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Abstract

CERN’s AD /ELENA “antimatter factory” - unique worldwide - serves several experiments,
all of which use electromagnetic traps to accumulate antiprotons for fundamental science.
The GBAR:experiment employs a charge-exchange reaction between an antiproton beam
and a positronium eloud to produce antihydrogen for gravitational studies. GBAR has also
pioneered an electrostatic scheme using a pulsed drift tube to decelerate the 100 keV
antiprotom beam, rather than slowing the antiprotons in a foil, as is commonly done in other
experiments. Following first results producing a 6 keV antihydrogen beam directly after the
decelerator] a trap has now been installed to increase the production rate. The emittance
growth resulting from the deceleration is reduced in the trap by Coulomb interaction with a
cold electron cloud. The antiproton cloud is further compressed using rotating wall cooling
and can be re-accelerated up to energies of 10 keV, including a time focus. Here we describe
the commissioning results, trapping 56(3)% of the ELENA beam, delivering 6.4(0.4) x 106
antiprotons per shot for improved production of antihydrogen, and a record accumulation of
over 6.4(0.4) x 107 antiprotons in under 35 minutes.

1 Introduction
The GBAR experiment aims to measure the gravitational acceleration of antimatter by observing
the free-fall of ultracold antihydrogen atoms in the terrestrial gravitational field [1, 2]. Recent work
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proposes a method to achieve 10~¢ precision in this measurement by employing a single-bounce
quantum gravimeter [3, 4]. The strategy for cooling antimatter to the 10 pK level is based on the

production of positively charged antihydrogen ions (H+), which can be confined in a Paul trap. By

sympathetically cooling the T ions with laser-cooled Be* ions, the production of ultracold
antimatter would be feasible [5, 6]. Subsequently, an ultracold antihydrogen atom cau be produced
by photo-detachment of the excess positron.

The GBAR production scheme using charge exchange of antiprotons with a pesitronium(Ps)
cloud is described in detail by Adrich et al. [7]. CERN’s AD/ELENA facility provides a 100 keV
antiproton beam [8], while the Ps cloud is created from positrons provided by‘a dedicated electron
linac. The production of the antihydrogen ion requires a second charge-exchange reaection of the
antihydrogen atom with the same Ps cloud.

The production rate increases quadratically with the Ps density. Singe the initial production of
antihydrogen using a flat Ps target [7], we have installed a compact cavity. While this increases the
Ps density due to the smaller volume, it also places more stringent requirements on the emittance
of the antiproton beam that must pass through it. Therefore a means of reducing the
antiproton-beam emittance is essential and best accomplished using.a Penning-Malmberg trap,
within which the antiprotons are captured, cooled, radially compressedyand extracted.

The collection of antiprotons into Penning-type traps was pionéered by the PS196 collaboration
at CERN’s Low Energy Antiproton Ring (LEAR) [9] and subsequently refined using the
Antiproton Decelerator (AD) facility [10]. However, experiments emplyoing a degrader foil system
to decelerate the 5.3 MeV AD beam suffered from low,trapping efficiency [11]. A fundamental
improvement was realized with the commissioning of the ELENA project, which further cools and
decelerates the AD beam to 100 keV with 80% effi¢iency. [12]:sThe ASACUSA experiment replaced
its former radiofrequency quadrupole decelerator (RFQD) setup [13] with a pulsed-drift-tube
system and thin foil, demonstrating a trapping ‘efficiency of 26(6)% with 1.4(0.2) x 10 antiprotons
per pulse [14] from ELENA. Recently, the AEgIStexperiment reported trapping approximately
3 x 10% out of the 8 x 10° antiprotons provided by ERENA, using a degrader foil and a high-voltage
electrode system for dynamic beam capture [15].

To further improve this process{ the GBAR experiment developed a decelerator consisting of a
drift-tube-electrode with fast high-voltageiswitching. This configuration reduces the 100 keV
ELENA beam to tunable energies below, 6 keV. [16], and is designed to maximize transport
efficiency to the subsequent Penning-Malmberg trap, which is optimzied for high-efficiency capture
of a few-keV antiproton beam. Withinithe trap, the antiprotons are captured and cooled via
sympathetic cooling with pre-loaded, electrons maintained at low temperature through synchrotron
radiation. Following the cooling process, the trap facilitates the re-acceleration of the antiprotons
up to 6 keV for further transport and subsequent antihydrogen production.

This paper describegithe GBAR beam line optimized for the trapping and re-acceleration of
antiprotons from ELENA and presents the first results of this high-efficiency scheme.

. N
2 Experimental setup
2.1 Overview
The GBAR»experiment consists of two orthogonal beam lines that intersect at the Ps target. In the
positron beam line, a 9 MeV electron linear accelerator creates positrons with a tungsten
target [17]esThese positrons are then cooled in a gas-filled, Surko-type trap before accumulation in
a high-field Penning-Malmberg trap [18]. The positron bunch is accelerated onto the porous silicon
cavity/forming a dense positronium cloud through which passes the antiproton beam pulse. The
neutralantihydrogen atoms that are produced travel straight through an electrostatic switchyard,
designed to deflect any antihydrogen ions into another beam line while the unreacted antiprotons
are deflected in theropposite direction.

Fig. 1 illustrates the antiproton beam line to the reaction chamber. Every 110 s, a pulsed
antiproton beam with an energy of 100 keV is delivered from ELENA and decelerated to 3 keV by
the GBAR decelerator (described in Sec. 2.2). The decelerated beam is then transported to the
antiproton trap, where the particles are confined axially by an electric potential and radially by a
uniform magnetic field (described in Sec. 2.3). After sufficient cooling and radial compression over
approximately 1 min, the antiprotons are electrostatically transported to the reaction chamber.
Stray magnetic fields of 100-300 pT measured along the beamline are compensated by steerers,
while the reaction chamber is enclosed by iron plates to shield the interaction region from external
magnetic fields.

The Ps target is a 20 mm long rectangular cavity with cross section of 1.5 mm x 2 mm,
installed at the center of the reaction chamber concentric with the antiproton beam line. One side
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Figure 1: Schematic layout of the GBAR antiproton beamline. The antiproton beam (P) from
ELENA enters from the left, is slowed through the GBAR decelerator and transported to the an-
tiproton trap (p trap, PT) for cooling, before extraction and transport téythe reaction chamber. The
assembly incorporates an electron gun (e-gun), magnetic guiding coils and various electrostatic beam
optics, including Einzel lenses (EL), steerers, and a quadrupole tripleta(QT).»Microchannel-plate
(MCP) detectors, flux monitors, and a pair of scintillation counters arealso installedyfor diagnostics.

of the cavity features an entry window made of a 30 nm thick SisNy membrane to admit the
incoming positron beam. Inside the cavity, a 1 pm thick mesopereusisilica film is deposited on a
conductive silicon substrate. Positrons strike this film to produce Ps-which then escapes from the
porous structure into the cavity volume.

The production of antihydrogen was previously demonstrated using a target consisting of a
simple plate that provided much lower Ps density, and a decelerated antiproton beam that was not
trapped and cooled [7]. When the ELENA beam is degelerated to eénergy F. from an initial energy
E;, the transverse emittance increases by a factor of \/F;/E.. This growth in emittance makes it
challenging to focus the antiproton beam into the/marrow target cavity. Therefore, it is essential to
cool the beam within the antiproton trap after the deceleration process to achieve the beam quality
required for efficient antihydrogen production.

2.2 GBAR decelerator y

The GBAR decelerator reduces the kinetic energy of the 100 keV antiproton beam from ELENA to
below 6 keV for downstream trapping and reaction. This deceleration is based on the pulsed drift
tube technique, where the electrode potential is switched to ground while the particles are inside
the tube. Initial commissioning was performed in 2018 with a decelerated beam energy of 8

keV [16]. To ensure stable operations the system was subsequently improved in 2023 with a
redesigned electrode layout and arevised high-voltage switching circuit. These upgrades were
essential to overcome corona and leakage currents in the negative high-voltage system and stringent
ultra-high vacuum requirements [19].

The GBAR decelerator consists of two Einzel lenses and a 450 mm long drift tube (Fig. 1). The
first Einzel lens is positioned to focus the beam as it enters the drift tube. This tube is typically
held at -97 kV to reduce the beam energy to 3 keV, and is pulsed to ground using a fast high-voltage
switch while the antiprotens.are inside. A second Einzel lens and a four-plate steerer are located
after the drift tube to correet the trajectory and ensure the decelerated beam is properly delivered
into the antiprotontrap. This pulsed drift tube design achieved nearly 100% efficiency in
decelerating antiprotons{rom ELENA and has been replicated by the PUMA experiment [20].

2.3 Antiproton.trap

2.3.1 _.amtiproton trap overview The antiproton trap is a Penning—Malmberg trap for the
confinement of charged particles using electromagnetic static fields. It is designed to meet the
requirements of the antiproton beam in the GBAR experiment, including a nested trap for
electrons that cool the antiprotons. The overall operational schemes have been demonstrated
through simulation studies [21]. The antiproton trap consists of a cylindrical electrode array
includingsMulti-Ring Electrodes (MRE) and a superconducting magnet. The superconducting
magneét) can generate uniform magnetic fields up to 7 T, while the operational field is 5 T. The
MRE, as shown in Fig. 2, consists of three High-Voltage electrodes (HV1, HV2, HV3) and an array
of 11 Ring Electrodes (RE) between HV1 and HV2. HV1 and HV3 are used to capture the
antiproton beam by forming a high-voltage square potential well, and HV2 functions as a drift-tube
accelerator for antiprotons. RE form an electrostatic harmonic potential well (HPW) to confine
and store cold antiprotons. The MRE is installed at the center of a cryo-cooled inner bore pipe
vacuum chamber (IVC) inside the outer vacuum chamber (OVC) system with thermal shields,
where a uniform and strong magnetic field is established by the superconducting magnet. A
cryo-cooler system is mounted on the OVC chamber to cool the inner vacuum system, and a
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Figure 2: Detailed drawing of the electrode array within the antiproton trap, with dimensions in
mm. The Multi-Ring Electrode (MRE) assembly consists of a central RE section for the confinement
of antiprotons and electrons, and high-voltage electrodes (HV1-3) dedicated toantiproton capture
and acceleration. To ensure efficient beam transport, a series of four Einzgl lenses (PT-EL1-4) are
positioned downstream to focus and deliver the beam toward the reaction,chamber.

temperature of 15 K has been achieved around the MRE.

The voltages applied to the electrodes are controlled by a LabVIEW-based PXI system
connected to amplifiers with a maximum output of £140 V and.high-voltage power supplies with a
maximum output of -20 kV. The central ring electrode is segmented_intorfour pieces to apply a
rotating wall signal. The rotating wall technique [22, 23] is an established method for compressing
non-neutral plasmas in a Penning trap by applying torque(through rotating dipole electric fields.
Radial compression of antiproton clouds using this technique has béen demonstrated through direct
drive [24], sympathetic compression [25], bounce-resonant transport [26], and multi-step
high-density protocols [27]. For the last ring electrode, a fast switch is placed between the amplifier
and the electrode to enable fast extraction of antiprotons. The HV electrodes are connected to fast
high-voltage switches. The switches for HV1 and HV3 are for antiproton capture, while the switch
for HV?2 is integrated into a double-gap buncher system [21]. This system consists of a high-voltage
platform and a fast switch capable of generating arsignal combining a time-varying potential and a
fast high-voltage switching signal. It enables accéleratioll and bunch-length compression of the
antiproton beam. Downstream of the MRE; four Einzel lenses (PT-EL1-4) are installed to control
beam divergence caused by the rapid magnetic field gradient.

2.3.2 Antiproton trap operation The full sequence with operation functions of the antiproton
trap is shown in Fig. 3. First, ainegative potential is applied to the RE to remove any residual ions
from the previous sequence. Then, the electron gun at the entrance of the antiproton trap is moved
into the beam line and emits electroms into the trap with a current of 0.1-1 mA. The 20 eV electron
beam is transferred adiabatically to the high magnetic field region using guiding coils. A potential
barrier of -140 V is formed by the last ring electrode, and a harmonic potential well is created
before the potential batrier by the other ring electrodes. The continuous electron beam is reflected
by the potential barrier,.and some electrons lose their longitudinal energy through beam-beam
interactions between'incident and reflected beams, or through beam-plasma interactions with the
confined electrong, eventually becoming trapped in the harmonic potential well [28]. Using this
scheme, approximately 3 x 10® electrons are accumulated within a few seconds. After the electron
accumulationg the electron'gun is pulled out, and the PXI system waits for the ELENA ejection
trigger signal. The confined electrons are cooled via cyclotron radiation in the high magnetic field
region (Figi3a). The.antiproton beam is first decelerated to 3 keV by the drift tube decelerator
and then delivered. to the antiproton trap. During injection, HV3 is held at —8 kV while HV1 is
grounded; awaiting the arrival of the beam. Once the entire bunch is contained between HV1 and
HV3jthe beam.is captured by switching up the high voltage potential at HV1 (Fig. 3b). The
antiprotons are further decelerated and confined in the 140 V deep HPW through sympathetic
cooling with' the prée-loaded cold electron plasma for 5 s (Fig. 3c). Then, the confined antiprotons
are radially compressed by applying a rotating wall signal on the central azimuthally segmented
ring electrode and maintained in this state for 1 min (Fig. 3d). The harmonic potential well is then
floated and axially compressed in 1 ms steps before the antiprotons are released by switching off
the.-potential barrier established by the last ring electrode. The extracted antiproton beam is
transported to HV2, where it undergoes acceleration and bunching (Fig. 3e). The HV2 functions as
a drift tube accelerator by applying a fast high-voltage switching signal, accelerating the antiproton
beam to 1-10 keV (Fig. 3f). Simultaneously, the double-gap buncher system applies a time-varying
potential to reduce the bunch length of the beam. The accelerated antiproton beam, with an
energy of a few keV, experiences a strong magnetic field gradient of up to approximately 47 T/m as
it exits the trap. A series of four Einzel lenses is used to recover the resulting divergence.
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20 Figure 3: Voltages along the trapping axis illustrating the operatienal sequence and the corresponding
21 timeline: (a) electron pre-loading for 2 s, (b) antiproton ‘ecapture by.switching the HV1 electrode,
22 (c) sympathetic cooling of antiprotons with cold electrons for 5.5, (d) rotating wall compression
23 maintained for 1 min, (e) extraction following axial compression|in'1l ms steps, and (f) acceleration
24 to 1-10 keV.
25
26
27 2.4 Detector description
28 Two types of detectors are used to monitor the status of.the antiproton beam at several locations:
29 microchannel-plate (MCP) assemblies and plastie scintillators (Fig. 1). Each MCP assembly
30 consists of a microchannel plate, a phosphor screen, and a support structure. To capture the
31 spatial distribution, CMOS cameras are,positionedibehind each assembly to record images of the
32 phosphor light through a vacuum viewporta Simultaneously, the electrical signals from the MCPs
33 are recorded by an oscilloscope to analyze the time distribution of the beam pulses.
34 While the MCP assembliés provide spatial and temporal information, plastic scintillation
35 detectors are employed to monitor the beam intensity. These detectors are categorized into flux
36 monitors and scintillation counters: Each flux monitor unit consists of a plastic scintillator (EJ-200,
37 Eljen Technology) and astwo-inch-diameter photomultiplier tube (PMT, H7195, Hamamatsu
38 Photonics). The flux monitors employ scintillator plates with dimensions of 5 x 7 x 0.25 cm® and
39 are positioned at a distance of 2um from the beam line. They measure the antiproton flux by
40 detecting secondary particles from the annihilation of the pulsed beam at MCP2 or MCP3, located
41 at the entrance andsexitsofithe antiproton trap, respectively.
42 The scintillation counters comprise two 1.7 m long scintillator bars with area 10 cm x 5 cm,
43 coupled to PMTs\at both ends [29]. These counters are aligned parallel to the beam line at a
44 distance of'2:2 m. While the flux monitors require dumping the antiproton beam onto the MCPs,
45 the scintillation'counters are designed to monitor the annihilation of the antiproton cloud during
46 its confinement, in thetrap. A coincidence trigger condition is applied between the bars to
47 selectively detect particles from the trap center.
48 The anode signals from both the flux monitors and scintillation counters are directed to a flash
49 analog'to digital/converter (FADC) system integrated with a trigger and control board (TCB) for
50 précise time synchronization and continuous monitoring, in parallel with an oscilloscope (Teledyne
51 LeCroy Wavesurfer 3054z) for direct signal observation and analysis.
52 The flux monitors were calibrated relative to the antiproton pulse intensity measured by the
53 ELENA nondestructive circular electrostatic pick-up system [30]. This calibration assumes that the
54 100 keV antiproton pulses delivered by ELENA reach MCP2 without losses, as no upstream
55 anniliilation signal was observed prior to their arrival at MCP2 (Fig. 4a). The resulting detector
56 response demonstrated a linear correlation with the beam intensity, with a deviation of
57 approximately 3% (Fig. 4b). The fitted intercept was comparable to the statistical deviation and
58 thus consistent with zero. By adjusting the high voltage of the PMTs, the integrated signal of the
59 scintillator plates was matched to ensure a consistent response for the same antiproton pulse. After
60 calibration, one monitor remained at MCP2, while the other was relocated to the MCP3 position,

at the trap exit.
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Figure 4: (a) Electric signal recorded by the flux monitor when a 100 keV antiproton beam is dumped
onto MCP2, without using the GBAR decelerator. No upstream anmihilation signal is observed prior
to the beam arrival at MCP2. (b) Correlation between the number of antiprotons and the integrated
flux-monitor signal. The black dots represent the experimental data7\and the red line indicates a
linear fit. The data demonstrate a linear correlation with a deviation of approximately 3%.

The dominant source of systematic uncertainty for this detector is attributed to the local
material environment. Secondary particles must traverse eitherthe stainless-steel chamber wall or
the SiO5 viewport prior to reaching the scintillator detector, introducing differential signal
attenuation. This environmental uncertainty wagrquantified by comparing detector responses near
the MCP2 and MCP3 positions. By deployingrthe detector in equivalent local geometries at both
locations, the influence of surrounding materials wasiisolated, revealing a 5% discrepancy that is
conservatively assigned as the systematic uneertainty. Additional systematic effects, including
uncertainties in detector geometry measurements and the selection of the signal integration time
window, were evaluated and found to beiless than 1%.

3 Antiproton beam line commissioning results
3.1 Antiproton beam decelération
A bunched beam of (1.0 — 1.2) X107 antiprotons with an energy of 100 keV is delivered from
ELENA every 110 seconds. To minimize the bunch length, the bunch rotation method was applied
at ELENA [12], reducing the bunch length (o) to 40 ns. The beam emittance is 2 mm-mrad [31].
The antiproton beamsfrom»ELENA is initially focused onto a drift tube using an Einzel lens
(EL In in Fig. 1) and then decelerated to 3 keV. After the deceleration, a second Einzel lens (EL
out in Fig. 1) focuses the.beam toward the antiproton trap. The beam profile and the number of
antiprotons are evaluate}using MCP2. The corresponding spatial profile and electric signal for the
antiproton beam [decelérated to 3 keV are shown in Fig. 5. The beam size, defined as the Gaussian
fit standard deviation, is measured to be o, = 5 mm, oy= 8 mm and the bunch length (FWHM) is
140 ns, and the number'of decelerated antiprotons, as measured using the flux monitor, indicates a

x104
300
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Figure 5: (a) Spatial profile and (b) electric signal for the 3 keV decelerated antiproton beam at
MCP2. The circle in (a) indicates the active area of the MCP2. The bunch length in (b), defined as
the full width at half maximum (FWHM) of the signal waveform, is 140 ns.
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21 deceleration efficiency close to 100%. The 3 keV antiproton beam, routinely used for trapping, is
22 expected to have an emittance \/EZ/Ee = \/100/3 ~ 6 times larger than that of the original
23 ELENA beam due to the deceleration, corresponding 4o,approximately 12 mm-mrad, although this
24 has not been experimentally measured.
25
26 3.2 Antiproton trapping and cooling
27 The 3 keV antiproton beam is delivered to thesantipreton trap with a slight reduction in
28 transmission due to imperfect alignment and the beam divergence. In the “pass-through” mode,
29 where the antiproton beam is transferred through the antiproton trap and dumped onto MCP3,
30 68(8)% of the ELENA beam intensity, corresponding to (7 — 8) x 10%p is detected at the exit of the
31 trap. The antiproton beam intensity is estimated using the flux monitor described in section 2.4.
32 The number of captured antiprotons is‘also measured using the flux monitor by releasing
33 antiprotons after a short storage period of 10 us and dumping them onto MCP3. It is maximized
34 by optimizing the switching4ime of HV 1, adjusted in steps of 100 ns. The number of captured
35 antiprotons is measured to be 81(10)% of the number of particles in “pass-through” mode. The
36 capture efficiency is limited by the bunch length, the energy distribution and the angle of the
37 injected antiproton beam:
38 The captured antiprotonsiare slowed through interactions with the pre-loaded cold electron
39 cloud. Once their energy drops below 140 eV, the antiprotons fall into the harmonic potential well
40 and are confined with the electron plasma, where they are further cooled sympathetically. The
41 energy of the antipfotonssbefore the confinement was measured by opening the potential barrier at
42 HV3 and measuring theéir arrival time at MCP3. As shown in Fig. 6, the antiproton energy
43 decreases with, time,as they are sympathetically cooled by the preloaded electrons. However, since
44 antiprotons ¢onfined imthe harmonic potential well cannot escape the trap by opening the HV3
45 barrier, only particles with energies above 140 eV can escape and be detected. After 1.5 s, no
46 particles are detected ' when the potential barrier is opened, indicating that the entire antiproton
47 population has become confined within the harmonic potential well.
48
49 3.30" Radial Compression of an Antiproton cloud
50 The segmented electrodes of the MRE, located at the center of the ring electrode assembly, are
51 usedito generate the rotating electric fields. RF voltages with amplitudes of 1-10 V and frequencies
52 up to 200MHz can be applied in this configuration. Under these conditions, the electron plasma is
53 expected in the “strong-drive regime” of rotating wall compression [32], where the plasma density
54 increases linearly with RF frequency, provided that the plasma rotation matches the drive
55 frequency. The antiproton cloud is then sympathetically compressed with the electron plasma. At
56 higher frequencies, however, the plasma may fail to follow the drive, causing the density to deviate
57 from this linear relationship.
58 The compressed antiprotons are extracted and delivered to MCP3, where the beam profile is
59 recorded to evaluate the areal density of the extracted antiproton beam. The extraction process is
60 described in the following section. The number of antiprotons reaching MCP3 is measured using a

flux monitor. To estimate the beam area, an elliptical fitting algorithm is applied to the recorded
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Figure 7: Areal density (a) and spatial profiles (b—e) of the extractéd antiproton beam as a function
of rotating wall (RW) frequency (w/27) in the rangetl—14 MHz, where the amplitude is fixed at
10 V. The beam profiles at MCP3 are shown for (b) before,compression and after RW compression
at (c) 4 MHz, (d) 8 MHz, and (e) 12 MHz. The white ¢ircle indicates the active area of the MCP.
The signal attenuation, appearing as a diminished intensity region slightly above the center of the
image, is attributed to localized damage to the MCP.

L

image. The axis lengths are defined as the FullbWidth at Half-Maximum (FWHM). The areal
density is then calculated as the ratio of the numbet of antiprotons to the fitted beam area. The
uncertainty in the areal density is determined by propagating the uncertainties in the number of
antiprotons and the fitting error. The optimalicompression is studied by scanning the areal density
while varying the rotating wallsfrequency (w/27) in the range 1-14 MHz as shown in Fig. 7. The
areal density of the extracted antiprotombeam reaches a maximum value at 8 MHz and drops at
frequencies above 10 MHz. For drive frequencies above this value, sympathetic compression was
observed to be ineffective. This behaviour is attributed to the reduced efficiency of the RW-driven
compression of the electromyplasma at higher frequencies. When the beam profile exceeds the
effective area of MCP3 the fitfing error in the beam size estimation becomes significant.

Rotating wall compression also helps to suppress plasma expansion, thereby increasing its
lifetime [22]. Based enymeasurements of the remaining antiprotons, the lifetime of the antiproton
plasma is estimated to exceed 10,000 seconds.

1.5 15
1.0 1.0
> >
057 0.5
0.0 0.0 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
s Hs

(a) (b)

Figure 8: Extracted antiproton beam signals measured at MCP3, overlaid with an exponentially
modified Gaussian (EMG) fit (red), for (a) Without a bunching signal and (b) with the double-gap
buncher system active. The bunch length, defined as the full width at half maximum (FWHM) of
the EMG fit, is reduced from 190 ns to 80 ns.
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18 reaching a population of 6.4(0.4) x 107 after 18 injections. Thé number of@ntiprotons is measured

;g by extracting and dumping the particles at MCP3 using the flux monitor.

21

22 3.4 Antiproton extraction, acceleration and bunching

23 The extraction of the antiprotons is performed by adjusting the potentials applied to the RE using
24 the sequencing system. Firstly, the entire harmonicpotential well is floated and axially compressed,
25 with the bottom of the well set to —70 V. The mixed plasma of electrons and antiprotons is then
26 released using a fast switch connected to the lastielectrode in'RE. The electrons quickly escape,

27 while the antiprotons relatively move slowly teward the HV2, which is located just beyond the last
28 ring electrode. Once the antiprotons are fully containedgwithin HV2, the potential in HV2 rapidly
29 ramps up to the high-voltage potential and the/@antiprotons are accelerated by the pulsed drift tube
30 technique. The mean energy of the accelerated antiproton beam is estimated by measuring its

31 time-of-flight to MCP3. The measured energy agrees with the applied voltage, with a deviation of
32 less than 1%. Simultaneously, a doublesgap buncher [33, 34] potential is applied to compress the
33 bunch length of the accelerated antiproton beam. Simulation studies have shown that the

34 sawtooth-shaped bunching potentialis expected to significantly reduce the bunch length [21]. By
35 applying this bunching signal, thesbunch length (FWHM) of the extracted antiproton beam is

36 reduced from 190 ns to 80 ns, as shown in Fig. 8. To determine the bunch length, the temporal

37 profile of the beam pulse'was fitted with an exponentially modified Gaussian (EMG) function [35].
38 The FWHM was subsequently. extracted from the fitted EMG profile.

39 The extracted antiproton beam, typically with an energy of 6 keV, is focused by a series of four
40 Einzel lenses positioned downstream of the MRE. These lenses prevent beam divergence caused by
41 the magnetic field gradient at.the exit of the trap, and focus the beam onto MCP3. The beam

42 parameters are evaluatéd using MCP3 and the flux monitor near MCP3. The mean number of

43 antiprotons was measured to be 6.4(0.4) x 105, which corresponds to 56(3)% of the ELENA beam
44 intensity. The stated uneertainty encompasses both the standard error of the mean and the

45 systematic uncertainty, To evaluate the stability of the system, the antiproton yield was measured
46 33 times Over Grdays;with the relative statistical standard deviation of the individual

47 measurements observed to be 2%.

48

49 3.50" Antiproten Accumulation

50 In addition to thewroutine extraction of antiprotons after each 110 s ELENA cycle, the system can
51 be operated/in an accumulation mode where particles are retained to accumulate particles from

52 subsequent ELENA injections. In this configuration, the antiproton trap functions as a reservoir,
53 providing significant operational flexibility for the entire experimental sequence. The stacking

54 procedure is carried out as follows: after the cooling and compression of the antiprotons, the cold
55 antiprotons and electrons are maintained within the HPW. The RW compression is turned off

56 before the subsequent injection to allow for expansion of the trapped particles, ensuring a sufficient
57 spatial overlap with the incoming beam. High voltage is then applied to the HV3 electrode to form
58 a potential wall to await the next ELENA injection. By repeating the capture, cooling, and

59 compression cycles, a progressively larger population of antiprotons is confined within the HPW.
60 During these operations, approximately 6.7 x 106 antiprotons were trapped from the first

ELENA injection, reaching a total of 6.4(0.4) x 107 antiprotons after stacking 18 injections, as
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Figure 10: (a) Spatial profile and (b) electric signal for the extractedsantiproton beam at MCP3,
after accumulation of 18 injections. The areal density of the beam/s 5.8 times larger than that of a
single shot. The bunch length (FWHM) in (b) is 85 ns.

~
shown in Fig. 9. This result marks a new record that significantly exceeds the 1 x 107 antiprotons
previously reported by the ASACUSA experiment [13], while,also demonstrating the highest
accumulation rate to date. Table 1 summarizes the antiproton aecumulation and trapping
efficiencies achieved in major antimatter experiments.

As shown in Fig. 10, the extracted antiproton beam exhibits/an areal density at MCP3
approximately 5.8 times higher than that of a single ELENA ‘injection, while maintaining a
comparable bunch length. This demonstrates a gignificant enhancement in transverse beam density
without degrading the temporal profile. Such an improvement is expected to enhance beam
delivery to the Ps target. «

The maximum capacity for antiproton accumulation is limited by the potential well depth and
the space charge effect, although current performance is practically governed by how effectively the
plasma can be radially compressed and maintained'in a stable state. These capabilities are highly
sensitive to hardware imperfections, such asielectrode misalignments and non-uniformities in the
confining fields. The precise impact of these system imperfections on the saturation limit of
antiproton accumulation has‘notiyet.been fully characterized and remains to be addressed in future
studies.

4 Comparison to simulation

A simulation study usingsWARP PIC (Particle-In-Cell), a multi-dimensional particle simulation
code especially developed for plasma and beam simulation [38], was conducted to estimate the
characteristics of the antiproton plasma and to optimize beam transport [21]. The initial
antiproton plasmads modeled-a$ a uniformly distributed spheroid with zero kinetic energy. Particle
distributions with various plasma radii are generated, with the total number of particles fixed at

5 x 10, which, corresponds/to the antiproton count measured in the specific experimental
configuration‘accumulated for comparison with the simulation. The extraction sequence after the

Experiment P Accumulation Trapping efficiency
ATHENA 3 x 103 (per AD injection) ~ 1074

ATRAP 4% 10° (32 AD injections) 7x 1074
ASACUSA 1.05 x 107 (7 AD injections) ~ 5%

ASACUSA 1.4 x 10% (per ELENA injection) 26%

ALPHA 9 x 10* (per ELENA injection) ~ 1%

AEgIS 3 x 10° (per ELENA injection) ~ 38%

GBAR 6.4 x 107 (18 ELENA injections) 56%

Table 1: Comparison of antiproton accumulation and trapping efficiency across major antimatter ex-
periments. The trapping efficiency is defined as the ratio of the number of antiprotons confined in the
trap to the number of antiprotons delivered by AD or ELENA. Values are taken from ATHENA [36],
ATRAP [10], ASACUSA [13, 14], ALPHA [37], and AEgIS [15]

10
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Figure 11: Simulated (a, b) and corresponding experim%ntal (d, e) antiproton beam spatial distri-
butions at MCP3 and MCP3.5. (c). Linear correlation between the initial plasma radius and the
beam size (FWHM) at MCP3, with simulation results (black dots) and a linear fit (red line). The
initial plasma radius for the simulation,wasidetermined to be 0.5 mm by matching the experimental
beam size with this linear fit. Simulated beam profile at the reaction target is drawn as (f). The red
rectangle marks the cavity targetswindow, and the blue dots represent particles passing through the
cavity.

rotating wall compression isisimulated, using the experimental values for extraction and transport.
Starting from the spheréidal plasma confined in the trap, antiprotons are released downstream and
accelerated by rapidly switching HV2 to high voltage. The antiproton beam is then focused by four
Einzel lenses, and thesbeam profile is recorded at MCP3 for various initial plasma radii. As shown
in Fig. 11 (c), thefinitial plasma radius and the resulting beam radius at MCP3 exhibit a linear
correlation. By comparing the simulation results (a) with experimental data (d), the initial plasma
radius is estimated to.be 05 mm.

Using the initial particle distribution simulated data with a radius of 0.5 mm, a further
simulationswas carried/out to study the antiproton beam transport and to estimate the number of
antiprotons passing through the target cavity. As shown in Fig. 11 (b) and (e), the simulated beam
size and shape at MCP3.5, located midway between MCP3 and the target cavity, agree well with
the experimental/data. The simulation estimates the beam emittance to be 3 mm-mrad. The
antiproton beam. is subsequently transported through the target cavity. In the experiment,
9.98(0434) x 10° amtiprotons are detected downstream of the target cavity, in good agreement with
the simulatéd value of 1.06 x 10%. Based on this validation, the beam optics were optimized via
simulation to maximize the number of particles passing through the target cavity. The simulation
predicts that 3.9 x 10® antiprotons pass through the target cavity, with the corresponding spatial
distribution shown in Fig. 11 (f).

These results demonstrate that the reaccelerated antiproton beam can be successfully
transmitted through the narrow inlet (1.5 x 2.0 mm?) of the target cavity with a significantly
higher flux compared to the previous beamline configuration without the antiproton trap [7].
Consequently, the antihydrogen production rate is expected to increase, thereby facilitating the
core experimental objectives of the GBAR experiment.

11
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5 Summary

A unique antiproton beam preparation system comprising a pulsed drift-tube-based decelerator
and a Penning-Malmberg trap, equipped with a cooled beam re-acceleration and bunching system,
has been demonstrated using the antiproton beam provided by CERN’s AD/ELENA facility. We
have reached a record trapping efficiency of 56(3)% relative to the ELENA beam intensity.
Furthermore, we optimized the antiproton trap capacity to accumulate 6.4(0.4) x 107 antiprotons
by stacking 18 ELENA injections, representing a factor of 5 increase in the numbersof antiprotens
reported to date. With this improved performance, the antihydrogen production rate will be
significantly enhanced, providing an essential foundation for the future formation of a positive
antihydrogen ion (ﬁ+), which is the primary scientific objective of the GBAR experiment. Further
improvements to this setup, including optimization of beam transport to the'Ps target cavity and
the utilization of accumulated antiprotons, will be pursued to achieve this objective.
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