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Abstract: The GBAR (Gravitational Behaviour of Antihydrogen at Rest) experiment at CERN has
been proposed to measure the gravitational acceleration of the ultracold antihydrogen atoms. This
experiment produces antihydrogen ions through interactions between antiprotons and positronium
atoms. Then, antihydrogen atoms are produced for the free-fall experiment after the photo-detachment
of an excess positron from the cold antihydrogen ions. The energy of the antiproton beam before
the positronium target chamber will be in the range of 1–10 keV. The cross-section for the reaction
between the antiprotons and positroniums depends mainly on the energy of the antiprotons. Hence,
to maximize the productivity of antihydrogen ions, a sufficient number of antiprotons should be
provided with well-controlled energy. In this regard, an antiproton trap is considered to accumulate
and slow down antiproton beams, and cool them utilizing the electron cooling technique. This trap is
designed based on the Penning-Malmberg trap, which consists of a superconducting solenoid magnet
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and a series of ring electrodes including high-voltage electrodes to trap antiprotons. In addition, a
set of extraction electrodes and optics for beam transport are used. Each electrode has been designed
and optimized using the WARP PIC simulations. In this study, the design and simulation results of
each trap component are presented.

Keywords: Accelerator Applications; Accelerator modelling and simulations (multi-particle
dynamics, single-particle dynamics); Beam dynamics; Instrumentation for particle accelerators and
storage rings - low energy (linear accelerators, cyclotrons, electrostatic accelerators)
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1 Introduction

The GBAR (Gravitational Behaviour of Antihydrogen at Rest) experiment at CERN aims to measure
the free-fall gravitational acceleration of antihydrogen atoms (H̄) [1, 2]. The GBAR first combines
the antiprotons (p̄) with two positrons (e+), forming antihydrogen ions (H̄+) with a positive charge.
Using sympathetic cooling techniques, these ions will be cooled to temperatures of approximately
60 μK before excess positrons are removed through photo-detachment processes [3]. The resultant
antihydrogen atoms will be able to fall freely for 20 cm before impact and subsequent annihilation
on the chamber floor, whereby the acceleration can be deduced from time-of-flight.

One of the challenges in this experiment is to obtain enough antiprotons with the right phase-
space parameters (e.g., energy, temperature, transverse beam size, longitudinal length, etc.) so that
antihydrogen ions can be efficiently produced via the following charge exchange reactions in two steps:

p̄ + Ps → H̄ + e−, H̄ + Ps → H̄+ + e−. (1.1)

Here, the positronium (Ps) target has dimensions of 2 mm × 2 mm cross section and 2 cm length [4].
The energy of the antiproton beam before the positronium target chamber will be in the range
of 1–10 keV [5]. Initially, the Antiproton Decelerator (AD) produces 5 MeV antiprotons. These
antiprotons are further decelerated to 100 keV by a new deceleration ring called ELENA, then
transported to the GBAR beam line. Using a scheme based on electrostatic deceleration in a drift tube,
the 100 keV ELENA beam is slowed down to 1 –10 keV [6] before the antiproton trap. Otherwise,
energy degrader foils must be used, resulting in a significant loss of antiprotons.

An antiproton trap after the decelerator or degrader can further improve the production efficiency
of antihydrogen ions by adjusting the phase-space parameters and accumulating several pulses from

– 1 –
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the ELENA. Once a sufficient number of antiprotons, which is targeted ∼ 107, are prepared, they are
extracted and transported to the positronium target.

This study developed the GBAR antiproton trap concept and determined its design parameters
based on the Particle-In-Cell (PIC) simulations and analytical calculations. Also, the development
status of each component of the trap is presented.

2 Design

The main part of the antiproton trap was designed based on the Penning-Malmberg trap configuration
with a superconducting solenoid magnet (SC Magnet) and a series of ring electrodes in the trap
region [7]. Additional parts include the extractor electrodes and optics for beam transport (figure 1).
The design of each part was based on the following concepts.

Figure 1. Overall layout of the antiproton trap and beam transport line.

• In the trap region, injected antiprotons are captured in the potential well generated by trap
electrodes, and cooled down by the pre-loaded electrons [8].

• The central region of the trap is equipped with a stack of many short ring electrodes [7, 9, 10].
This multi-ring electrode configuration compensates for the distortion of the potential well by
the image charges, and generates a near-harmonic potential [11].

• Additionally, to compress antiprotons radially, one of the trap electrodes called rotating wall is
segmented by four pieces and generates rotating electric fields while applying the RF voltages
with different phases to each segment [12].

• The trap is entirely housed in an ultra-high vacuum (UHV) bore. The UHV bore is maintained
at approximately 10–20 K using two GM cryocoolers [7], which allows to satisfy the tight
vacuum condition (∼ 10−12 mbar) to avoid antiproton annihilation.

• When extracting antiprotons, one einzel lens is used to prevent the beam from diverging by the
magnetic field at the exit of the solenoid. Another einzel lens is used to deliver the antiproton
beam stably through the transport line. Considering the reaction with positroniums at the
reaction chamber, the properties of the antiprotons extracted from the trap must match those
of the positroniums. In particular, the beam radius should be as similar as possible. Hence, an
electrostatic quadrupole triplet is placed before the reaction chamber.

– 2 –
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2.1 Electrodes in the trap region

Multi-Ring Electrodes (MREs) in the trap region have two high-voltage (HV) electrodes, eleven
electrodes including one rotating wall electrode set, and one ground electrode, as shown in figure 2.

(a)

(b)

Figure 2. (a) Design of trap electrodes and (b) on-axis potential distribution for injection and trapping. The
trap length was determined in such a way that the round trip distance between HV1 and HV2 is long enough
for a ∼ 300 ns pulse at 1 keV.

The upstream HV electrode (HV1) is the gate to trap the injected antiprotons, and the downstream
electrode (HV2) reflects them. The HV2 was designed longer than the HV1 because the HV2 is
used not only for generating the axial potential barrier, but also for accelerating and bunching the
antiprotons during the extraction (see section 3.4). We note that the antiprotons are delivered as a
short pulse. The eleven electrodes in the central region form the harmonic potential well to trap
cooled antiprotons. After cooling, the pre-loaded electrons are removed before further manipulation

– 3 –
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by opening the HV1, SE1-2 and CE1-3. When only antiprotons remain in the trap, their voltages are
changed back to original values. The center electrode (CE4) was azimuthally segmented into four
pieces to apply the rotating electric field used in the radial compression. It is desirable to couple the
rotating electric field to a specific plasma mode in a certain radial compression scenario. In this
case, rotating wall electrodes are often placed at the end of the plasma column [12]. This electrode
set was installed in a magnetic field of up to 7 T, and the field map is shown in figure 3, matching the
center of the trap region to that of the magnet.

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0
3

4

5

6

7

B(T
)

Z ( m m )

Figure 3. Field map of SC magnet; 𝑧 = 0 means the center of magnet located in the uniform region of the
magnetic field where field uniformity is around 0.1%.

2.2 Extraction and transport line

The extracted beam diverges as it exits the high magnetic field and passes the transport line owing to
the space-charge effect. Two einzel lenses (figure 4) are used to focus the extracted antiprotons at the
end of the magnet and the beginning of the transport line. Both of them consist of two grounded
electrodes at both ends and one high-voltage electrode at the center. The position of the first einzel
lens is determined based on the magnetic field configuration. The magnetic field lines are diverged
after 200 mm from the magnet center (figure 3), thus the extracted antiprotons are also diverged
through this region. So, in order to guide the beam without hitting the inner surface of the electrode,
we put the first lens at 475 mm, almost at the end of the magnetic field. After the beam simulation
with the first lens, we found an additional diverging point of the beam and decided to put the second
lens at 900 mm.

For more efficient antihydrogen ion production, the size of the extracted beam should be smaller
than that of the positronium target. An electrostatic quadrupole triplet (EQT) (figure 5) reduces the
final beam size on the target.

3 Analytical calculation and simulation results

The simulation sequence from the GBAR antiproton trap to the reaction chamber was set as follows:

• Injection and Trapping:
The injection of antiprotons from the decelerator beam line to the SC magnet and trapping in
the multi-ring electrodes was simulated using the WARP Particle-In-Cell (PIC) code [13, 14].

– 4 –
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(a)

(b)

Figure 4. Design of the (a) first and (b) second einzel lenses consisting of two ground electrodes and one
high-voltage electrode. In order to avoid interferences with vacuum and cryogenic components, we designed
the two lenses differently.

Figure 5. Design of electrostatic quadrupole triplet. The nominal applied voltages are ±170 V.

• Electron Cooling and Radial Compression:
The cooling time of antiprotons by electrons was calculated from a simplified model (see
section 3.2 for more details), and their radially compressed size was estimated based on other
experimental results. We note that the interaction between rotating electric fields and trapped
non-neutral plasmas involves many complicated processes, and a theoretical prediction is not
yet available [10].

• Beam Distribution in Trap before Extraction:
The equilibrium plasma of cooled antiprotons was generated based on an analytical solution.

• Extraction and Beam Transport:
The WARP code was used again for the simulations of extraction and transport of the
antiprotons in the final equilibrium, starting from the trap region to the position of the
positronium target.

– 5 –
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3.1 Injection and trapping

The antiproton beam is decelerated to 100 keV in the ELENA ring, and passed through the pulsed
high-voltage decelerator. The antiproton parameters extracted from ELENA [15] are listed in table 1.

Table 1. Beam parameters of antiprotons extracted from the ELENA ring [15].

Parameter Value

Intensity per Bunch 4.5 × 106

Kinetic Energy 100 [keV]
Momentum Spread (Δ𝑝/𝑝, 95%) 2.5 × 10−3

Bunch Length (95%) 300 [ns]
Horizontal Emittance (95%) 6 [𝜋 mm · mrad]

Vertical Emittance (95%) 4 [𝜋 mm · mrad]

In the decelerator, the energy of the antiproton beam is reduced from 100 to 1 keV. The
momentum spread and emittance increase 10 times as the energy decreases 100 times, and the beam
size is determined by the optics of the decelerator [16] as shown in table 2.

Table 2. Expected beam parameters of antiprotons after the decelerator.

Parameter Value

Kinetic Energy 1–5 [keV]
Momentum Spread (Δ𝑝/𝑝, 95%) 2.5 × 10−2

Bunch Length (95%) 300 [ns]
Horizontal Emittance (95%) 60 [𝜋 mm · mrad]

Vertical Emittance (95%) 40 [𝜋 mm · mrad]
Horizontal Size (95%) 19.7 [mm][16]

Vertical Size (95%) 17.0 [mm][16]

In the simulation, the size and emittance of the antiproton beam injected into the trap were fixed
based on table 2. The Twiss parameters [17] 𝛼Twiss and 𝛽Twiss, which are related to the transverse
divergence and size of the beam, and the distance to the trap were set to various values. The purpose
of the simulation is to confirm whether the antiproton beam can be injected correctly in the high
magnetic field (7 T) region without significant mirroring, and eventually caught in the trap. The
trapping efficiencies are plotted in figure 6.

Figure 7 and table 3 show the motions of the injected antiprotons and beam parameters after
trapping, respectively, for the case that the initial injection point is 1 m upstream of the trap center
and 𝛼Twiss = 0 there.

The repetition rate of ELENA is about 110 s [15, 18] and the expected intensity is 4.5 × 106

antiprotons per bunch. Therefore, several bunches are stacked to satisfy the required number of
antiprotons at the target. For example, if the trap takes four ELENA cycles, it takes less than 8 min.

– 6 –
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Figure 6. Trapping efficiency as a function of the initial point from the trap center for various 𝛼Twiss values.

(a) (b)

(c) (d)

Figure 7. Motions of injected antiprotons in the longitudinal phase-space during trapping. After (a) 2 μ𝑠,
(b) 2.3 μ𝑠 (reflected by the downstream HV electrode), (c) 2.4 μ𝑠 (after turning on the upstream HV electrode)
and (d) 10 μ𝑠. Here, the initial injection point is 1 m upstream of the trap center, where 𝛼Twiss = 0. The number
of simulation particles initially used is 10000, and the number of trapped particles in (d) is about 9700.
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Table 3. Beam parameters of trapped antiprotons. Note that here bunch length and beam sizes are given in
rms (one standard deviation) values unlike the 95% values used in tables 1 and 2.

Parameter Value
Kinetic Energy ∼ 950 [eV]

Energy Spread (𝜎𝐸 , rms) ∼ 450 [eV]
Bunch Length (𝜎𝑧 , rms) ∼ 37 [mm]

Horizontal Size (𝜎𝑥 , rms) ∼ 0.50 [mm]
Vertical Size (𝜎𝑦 , rms) ∼ 0.53 [mm]

3.2 Electron cooling and radial compression

The characteristic cooling time of an electron in a magnetic field owing to cyclotron emission [19] is

𝜏𝑐 ≈ (4𝜋𝜖0)
3𝑚𝑒𝑐

3

4𝑒2𝜔2
𝑐

(MKS units), (3.1)

where 𝑚𝑒, 𝜖0, 𝑐, and 𝑒 are the electron mass, permittivity of free space, speed of light, and elementary
charge in the MKS units, respectively, and 𝜔𝑐 = 𝑒𝐵/𝑚𝑒 is the electron cyclotron frequency. For
example, 𝜏𝑐 for electrons in a magnetic field of 7 T is ∼ 53 ms. For an ideal and optimistic situation,
the electron temperature at equilibrium tends to the ambient temperature inside the trap (𝑇ambient),
which could decrease to as low as 10 K in the cryogenic system. The antiproton temperature is
reduced by energy exchange from collisions with electrons, and its damping rate is given by [19, 20]
(assuming that electron bunch and antiproton bunch have the same transverse size)

𝜏�̄� = (4𝜋𝜖0)2 𝑚 �̄�𝑚𝑒

𝑒4
1

𝑛𝑒 lnΛ

(
𝑘𝐵𝑇�̄�

𝑚 �̄�

+ 𝑘𝐵𝑇𝑒

𝑚𝑒

) (3/2)
, (3.2)

where lnΛ is Coulomb logarithm [21–24] which depends on the density and temperature of the
plasmas, and the magnetic field strength.

Equation (3.3) gives the energy loss equation for antiprotons by electrons. The total energy
change of electrons including both energy gain from the collisions with antiprotons and loss by the
cyclotron emission of electrons is represented by eq. (3.4) [19].

𝜕𝑇�̄�

𝜕𝑡
= − 1

𝜏�̄�

(
𝑇�̄� − 𝑇𝑒

)
, (3.3)

𝜕𝑇𝑒

𝜕𝑡
=

1
𝜏�̄�

𝑁 �̄�

𝑁𝑒

(
𝑇�̄� − 𝑇𝑒

)
− 2

3𝜏𝑐
(𝑇𝑒 − 𝑇ambient) . (3.4)

Here, 𝜏𝑐 has 3/2 factor because the cyclotron cooling affects the perpendicular electron energy only.
The cooling time from 1 keV to 50 eV (95% reduction) of the antiproton is approximately 60 s, as
shown in figure 8, when 𝑁 �̄� = 1 × 107, 𝑁𝑒 = 1 × 108, 𝑛 �̄� = 1.0 × 1013 m−3, 𝑛𝑒 = 3.9 × 1013 m−3.
We note that approximately one or two orders of magnitude more electrons are typically used for the
antiproton cooling [25]. We emphasize that a simplified and conservative model was adopted here
to estimate the scale of the cooling time and to confirm whether it is shorter than the repetition time
of the trap operation (∼ 110 s).

– 8 –
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Figure 8. Changes of (a) antiproton and (b) electron energies.

After electron cooling, electrons are ejected by changing the voltages of HV1, SE1-2 and CE1-3
to zero. From the mass difference between antiprotons and electrons, only electrons are fast removed
(within ∼ 500 ns), and then voltages of the electrodes are returned to their original values [26]. Our
simulation results suggest that the properties of remained antiprotons are nearly unchanged. The
remained antiprotons in the potential well are radially compressed by the rotating wall, as shown in
figure 9. One electrode of MRE is azimuthally segmented into four pieces, to which RF voltages with
different phases are applied. This scheme, known as the rotating-wall technique [12], has been adopted
for many antimatter experiments. Surko group [27] applied the technique for the mixture of positrons
and electrons, whereas the ALPHA [28] and AE�̄�IS [26] experiments applied it for the mixture
of antiprotons and electrons. The ASACUSA group reported the successful radial compression of
a pure antiproton cloud (without electrons) using the rotating-wall technique [29]. For the initial
experiment, we plan to attempt the ASACUSA group’s approach first. If the compression efficiency
turns out to be too low, then we will consider compressing antiprotons together with electrons.

Figure 9. Concept of rotating-wall technique on segmented electrode. This figure shows the case of
a dipole drive. The sinusoidal potentials applied to each azimuthal sector ( 𝑗 = 1, 2, 3, 4) are 𝜙 𝑗 =

(𝑉𝑟/2) cos [2𝜋 𝑓𝑟 𝑡 − 𝜋/2( 𝑗 − 1)], where 𝑓𝑟 is the rotating wall frequency (typically, 200–1000 kHz) and 𝑉𝑟 is
the peak-to-peak amplitude (typically, a few volts).

In previous antiproton experiments [7, 28–30], the outer radius of the compressed antiprotons
was reported to be approximately ∼ 0.5 mm with a 7 T magnetic field. Hence, for the GBAR trap
which is expected to have similar operating conditions, we assume that a 0.5 mm outer radius would
be achieved. The duration of the rotating wall 𝑡𝑟 is typically around 200 s.

– 9 –
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3.3 Equilibrium of Cooled Antiprotons in Harmonic Potential Well (HPW)

The Penning-Malmberg trap forms an axial potential well with an approximately quadratic form
along the axis, called the Harmonic Potential Well (HPW). The distribution of antiprotons in HPW
after cooling can be predicted by the equilibrium properties of non-neutral plasma [31, 32]. In the
Penning-Malmberg trap, the applied electrostatic potential distribution is approximated by

𝜙apply(𝑟, 𝑧) = 𝑉0

(
2𝑧2 − 𝑟2

2𝐿2 + 𝑏2

)
+ 𝛿, (3.5)

where 𝐿 (= 0.04 m) is the distance from the trap center to the center of the SE3 electrode, and 𝑏

(= 0.015 m) is the inner radius of the trap electrodes. Here, 𝛿 is the offset and 𝑉0 is the trap potential
depth, which is a negative value for antiproton trapping. The axial motion of the trapped antiprotons
in HPW is a harmonic oscillation with an axial oscillation frequency of 𝜔𝑧 , which is determined by
𝐿 and 𝑏, and the potential distribution on the axis [32]:

𝜙apply(0, 𝑧) = −1
2
𝑚 �̄�

𝑒
𝜔2

𝑧𝑧
2 + 𝛿, (3.6)

𝜔2
𝑧 =

4𝑒 |𝑉0 |
𝑚 �̄�

(
2𝐿2 + 𝑏2) . (3.7)

In the GBAR trap, the MRE configuration is used to compensate for the self-potential produced
by the plasma [11]. By setting appropriate voltages on each small electrode, a potential well of more
precise quadratic shape can be generated. The potential map in the antiproton trap can be obtained
by analytic calculation or numerical simulation, as shown in figure 10.
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Figure 10. Electrostatic potential distribution of HPW along the trap axis.

The simulated potential map can be used to estimate the axial oscillation frequency 𝜔𝑧 . The
fitting equation for the simulated potential distribution shown in figure 10 in the quadratic form is
𝜙sim(0, 𝑧) = −3×104𝑧2−1.95. Compared with eq. (3.6), the axial oscillation frequency is obtained as

𝜔𝑧 =

√︄
3 × 104 2𝑒

𝑚 �̄�

, (3.8)
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which is used in the calculation for the equilibrium. The characteristics of the non-neutral plasmas
were used to calculate the cooled antiprotons in equilibrium. In HPW, the non-neutral plasmas in equi-
librium have a spheroidal shape determined by the plasma density and the potential distribution [32].
Therefore, the shape of the cold (in the limit of zero temperature) antiprotons in HPW can be obtained
analytically. When non-neutral plasmas reach equilibrium, the axial space-charge potential generated
by the plasmas cancels the applied potential. Parameters 𝛼eq and 𝛽eq represented in eqs. (3.9), (3.10),
and (3.11) give the size of non-neutral plasmas satisfying the above condition. It should be noted
that 𝛼eq and 𝛽eq in eqs. (3.9) are related to the plasma density and the applied potential as

𝛼eq = 1 −
𝜔2

𝑧

𝜔2
𝑝

, 𝛽eq =
2𝜔2

𝑧

𝜔2
𝑝

, 𝜔2
𝑝 =

𝑛𝑒2

𝜖0𝑚
, (3.9)

where 𝜔𝑝 is the plasma frequency, 𝑛 is the plasma density and 𝜖0 is the vacuum permittivity.
Equations (3.10) and (3.11) show the relationship between the parameters and the plasma sizes

for oblate (𝑧𝑏 < 𝑟𝑏) and prolate (𝑧𝑏 > 𝑟𝑏) spheroids (see section 4.3.1 of ref. [32] for details).

𝛼eq = − 1
𝑟2
𝑏

𝑧2
𝑏

−1
+

𝑟2
𝑏

𝑧2
𝑏(

𝑟2
𝑏

𝑧2
𝑏

−1
)3/2 tan−1

(
𝑟2
𝑏

𝑧2
𝑏

− 1
)1/2

1
2 𝛽eq =

𝑟2
𝑏

𝑧2
𝑏

𝑟2
𝑏

𝑧2
𝑏

−1
−

𝑟2
𝑏

𝑧2
𝑏(

𝑟2
𝑏

𝑧2
𝑏

−1
)3/2 tan−1

(
𝑟2
𝑏

𝑧2
𝑏

− 1
)1/2

(𝑧𝑏 < 𝑟𝑏), (3.10)



𝛼eq = 1

1−
𝑟2
𝑏

𝑧2
𝑏

−
𝑟2
𝑏

𝑧2
𝑏

2
(
1−

𝑟2
𝑏

𝑧2
𝑏

)3/2 ln


1+

(
1−

𝑟2
𝑏

𝑧2
𝑏

)1/2

1−
(
1−

𝑟2
𝑏

𝑧2
𝑏

)1/2


1
2 𝛽eq = −

𝑟2
𝑏

𝑧2
𝑏

1−
𝑟2
𝑏

𝑧2
𝑏

+
𝑟2
𝑏

𝑧2
𝑏

2
(
1−

𝑟2
𝑏

𝑧2
𝑏

)3/2 ln


1+

(
1−

𝑟2
𝑏

𝑧2
𝑏

)1/2

1−
(
1−

𝑟2
𝑏

𝑧2
𝑏

)1/2


(𝑧𝑏 > 𝑟𝑏), (3.11)

where 𝑟𝑏 and 𝑧𝑏 are the radial and axial dimensions, respectively.
The relationship between 𝑟𝑏 and 𝑧𝑏 is calculated using the above equations and is plotted in

figure 11. The density is given by 𝑛 = 𝑁/
[ 4

3𝜋𝑟
2
𝑏
𝑧𝑏
]

and 𝑁 is the total number of antiprotons in the
trap. This calculation assumed that 𝑁 = 1 × 107, which is typically required in the experiment.

3.4 Extraction and beam transport

As discussed in section 3.2 the trapped antiprotons are compressed by the rotating-wall technique,
and it is assumed that the plasma outer radius (𝑟𝑏) becomes about 0.5 mm and the plasma half-length
(𝑧𝑏) is approximately 13 mm as shown in figure 11. For 1 × 107 antiprotons, the initial beam
distribution data before extraction can be generated by using these dimensions as shown in figure 12.

Before the beam was extracted in the simulation, the HPW was moved downstream by changing
the voltages applied to the MRE, as illustrated in figure 13(a) to prevent the beam size from increasing.

– 11 –



2
0
2
2
 
J
I
N
S
T
 
1
7
 
T
1
0
0
0
3

0 1 2 3 4 5 6 7 8 9 1 0
2 . 5
5 . 0
7 . 5

1 0 . 0
1 2 . 5
1 5 . 0
1 7 . 5
2 0 . 0

z b [m
m]

r b  [ m m ]

Figure 11. Relation between 𝑟𝑏 and 𝑧𝑏 when 1×107 antiprotons are in the harmonic potential well represented
in figure 10.

Figure 12. Initial antiproton distribution before extraction. The number of antiprotons is 1 × 107 and their
energy is assumed ∼ 0 K in the cold plasma limit.

The shape of the HPW was kept the same during this process, and the antiprotons were moved 19
mm downstream maintaining their distribution. The antiproton beam was pushed by the slope of the
electric potential, made as shown in figure 13(b), and the mean energy was approximately 100 eV.

The downstream HV electrode (HV2) of the MRE, which is the longest (110 mm in length)
electrode in figure 2, was used for acceleration and bunch compression. The production cross sections
of antihydrogen ions are maximum when the impact energy of the antiproton is approximately 6 keV
for the ground state Ps, and < 1 keV for the excited Ps [33, 34]. Therefore, the beam energy was
raised to 6 keV using the HV2 electrode by applying a pulsed high voltage.

H̄ productivity increases when the bunch length (in time) of the antiproton is shorter than the
lifetime of the Ps target which is 142 ns [35]. A double-gap buncher (DGB) system [36, 37] is
employed to compress the beam length. The DGB system pulls particles to the beam center by
applying the RF or sawtooth-shaped voltage across the two gaps between the center electrode and
ground electrodes at both sides.

With the combination of above two systems as shown in figure 14(a), the required values of
the energy and bunch length of the extracted antiprotons can be obtained. The HV2 electrode
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(a)

(b)

Figure 13. On-axis potential distributions for (a) moving HPW and (b) extracting antiprotons.

plays the role of the center electrode in figure 14(a). The extracted beam into the HV2 is in the 1st
bunching process, and the HV2 is pulsed to −6 kV when the beam goes through the HV2. Finally,
the beam coming out from the HV2 experiences the 2nd bunching process. With these processes,
the extracted beam is accelerated to 6 keV and its length is compressed. Here, we use a voltage
waveform composed of a sawtooth-shaped voltage and pulsed high voltage [see figure 14(b)] on the
downstream HV electrode during the extraction.

(a)
- 1 5 0 0 - 1 0 0 0 - 5 0 0 0 5 0 0 1 0 0 0 1 5 0 0

- 6 0 0 0

- 4 0 0 0

- 2 0 0 0

0
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2 n d  B u n c h i n g

Ap
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d V
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ag
e [

V]

1 s t  B u n c h i n g

P u l s i n g  f o r  A c c e l e r a t i o n

(b)

Figure 14. (a) Concept of simultaneous acceleration and bunch compression. (b) Voltage waveform applied
to the downstream HV electrode.
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After extraction, two einzel lenses and an EQT were used to transport the antiproton beam and
focus its size on the target. In the simulation with the WARP code, the voltages applied to each
component were −2500 V, −2200 V, and ±170 V.

At the target position, the antiprotons have energy and time distributions, as shown in figure 15,
respectively, and their mean energy, energy spread, and bunch length are �̄� = 6.01 keV, 𝜎𝐸 =

11.57 eV, and 𝜎𝑡 = 56.17 ns, respectively.
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Figure 15. (a) Energy and (b) time distributions of antiprotons at Ps target.

Another critical parameter is the transverse beam size, which should be within the target size.
The Ps target cavity has a 2 mm × 2 mm cross section and is planned to be further reduced to
1 mm × 1 mm [4]. For the simulation results in figure 16, the transverse size is 𝜎𝑥 = 0.677 mm
horizontally and 𝜎𝑦 = 0.512 mm vertically.
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Figure 16. (a) Horizontal and (b) vertical distributions of antiprotons at Ps target.

In particular, 90.7% of the antiprotons remains within the target hole of 2 mm × 2 mm [the
white box in figure 17(a)] and 45.0% within 1 mm × 1 mm. The phase-space plots in figures 17(b)
and 17(c) show that the focal plane of the beam is matched to the target position with the transverse
emittances of 𝜖𝑥 = 2.83 mm · mrad and 𝜖𝑦 = 1.92 mm · mrad, respectively.

4 Summary

We have presented the design concept and simulation results of the GBAR antiproton trap, which
will be used to accumulate the antiproton beams and manipulate them for maximum interactions
with the GBAR positronium target. We confirmed from the simulations that approximately 1 × 107
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Figure 17. (a) Transverse distribution, (b) horizontal, and (c) vertical phase spaces of antiprotons at Ps target.

antiprotons can be confined in the trap and extracted with 6 keV of energy. We anticipate ∼ 90%
of the accumulated antiprotons would be transported to the target of 2 mm × 2 mm in size. While
well-established technologies were adopted, we carefully optimized each trap component based on
theoretical estimations and 3D PIC simulations. Fabrications of MRE and UHV bore were finished,
and the SC magnets and vacuum system were tested. Control and high-voltage systems are currently
under development. We will test the loading of the electron beam first, and subsequently try injection
and trapping of the antiprotons. Depending on the test results, it might be necessary to modify the
electrode system to suit various experimental conditions.
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