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Abstract

Regarding high current e+ sources, the almost universal
usage of target-based production schemes combined with
conventional capture technology has led to poor transmis-
sion efficiencies. This long-standing difficulty to handle the
extreme e+ transverse emittance and energy spread has been
a major limitation for future, high luminosity lepton collider
designs. The PSI Positron Production (P-cubed or P3) exper-
iment, framed in the FCC-ee study, is a demonstrator for a e+
capture system with potential to improve the state-of-the-art
e+ yield by an order of magnitude. The experiment will be
hosted at the SwissFEL facility at PSI as of 2025, where
installation works are ongoing. This paper is an overview of
P3, with a particular focus on the novel capture system and
associated e+ beam dynamics. A concept for the experiment
diagnostics is also introduced.

INTRODUCTION

Efficient production and capture of high current positron
(e+) beams are major enabling factors for future, high lumi-
nosity colliders such as FCC-ee [1]. The demanding elec-
tron and positron (e+e-) current requirements of FCC-ee rely
largely upon the injector design [2], and more specifically
on a e+ source based on the interaction a 6 GeV electron
(e-) beam and a 17.5 mm-thick amorphous W target [3].
Previous FCC-ee studies show high e+ yields at the target,
above 13 N,,/N,_!. However, due to the extreme transverse
emittance and energy spread of the secondary beam [4], a
conventional capture system based on a normal conduct-
ing (NC) flux concentrator will barely preserve a yield of
1.1 N,,/N,_ at the the damping ring (DR), where e+ have
their emittance cooled [3]. Based on a 3.2 GeV primary e-
beam and a similar capture system, the state-of-the art of high
yield e+ sources is that of SuperKEKB, with 0.5 N, /N,_
at the DR [5].

The PSI Positron Production (P3 or P-cubed) experiment,
whose layout is shown in Fig. 1, is a demonstrator for a new,
highly efficient e+ source for FCC-ee. The P> e+e- beam will
be generated according to parameters in Table 1. The novelty
of the experiment lies in a highly efficient capture section
based on a solenoid system featuring high-temperature super-
conductors (HTS) and two RF cavities with large aperture.
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In addition, the experiment diagnostics will be equipped for
e+e- time structure, charge and energy spectrum measure-
ments. P3 will be installed at SwissFEL facility [6] at PSI
as of 2025, ready for operation in early 2026.

Table 1: Primary e- of FCC-ee linac and SwissFEL

FCC-ee [7] p3
Energy [GeV] 6
o, [ps] 3.33
Oy, 0y [mm)] 0.5
Target length [mm] 17.5
Opunen [nC] 1.7-24 0.20!
Reptition rate [Hz] 200 1!
Bunches per pulse 2 1!

Defined by radiation protection limitations at SwissFEL.

KEY TECHNOLOGY

Multi-Tesla solenoid fields around the production target
are a widespread technique for e+ emittance matching [4].
The P3 experiment is particularly ambitious, foreseeing
fields of 12.7 T delivered through a HTS solenoid [8] made
out of 5 non-insulated ReBCO [9-11] coils, and hosted at a
Helium-free cryostat with two single-stage cryocoolers [12].
A prototype of the HTS solenoid was successfully assembled
and tested at PSI, demonstrating Helium-free, conduction-
cooled operation at 2 kA, generating a 18 T field on axis [13].

Capture and acceleration is provided by two S-band RF
cavities of 1.2 m length, based on a novel approach standing
wave solution of large iris aperture of 40 mm diameter to
improve transverse acceptance. The frequency of 3 GHz
corresponds to commercial S-band components. A double
feeder coupler placed centrally will feed each cavity with
the power from one single klystron, reaching a gradient of
18 MV/m. The cavities can reach 100 Hz repetition rates.
RF phases be adjusted independently through an in-vacuum
phase shifter developed in-house.

16 NC solenoids will surround the RF cavities. Fed with
220 A, they will deliver a uniform magnetic field of 0.45 T
along the beam axis. The solenoids are winded in 22 layers
and 12 helical windings per layer, with 3.5 mm diameter
cooling water channels. Each device will be 112 mm long,
with aperture and outer diameter 160 mm and 556 mm re-
spectively.
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Figure 1: Layout of the P3 experiment featuring key hardware components (red arrows) and diagnostics (blue arrows).

BEAM DYNAMICS?

The e+ production scheme described in Table 1 will gener-
ate a secondary e+ distribution of 2574 pC in the multi-MeV
range, representing a yield of 13.85 N,,/N,_ at the target
exit face. Such e+ distribution will have a moderate beam
size (¢, = 1 mm) and bunch lentgh (o, = 3.3 ps), yet very
high energy spread (AEgy;s = 115 MeV) and transverse
momentum (o, ~ 8 MeV/c).

Transverse Dynamics

The HTS and NC solenoid arrangement will provide an
excellent e+ matching and confinement by making up an adi-
abatic matching device or AMD [14-16] based on a smooth,
proportional to 1/z transition of the magnetic profile from
the 12.7 T peak to the 0.45 T plateau. This technique will,
in short, transform the e+ distribution at the target into a
beam of large transverse size (¢, =~ 6 mm) and moderate
momentum (o px 2.5 MeV) at the entrance of the 1% RF
cavity. The magnetic channel created by NC solenoids will
then confine the matched beam along the RF cavities, where
maximum flatness and strength should be aimed for mini-
mum e+ losses. In this sense, the 0.45 T field is high enough
to provide high capture rates and avoid excessive cost and
power consumption.

Longitudinal Dynamics

Under the influence of the 12.7 T solenoid field, newly
generated e+e- will describe spiraling trajectories with a
wide range of Larmor frequencies due to energy spread [4].
This will elongate the beam longitudinally and the RF cavi-
ties, as a consequence, will form consecutive e+e- bunches
over many buckets, making the RF phase? choice vital for
e+ transmission. A scan of the two RF phases is shown in
Fig. 2, where two working points of interest were found,
the first of which at ¢ = (140,-80), providing a maximum
captured charge of 1250 pC -or 6.25 N,,/N,_- in a region
of on-crest acceleration, which tends to bunch e+ in the first
RF bucket. A second working point at & = (70,-110) would

2 All results are based on Geant4 [17] and ASTRA [18] simulations.
3 No RF phase reference considered.
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provide a maximum yield of 4.64 N,,/N,_ the FCC-ee DR*

according to our estimations, by reducing the energy spread.

Interestingly, this is achieved by e+ bunching in the second
RF bucket through deceleration at the first cavity [19].

4 Yield at DR estmation method in [8]
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Figure 2: 2D RF phase scan of captured charge after 2*¢
cavity (top) and longitudinal profile of e+e- at maximum
charge (140, -80) working point (bottom).
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BEAM DIAGNOSTICS

A concept for the experiment diagnostics is shown in
Fig. 3, featuring a sequence of tools before and after e+e-
separation at the spectrometer.

Possible locations of
Scintillating Fiber Faraday Cups

with screens
Diagnostics Chamber ‘

I Spectrometer

Broadband Pick-ups

Figure 3: P3 diagnostics setup.

Broadband Pick-ups

Four Broadband Pick-ups (BBPs) at the exit of the second
RF cavity will measure the time structure of the captured
e+e- beam before separation, including bunch-by-bunch mea-
surements of charge and longitudinal bunch length. This
technique is based on similar ultrafast pick-ups in current
accelerator facilities [20—22]. In P3, e+ and e- bunches after
the 2" cavity will have an RMS longitudinal length of 33 ps
and will be 167 ps apart, namely half an S-band period (See
Fig. 2). The basic principle of BBPs is to detect the wake
voltage of such bunches with little distortion, which requires
very broad frequency response. Two BBP assemblies have
been developed for P3 based on feedthroughs of 27 GHz [23]
and 65 GHz [24], currently under fabrication. The signal
acquisition will rely on a high-end oscilloscope of at least
10 GHz band and 40 GS/s sampling.

Faraday Cups

The spectrometer will divide the beam into two streams
of e+ and e-, the charge of which is to be measured sep-
arately by two coaxial Faraday cups (FCs) arranged in a
highly asymmetric setup. One FC of large transverse size
(260x80 mm) will measure particles in a broad energy range
(7-60 MeV), despite the significant horizontal dispersion in-
troduced by the spectrometer due to energy spread. This FC
is tuned at 12.5 Q in pursuit of a minimum distance to the
outer conductor, and matching to 50 Q is achieved through
an arrangement of four output coaxial connectors in parallel.
A second FC of a more conventional 50 Q impedance will
detect particles in a 2.5-70 MeV spectrum by overlapping
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five separate measurements of concatenated energy ranges,
through a scan of the spectrometer field strength. A sim-
ulation of such a measurement is shown in Fig .4, where
the detected charge at = (140,-80) is 1239 pC, showing a
good agreement with the values in Fig. 2. The polarity of
the spectrometer should be inverted for e+ and e- measure-
ments with both FCs. The devices are based on 60 mm-thick
Tungsten blocks supported by PEEK rods, providing a good
frequency response up to 1 GHz.
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Figure 4: Simulation of captured charge measurement with
50 Q FC during a 2D RF phase scan.

Scintillators in Diagnostics Chamber

The diagnostics chamber after the spectrometer will host
at least two additional setups based on scintillator materi-
als. First, the front face of the FCs will have scintillating
screens [25] that will allow cameras mounted outside of the
chamber to look at the e+ and e- signals, and see a rough en-
ergy spectrum. An alternate, high-resolution spectroscopic
setup will be based on two pairs of scintillator fibers verti-
cally oriented. Scintillator light will result from the ioniza-
tion energy deposited by the intercepted charge and will be
transmitted to a photomultiplier, whose analog readout will
depict the relative energy distribution of the beams through
a scan of the spectrometer strength.

CONCLUSION

An advanced version of the P3 experiment was presented,
including the final design of the capture section components
with their most notable technical features, as well as a well-
developed concept for the experiment diagnostics, equipped
for both simultaneous and segregated detection of e+ and
e- streams. Comprehensive simulation studies continue to
suggest high potential to demonstrate a e+ yield one order
of magnitude above the state of the art.
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