested at CERN and KEK [8, 3, 21, 19]. These investigations led to a concept
of so-called hybrid positron source [22] associating a thin oriented crystal with an amor-
phous converter and a sweeping magnet in between to sweep off the charged particles
emitted in the crystal, allowing only the photons to hit the amorphous converter [18].
This approach involving the sweeping magnet is of great importance especially for the
linear colliders, where the drive beam power can reach very high values. Thus, for the
FCC-ee positron source, two options (conventional and hybrid) were considered, but
at this time the conventional production scheme is currently assumed for pre-injector
design studies and cost estimation.
The capture section comprises an Adiabatic Matching Device (AMD) [7] followed by the
capture linac embedded in a DC solenoid magnetic field to accelerate the beam until
about a few hundreds of MeV positron beam energy. Currently, we have assumed a
200 MeV as the end of the capture linac and placement of the electron-positron separa-
tion section (chicane). Then, the solenoid focusing is employed until 735MeV of positron
beam energy but studies are ongoing to define the energy at which the positrons could
pass to the quadrupole focusing and be further accelerated up to the 1.54 GeV (en-
ergy of the DR). For the capture linac, several types of the RF structures have been
considered up to now and the final choice for the positron linac is a 3-meter-long, TW
2 GHz (2a = 60 mm) RF structures providing larger iris apertures, which results in the
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larger transverse acceptance of the positrons. Two options are currently considered for
the AMD: the first involves the use of a Flux Concentrator (FC), which makes use of a
pulsed magnet, a technology presently used in the positron source of the SuperKEKB
collider [23], while the second involves the use of a SuperConducting solenoid (SC). The
latter is based on the High-Temperature Superconducting (HTS) material with which
the solenoid coils will be constructed. This technology will also be tested in the Swiss-
FEL experiment at PSI [20]. Two models for FC were considered, the first was studied
by BINP while the second is based on the current FC used in SuperKEKB. Due to the
conceptual and mechanical constraints of the FC, the peak of the magnetic field is lo-
cated downstream the target and as a result, the available field on the target is reduced
to 3.5 T/ 1.1 T (for the BINP/SuperKEKB designs respectively) manifesting a signif-
icant drop in capture efficiency. Moreover, the presence of a high transverse magnetic
field component (with strong domination of dipole harmonic) makes the trajectories of
positrons strongly distorted. As a result, the positron beam receives an offset in verti-
cal and horizontal planes. This eventually should be mitigated for the positron beam
transport in the capture linac. Compared to SuperKEKB (or BINP) FC, higher repe-
tition rate (up to 200Hz–300Hz) and ideally higher magnetic field value and aperture
are requested for the future collider projects including FCC-ee. In this framework, one
of the solution is to make use of the SuperKEKB experiences and join the effort on the
FC design studies and prototyping between FCC/ILC/CLIC collaborations to arrive to
a more realistic and reliable FC model.
In this framework, it was proposed to explore the use of an SC solenoid based on the
HTS technology for positron capture. For the AMD based on the SC solenoids, the
HTS field map is adopted from the P3 project [20]. The HTS solenoid used as the AMD
provides much higher field value on the target exit surface, larger aperture and flexible
target position as the target can be placed inside the magnet bore. Thanks to the axial
symmetry of the solenoid, the transverse magnetic field at the magnet axis is equal to
zero and, therefore, no beam distortion is expected compared to the FC option.
In summary, the current baseline for positron production, capture and linac includes the
following components:

• Positron production: conventional scheme.

• Matching device is based on the SC solenoid (5 HTS coils, 72mm bore aperture
including shielding)

• Capture linac and positron linac are based on the large-aperture L-band TW RF
structures (2GHz, 3-m long accelerating structures)

• The positron and electron bunches are separated at the end of the capture system
by a chicane at 200MeV and the solenoid focusing is used until 735MeV of positron
beam energy

• NC solenoid with the field of B = 0.5 T (realistic field profile) is assumed for the
capture linac and positron linac.
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Table 7: Parameters and simulation results for the positron sources under study. For the
matching device three options are considered, two with the flux concentrator
(BINP FC and SuperKEKB FC) and one with the superconducting solenoid
(HTS solenoid). CS: capture system, DR: damping ring.

Drive beam parameters
Alternative FC-based

capture system
Capture

system v1
Unit

Matching Device (MD) BINP FC SKEKB FC HTS solenoid
MD aperture 8-44 7-52 72 mm
MD peak magnetic field
(@Target)

7.5 (3.5) 4.4 (1.1) 15 (12) T

e-beam bunch charge/e-beam power 3.1/7.4 5/12 2.1/5 nC/kW
Target deposited power/PEDD 1.7/11.1 2.9/18.3 1.2/3.1 kW/(J/g)
Positron yield @CS 4.9 3.3 8 Ne+/Ne−

Positron yield @DR 4.4 2.7 6.5 Ne+/Ne−

Normalized emittance (rms) 12.2 11.9 13.7 mm.mrad
Energy spread (rms) 1.2 1.1 1.4 %
Bunch length (rms) 2.9 2.6 2.9 mm
e+ beam bunch charge 13.5 nC

Tab. 7 summarizes the main results of the positron production and capture simula-
tions for both, FC- and HTS solenoid-based capture systems. At this stage, an energy-
longitudinal position cut around the highest density of positrons made within the DR
acceptance allows defining the accepted positron yield1. Later on, the positron tracking
simulations in the positron linac followed by the injection in the DR should be carried
out to have more realistic estimate of the accepted positron yield. However, beam dy-
namics simulations have shown that both schemes can guarantee positron production
even with some safety margin.
Until now, studies of radiation load and target design have focused exclusively on the
SC solenoid approach. The results obtained so far have shown no showstoppers in using
HTS technology for the matching device. The integration of the target is being studied
and will be experimentally verified in the P3 experiment.

4 Damping Ring and Transfer Lines (WP4)

The purpose of the Damping Ring (DR) design is to accept the 1.54 GeV beam coming
from the positron linac, damp the positron(/electron) beams, and provide the required
beam characteristics for injection into the common linac (see Fig. 1). In this regard,
the DR has quite challenging design requirements. DR should reduce by orders of mag-
nitude the beam emittance in particular for the positron beams, and should provide
large beam acceptance in order to catch the beam from the positron linac, which has a
large distribution in the 6D phase space. A complex system of Transfer Lines includ-

1For the results presented in Tab. 7 the energy window cut of ±3.8% and longitudinal position window
of 16.7 mm (or 40 degrees in terms of the phase) have been used.
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ing doglegs to implement injection and extraction in and from the DR, and arcs brings
back the cooled positron beam to the entrance of the common linac stage. An Energy
Compressor (EC) System installed between the positron linac and the DR is used to
reduce the incoming beam energy spread in order to maximize the injection efficiency.
A bunch compressor at the entrance of the common linac is used to keep under control
the rsm bunch length of the incoming positron beam. The repetition rate of common
linac is 400 Hz with two bunches per RF pulse. This configuration imposed to revise the
Damping Ring injection-extraction timing in order to account for the additional time
necessary to avoid the presence of two different kinds of particles in the same common
linac RF pulse.
The DR is about 240 m long and the energy is selected to avoid spin resonances. Accord-
ing to the current design, a FODO-type cell is chosen, the DR is made up of two arcs
and two straight sections housing the damping wiggler magnets, RF cavity, and injec-
tion/extraction equipment. The injection will be done by using an on-axis scheme. The
DR beam structure foreseen a sequence of a maximum of 9 bunch trains, each of them
including two bunches. Single bunch current is planned to reach a rather high intensity
as it varies in the range of 0.6÷5.7 mA. The injected beam must reach the nominal
equilibrium emittance of 0.96 nm in a store time of about 40 msec. High currents stored
in rather short bunches, require a careful evaluation of beam lifetime and a compre-
hensive analysis of collective effects taking into account a realistic impedance budget,
and considering beam coupling with the RF system. Preliminary analytical estimations
[15] of various collective effects such as space charge (SC), intra-beam scattering (IBS),
longitudinal micro-wave instability, transverse mode coupling instability (TMCI), ion
effects, electron cloud and coherent synchrotron radiation (CSR), have been performed
for an intermediate version of the DR optics. No major limitations are expected from
IBS, TMCI and CSR. Concerning the SC, the tune shift at the equilibrium state might
be an issue. Furthermore, the Boussard criterion is below the longitudinal impedance
assuming a vacuum chamber radius of 10 mm. It was shown that the neutralization
density exceeds the e-cloud instability threshold for the equilibrium state. The fast rise
times of the fast ion instability can be compensated with a feedback system, provided a
vacuum pressure of 10−9 mbar is achieved in the DR. The straight sections are designed
to host four wigglers, two RF cavities and the Injection/Extraction equipment. Table 8
lists the main parameters of the the DR.
In the following considerations on the DR longitudinal dynamics we assume to use as
RF cavity the LHC type SC device operating at the frequency of 400 MHz, as already
proposed in the CDR [4]. This cavity consists of two RF modules housed in the same
cryostat. It is worth reminding, that in the following we will indicate as RF voltage
the total voltage of the two RF modules. In Tab.9 is reported a summary of the beam
dynamics parameters computed for several RF voltages and considering momentum com-
paction, αc = 0.001535, harmonic number, h = 319, and a total length, L = 239.2629 m.
The listed parameters are calculated for stationary bunches at the equilibrium, and in
the zero-current approximation. In order to get more realistic quantities, it is necessary
to perform comprehensive numerical simulations taking into account the number of cir-
culating particles, the ring impedance, how the beam couple with the ring impedance,
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Table 8: Damping Ring parameters (as in CDR [1]).
Parameters Unit
Circumference 241.8 m
Equilibrium emittance (x/y/z) 0.96/-/1.46 nm/nm/um
Dipole length, field 0.21/0.66 m/T
Wiggler #, length, field 4, 6.64, 1.8 -/m/T
Cavity #, length, voltage 2, 1.5, 4 -/m/MV
Bunch # stored, charge 16, 3.5 -/nC
Damping time τx/τy/τz 10.5/10.9/5.5 ms
Store time 40 ms
Kicker rise time @1.54GeV 50 ns
Energy loss per turn 0.225 MV
SR power loss wiggler 15.7 kW

RF beam loading, and RF transient beam loading. In the present DR configuration high
RF voltage determines rather short bunch length values, which can represent an issue
for beam lifetime and for several collective effects. This aspect together with the result
obtained from tracking studies about transverse beam acceptance led us to fix VRF =
4 MV as a baseline for the RF cavity voltage.
The Dynamic Aperture (DA) has been evaluated using the PTC [16] module of MAD-

Table 9: Longitudinal beam dynamics parameters. In bold the parameters for the base-
line of the RF system.

Parameters Unit
∆E/Es 0.71× 10−3

T0 0.79801 µs
ω0 7.87× 106 s−1rad
VRF 8 MV 6 MV 4 MV 2 MV MV
ΩS 25.13 21.918 17.888 12.618 kHz
νs 0.003215 0.00278 0.002272 0.0016
Bunch length (rms) 2.07 2.39 2.93 4.15 mm
ϕS 0.0283967 0.0378663 0.0568164 0.113817 rad
E − ES 0.124 0.107 0.0862 0.058 GeV
∆ϕ 1.8 1.7769 1.7269 1.6016 unit of π
Lbucket 0.6788 0.6664 0.6476 0.6006 m

X [13] using two different approaches:

quick: the tracking has been performed starting in the transverse plane on a random
position within a box of 4x4 cm2. The particles have been tracked up the 2000
turns without radiation damping. The initial energy deviation has been considered
up to 5%. In Fig. 4-left the result of this tracking is shown. At the nominal energy
in both planes, the stable region, normalized as a function of beam width, is of the
order of three σh,v =

√
βh,vϵh,v + (Dh,vδE)2 ≃ 3mm.

full: tracking performed using the CDR [1] nominal 6D beam envelope at the injection
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with radiation damping enabled. Positrons have been tracked for 10000 turns,
corresponding to a store time equal to the damping time in the DR. The injected
beam emittance in the transverse planes is assumed to have the CDR nominal
parameters: ϵgeoh,v = 1.29,1.22 mm mrad, , respectively for horizontal and vertical
and δE ≃ 5% for the energy spread. The result is shown in Fig. 4-right.

Figure 4: Dynamic aperture. In the left plot, the transverse stable region is shown for
the nominal beam energy (1.54 GeV - black) and for ±2% energy relative
deviation (blue and red, respectively). While the stable region is kept quite
constant within 2% energy spread is observed to drop significantly for higher
deviations. In the right plot, the result of the full simulation is reported.
The color map represents the fraction of survived particles at the end of the
tracking as a function of the initial horizontal position and energy deviation.
The survival probability includes the full 6D particle phase space treatment.
The beam is assumed to be Gaussian distributed with CDR nominal widths
in the transverse plane.

With the current DR lattice and the CDR [1] incoming beam parameters, the DR ac-
ceptance is estimated to be ϵACC ≃ 47% thus implying a factor of two of reduction in
the positron yield. The DA estimation shows that the DR acceptance is greatly reduced
when the relative energy spread of the incoming positron beam exceeds 2%. To overcome
this limitation, the energy distribution can be compressed using an energy compressor
(ECS) located downstream of the positron linac [2], as shown schematically in Fig. 1.
The effect of the ECS on the incoming beam is a reduction of the total energy spread
and a corresponding increase in the bunch length. One possible option for the ECS is to
use four curved rectangular dipoles in the so-called C-channel, followed by an additional
RF module like the one used in the positron linac. In such a magnetic chicane the first-
and second-order dispersion are intrinsically closed without using quadrupoles. Using
the ECS reduces the energy spread thus increasing the number of positrons accepted by

16



the DR. Tracking simulations were carried out using the particle distributions from the
positron linac end passing through the ECS and considering 10000 turns in the DR. The
simulation results showed an overall positron acceptance in the DR of about 86%. An
important aspect to note is that start-to-end tracking simulations were performed, from
the target to the injection into the DR. This aspect will be important to optimise the
entire positron production chain by finding the right compromise between emittance,
energy spread and positron yield.
Regarding to the injection and extraction timing, the positron bunches (two per RF
pulse) are produced at the positron source synchronized with the electron bunches tim-
ing while the extracted ones from the DR have to be synchronized with the positron
accelerating RF pulses of the common linac. This requirement together with the cooling
time needed to reach the proper beam parameters (emittance) at the extraction fully
defines the timing scheme of the DR. To reach the target values of the emittance at the
extraction a minimum stored time of 40 ms is needed (four damping times), while to shift
from the time series of the electron pulses to the one for the positrons in the common
linac, an additional store time of 2.5 ms is required. Such a delay can be accommodated
only if a minimum number of nine linac pulses are stored in the DR. The timing of the
primary electron pulses has to be properly scaled according to the following relation:

Tgun(i) = iTRep +∆bTRF (i%Np) i ∈ [0, n] (1)

where TRep is the period of the injection pulse rate (200 Hz), ∆b is the time differences
between the first filled buckets in the DR for each pulse2, TRF is the radio-frequency of
the DR (400 MHz) and Np is the number of stored pulses in the DR (9 minimum). As
shown in the Eq. 1, the effective time of the electron pulses has to be adjusted within
the range of the revolution period (TS ≈ 1µs). Analogously the extraction time has to
follow this relation:

TExt(i) = Tgun(i) + ∆TDR + TS/2 + TRep/2−∆T12 (2)

where ∆TDR is the minimum store time, TS/2 takes into account the DR half turn
between the injection and extraction section, TRep/2 takes into account the extra time
to slide from electron to positron common linac timing and ∆T12 represent a fixed phase
adjustment that takes into account the propagation time from DR to the entrance in
the common linac. The Eq. 2 shows that it is possible to adjust the extraction timing
only in units of the revolution period.
The design of the Transfer Lines (TLs) is inspired by criteria of high modularity, suitable
to deal with a project in constant evolution, and, as a consequence, requiring frequent
modifications. The TLs include a line driving the positron beam from the linac to the
DR injection section (pTLi), and an extraction line bringing the cooled beam back to the
common linac (pTLe). The pTLe is based on a combination of periodical straight section

2Since linac pulses contain two bunches, the effective time structure of filled buckets in the DR depends
not only by the number of stored pulses but also from the arrival time difference between the two
bunch in the same pulse. Currently, this time difference is set at 25 ns because of the main ring
requirements.
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modules, implemented by a FODO magnetic structure, and arcs built by combining
basic cells providing 30 degrees of deflection each. The arcs in the pTLe are periodic
structures based on isomagnetic triple bend cells (TBA). The bends are rectangular
magnets providing 10 degrees deflection angle each, but having asymmetric lengths, with
the central being the shorter one. Each cell is achromat, isochronous, has moderate
betatron oscillation amplitude both in the horizontal and in the vertical plane, and
moderate maximum horizontal dispersion excursion, |ηx| < 0.3 m.The cell also features
very low H function values suitable to avoid possible beam quality degradation induced
by CSR emission.
The design of the bunch compressor needed to reduce the length of the bunch before

Figure 5: Overall layout of the transfer lines, ECS and DR.

injection into the common linac was also finalised. It includes a magnetic chicane and
two RF modules like those used in the common linac. For cost estimation, a table was
prepared with a breakdown of the components used for the different parts from the
positron linac end to the entrance of the common linac, overall layout is shown in Fig. 5.

5 PSI Positron Production (P3) Project (WP6)

The P3 experiment [20] is a demonstrator for the positron source described in chapter 3.
More details of the experiments can be found here [14]. The goal is to design and install
such demonstrator in the SwissFEL facility, and validate through an experiment a range
of novel techniques that, according to simulations, have proven potential to increase the
e+ yield by one order of magnitude with respect to the state of the art. The experiment
layout is shown in Fig. 6, featuring a e+ source based on a 6 GeV electron beam and
17.5 mm-thick (or 5 times the radiation length) amorphous Tungsten target, followed by
a capture system consisting of a high-field solenoid system and 2 RF accelerating cavities.
The remarkable e+ capture capabilities of P3 are enabled to great extent by the usage of
high temperature superconducting (HTS) solenoid around the target region, as well as a
novel standing wave solution for the RF cavities that provides a large iris aperture (see
Table 10). In addition, the experiment diagnostics, whose goal is to demonstrate such a
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e+ yield upgrade, consisting of an arrangement of broadband pick-ups, 2 Faraday cups
and a variety of scintillating screens and fibers. This setup will detect simultaneously
the e+e− bunching structure after the RF cavities, and measure the bunch charge and
energy spectrum of e+ and e− streams separately.

Figure 6: Layout of the P3 experiment featuring key hardware components (red arrows)
and diagnostics (blue arrows).

The P3 project is driven by the luminosity requirements of the future supercollider
FCC-ee [1], and its results will constitute one of the main deliverables of the FCC-ee
injector feasiblity study [10]. Although the experiment is designed to reproduce the
beam dynamics of the FCC-ee e+ source [6], the primary e− beam current parameters
were decreased in order to meet the SwissFEL radiation protection limits. Notice in
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Table. 10 the differences in bunch charge, repetition rate and the number of bunches per
pulse with respect to the FCC-ee baseline.

Table 10: Main e+ source parameters of FCC-ee and P3.

FCC-ee P3

Energy [GeV] 6
Max. sol. field at Target [T] tbd 12.7
Avg. sol. field along linac [T] 0.5 0.45
Min. RF cavity aperture [mm] 60 40

σE 0.1%
σt [ps] 3.33
σx, σy [mm] 0.5
σpx, σpy [MeV/c] 0.06
Target length [mm] 17.5
Qbunch [nC] 1.7 - 2.4 0.20
Reptition rate [Hz] 200 1
Bunches per pulse 2 1

The SwissFEL facility is an ideal host for the P3 experiment since it can provide a
6 GeV electron beam, corresponding to the nominal drive beam energy of the FCC-
ee positron source (see Table 10). Two beam lines (Aramis and Athos) are currently
operating at SwissFEL, while the accelerator tunnel already foresees space for a future,
third beam line (Porthos) leaving enough room for the installation of the P3 bunker
and switchyard. Fig. 7 shows the current, and almost final, design version of the P3

experiment. According to the preliminary timeline, the currently ongoing works are
expected to conclude by the end of 2025, as operation with e+ is envisaged for 2026.

Figure 7: View of the P3 experiment in its bunker. Including rough model of the beam
dump.
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