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The ALPHA Collaboration, based at the CERN Antiproton Decelerator, has recently implemented
a novel beamline for low-energy (. 100 eV) positron and antiproton transport between cylindrical
Penning traps that have strong axial magnetic fields. Here, we describe how a combination of semi-
analytical and numerical calculations were used to optimise the layout and design of this beamline.
Using experimental measurements taken during the initial commissioning of the instrument, we
evaluate its performance and validate the models used for its development. By combining data from
a range of sources, we show that the beamline has a high transfer efficiency, and estimate that the
percentage of particles captured in the experiments from each bunch is (78± 3) % for up to 105

antiprotons, and (71± 5) % for bunches of up to 107 positrons.

I. INTRODUCTION

The ALPHA experiment [1] at the CERN Antipro-
ton Decelerator (AD) (see e.g. [2]) studies magnetically
trapped antihydrogen (H̄) atoms, produced by merging
clouds of cold positrons (e+) and antiprotons (p̄) [3]. Pre-
cision measurements of trapped antihydrogen atoms pro-
vide unique, high-resolution tests of fundamental sym-
metries, and may help to explain why antimatter is so
scarce in our universe. In recent years, the ALPHA col-
laboration has succeeded in measuring several features in
the antihydrogen spectrum, including its narrow 1S-2S
transition [4, 5], 1S-2P Lyman-alpha transitions [6] and
ground state hyperfine splitting [7]. These measurements
already represent unprecedented tests of new physics be-
yond the standard model and CPT (Charge conjugation,
Parity inversion and Time reversal) invariance [8, 9].

In 2018, the ALPHA apparatus (Fig. 1) was signifi-
cantly expanded with the addition of ALPHA-g, a sec-
ondary, vertical atom trap intended to make direct mea-

surements of antimatter’s gravitational acceleration [10].
This device operates alongside and shares much of its de-
sign with the original ALPHA apparatus [1], employing
an energetically shallow (∼ 0.54 K in temperature units)
magnetic minimum trap to confine antihydrogen atoms.
In a typical ALPHA experimental cycle, around 105 an-
tiprotons are allowed to mix with a cold (∼ 20 K) plasma
of 3×106 positrons by manipulating the electric potential
along the axis of a cylindrical Penning trap. Each mixing
cycle yields around 20 trapped H̄ that can be stacked for
many hours and subsequently used for experiments [3].

Prior to antihydrogen production, positrons and an-
tiprotons must be transferred from their respective source
traps into one of ALPHA’s two H̄ synthesis traps. With
the installation of the ALPHA-g experiment in 2018, a
new charged particle beamline was required to transport
p̄ and e+ clouds between the various particle traps. How-
ever, the magnetised beams that are extracted from Pen-
ning traps (trap-based beams) have a number of proper-
ties that make the design of this beamline challenging.

For practical reasons, p̄ and e+ bunches are only ex-
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FIG. 1. Schematic showing a cross-section view of the ALPHA apparatus following the installation of the ALPHA-g experiment
and new beamline in 2018. The horizontal axis is shaded to differentiate between individual sections of the apparatus. Smaller
detectors (e.g. scintillator panels) are not shown for clarity. The locations of beam diagnostics are annotated in bold. See text
for further details.

tracted into the ALPHA beamline with very low energies
of . 100 eV. The use of large, unshielded superconduct-
ing magnets at ALPHA therefore rules out beam trans-
port using conventional magnetic or electrostatic lattice
beamlines, since these magnets generate stray fields of
hundreds of Gauss between sections of the apparatus.
By comparison, the magnetic field required to steer a
50 eV e+ beam about a typical radius of 200 mm is only
∼ 1 Gauss (10−4 T).

In addition, trap-based beams conserve a canonical
angular momentum that couples their transverse size
to the inverse of the local magnetic field strength (see
Sec. III A) [11]. The extraction of low-energy p̄ and e+

bunches into a beamline with no residual magnetic field
is therefore non-trivial [12, 13], generally resulting in par-
ticle losses and increased beam emittances.

As a result, particles are transported using a magneti-
cally guided beamline, where p̄ and e+ bunches are chan-
nelled through a series of solenoids that provide contin-
ual steering and focusing in the transverse plane. This
scheme avoids the need for excessively weak electromag-
netic fields, and in some cases exploits the stray fields
between particle traps to guide bunches along the beam-
line (see Sec. IV A). Furthermore, this type of transport
does not require the extraction of particles into zero mag-
netic field.

A range of semi-analytical and numerical models were
used to develop the design of the ALPHA beamline. In
many cases, the beam dynamics can be approximated
using simple models such as the Guiding Centre Approx-
imations (GCA) [14]. However, in regions where the
magnetic field is very weak or inhomogeneous, individ-
ual p̄ and e+ particles can adopt more complex motions
that are impossible to model analytically. In this regime,
numerical particle tracing simulations were required to
accurately solve the equation of motion for each particle.

The structure of this paper is as follows: Section II
describes the p̄ and e+ sources in use at ALPHA as per-
tains to this study. Section III reviews semi-analytical
and numerical methods that were used to model the dy-
namics of charged particle bunches transported along the
new beamline. Section IV provides an overview of the in-
strument design that was implemented at CERN during
2018. In Sec. V, we present an analysis of experimen-
tal data collected during the initial commissioning of the
new device. We use these data to evaluate the perfor-
mance of the beamline and validate the models used for
its design, ultimately demonstrating that experimentally
relevant numbers of positrons and antiprotons can al-
ready be delivered to both the ALPHA-2 and ALPHA-g
experiments (see Fig. 1).
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FIG. 2. Diagram showing (a) a cross section of the catching
trap electrode stack and (b) the on-axis electric potential φ
used to eject a ∼ 50 eV antiproton bunch. The dashed line
shows the asymmetric ∼ 52 V potential well used to hold
the p̄ cloud prior to extraction, and the solid line shows the
potential immediately after the extraction of the p̄ bunch.

II. PARTICLE SOURCES

Penning traps are used extensively in experiments in-
volving trapped ions, positrons and antiprotons [15, 16].
In the ALPHA geometry, charged particles are held in-
side a stack of hollow cylindrical electrodes, immersed in
a uniform magnetic field that is oriented along the trap
axis. Particles are confined radially due to their periodic
motions in the external magnetic field (0.1 – 3.0 T). Lon-
gitudinal confinement is achieved by applying voltages to
the electrodes to produce an electrostatic potential well
along the trap axis.

Antiprotons are initially captured from the AD in a
dedicated Penning trap known as the Catching Trap
(CT), located on the left in Fig. 1. Captured p̄ bunches
are sympathetically cooled by allowing them to equili-
brate with an electron plasma in a strong (3.0 T) mag-
netic field [17]. Figure 2 shows the CT electrode stack
and the asymmetric ∼ 52 V electric potential well used
to confine clouds of trapped antiprotons. A typical ex-
perimental sequence will produce a cloud of 105 p̄, with
a radius of 0.4 mm and a temperature of ∼ 350 K [3].

Positron bunches are accumulated using a Surko-type
buffer gas trap [18, 19], shown to the right in Fig. 1.
Positrons are derived from the β+ decay of a 22Na source
with a cryogenic solid neon moderator, and formed into
a dense plasma by collecting a fraction of the resulting
low-energy beam in a Penning trap using an N2 buffer
gas [1]. The Positron Accumulator (PA) is enclosed by
a long solenoid that produces a uniform magnetic field
of 0.15 T. Typically, between 106 and 108 positrons are

Antiprotons (p̄) Positrons (e+)

Source trap Catching trap Accumulator

Magnetic field B0 [T] 3.0 0.15

Number of particles N 105 108

Beam radius σ0 [mm] 0.4 1.0

Source temperature T [K] 350 1000

Larmor radius rL [µm] 8.4 6.6

Beam energy E‖ [eV] 50 50

Emittance ε [mm mrad] 12.0 51.9

Magnetisation L [mm mrad] 233 3200

Perveance K 1.7× 10−5 1.0× 10−3

TABLE I. Example characteristics of antiproton and positron
bunches extracted from the catching trap and positron ac-
cumulator, respectively. The true bunch characteristics will
vary depending on the experimental protocols used to prepare
particles for extraction into the beamline.

formed into a long (150 mm) plasma of radius ∼ 1 mm
every 60 – 90 seconds.

Particles are transferred between Penning traps in
short pulses, produced by rapidly (∼ 2 µs for antipro-
tons, ∼ 200 ns for positrons) modifying the electric po-
tential along the trap axis so particles can escape in one
direction, as shown in Fig. 2(b). The mean energy of the
beam is set by the electric potential at the centre of the
trap immediately before particles begin to escape [20]. In
ALPHA, voltage breakdown limits on the Penning trap
electrode cabling constrains the particle kinetic energies
to . 100 eV, therefore limiting the types of beamline
that can be used to directly guide bunches between dif-
ferent parts of the apparatus. Table I summarises the
properties of p̄ and e+ bunches extracted from the CT
and PA.

At the end of a charged particle transfer, the extracted
positrons or antiprotons are captured inside the Penning
trap of either the ALPHA-2 or ALPHA-g experiment by
rapidly (∼ 0.1 µs) applying a voltage to one of the trap
electrodes to enclose the beam in an electrostatic poten-
tial well. The maximum number of particles that can be
captured from each bunch depends on the bunch length
and the shape of the catching potential.

Since the p̄ and e+ bunches that are transported
around ALPHA have exceptionally low charge densities,
their dynamics are dominated by single particle motions
rather than collective (space charge) effects while in tran-
sit. To test whether space charge forces can be neglected,
we can consider how the motion of a single particle is af-
fected by the electric potential of the surrounding bunch.
In an axial magnetic field, the radial component of the
electric field within each bunch will cause particles to un-
dergo a slow E × B rotation (at 24 kHz for p̄ and for e+)
about the beamline axis, rather than causing defocusing
of the beam envelope. This rotation is generally much
slower than the transit time for positrons (∼ 2.8 µs) or
antiprotons (∼ 120 µs) between parts of the apparatus.
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For this reason, this work will largely neglect collective
effects when considering the transverse dynamics of par-
ticle bunches.

Parallel to the beamline axis, space charge forces will
cause bunches to elongate in the time domain. For a p̄
bunch extracted with the parameters listed in Table I,
the maximum on-axis space charge potential is . 0.6 V.
The resulting electric field will increase the spread of en-
ergies within each p̄ bunch by ∼ 33 meV over a typical
transit time. This increase is much smaller than the ini-
tial energy spread of each bunch (typically a few electron
volts), and so longitudinal space charge forces can safely
be neglected. However, the space charge potential of a
typical positron bunch is much larger (∼ 3.0 V), causing
the beam energy spectrum to widen by around 1.1 eV
while in transit. This is comparable to the initial en-
ergy spread of each e+ bunch upon extraction from the
accumulator, resulting in longitudinal dynamics that are
dominated by collective effects which are not modelled in
detail here.

III. THEORY

A. Semi-Analytical Methods

In the ALPHA Penning traps, the Larmor radius of
each particle rL is generally much smaller than the equi-
librium transverse size of the trapped plasma σ0 (see
Table I), and so p̄ and e+ bunches extracted into the
beamline are considered to be magnetised [21]. While
travelling at low energies through a slowly varying mag-
netic field, the individual particles in a magnetised beam
will follow the field lines with simple motions that can be
modelled accurately using the GCA.

The validity of the GCA in this system can be tested
using the adiabaticity parameter [12], which compares
the typical length scale of variations in the magnetic field
to that of a particle’s own cyclotron motion. In a mag-

netic field ~B = B (s) ŝ, this is defined as

γ =
τcv‖

B (s)

∣∣∣∣∂B∂s
∣∣∣∣ , (1)

where τc = 2πm/qB is a particle’s instantaneous cy-
clotron period, v‖ is its velocity along the direction of
the local magnetic field ŝ, and q and m are its charge
and mass respectively. The co-ordinate s denotes the to-
tal displacement of the beam along the magnetic field
lines.

In the limit where γ � 1, particles will robustly follow
the magnetic field lines with trajectories that are well
modelled by the GCA. If γ becomes large, particles can
adopt more complex motions that are difficult to model
analytically, often requiring the use of numerical calcu-
lations. By intentionally designing the beamline so that
γ is small across all regions, we can greatly reduce the
computational effort required to evaluate and optimize
initial design choices.

In a slowly-varying magnetic field where γ � 1, the
beam envelope is path-independent and can be approxi-
mated as

σadiabatic (s) ' σ0

√
B0

B (s)
, (2)

where σ0 and B0 are the beam radius and magnetic field
at the source, respectively. In the regime where γ & 1
Eq. 2 is no longer valid, but the beam radius can still be
approximated using an appropriate beam envelope equa-
tion.

Ignoring acceleration effects, the envelope equation for
a magnetised beam in an axial magnetic field is [21, 22]

∂2σenv
∂s2

+ k2l σenv −
K

4σenv
− ε2 + L2

σ3
env

= 0 , (3)

where kl = qB/2mv‖ is the Larmor wavenumber and ε
is the geometric emittance of the beam. The perveance
K = 2I/I0 is defined in terms of the peak beam current I
and Alfvén current I0, and represents the defocusing ef-
fect of space charge. In a strong magnetic field, the mag-
netisation L can be approximated as L ' qB0σ

2
0/2mv‖

[21]. The solution to Eq. 3 will provide a more accu-
rate description of the beam envelope than the simple
approximation given by Eq. 2.

In the ALPHA beamline, steering to different experi-
ments is achieved using a region of curved magnetic field
lines directly below the ALPHA-g atom trap, referred
to as the interconnect (see Fig. 1). In this region, we
consider a parameter γr that is analogous to Eq. 1 for a
magnetic field that changes direction with a fixed radius
of curvature, defined as

γr =
4mv‖

qBR
, (4)

where B is the average magnetic field strength along the
nominal beam path andR is the radius of curvature of the
magnetic field. In the regime where γr � 1, particles will
complete many cyclotron orbits as they follow the curved
magnetic field lines, however if γr becomes large particles
can have more complex orbits and may not strictly follow
the field lines or respect the GCA.

When γ � 1, the GCA predict that charged particles
following curved magnetic field lines will have curvature
drifts, which displace their trajectories at right angles
to both the magnetic field and its radius of curvature.
For p̄ and e+ bunches that are steered through a sharp
right-angled turn while travelling towards the ALPHA-g
experiment, the total displacement due to this drift is
approximately

δx =
π

qB

√
E‖m

2
, (5)

where E‖ is the beam energy along the direction of the
magnetic field lines.
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During cyclotron motion, each particle also has a mag-
netic moment µ = E⊥/B that is conserved adiabatically,
where E⊥ is the kinetic energy of the particle perpendic-
ular to the magnetic field lines [14]. In regions where
γ & 1, the conservation of µ can be broken, allowing
particles to transfer energy between their transverse and
longitudinal degrees of freedom. In extreme cases, this
can result in magnetic mirroring and particle losses when
transiting from weak to strong magnetic fields. Particle
losses due to magnetic mirroring have previously been
identified when transferring e+ bunches to the ALPHA-2
experiment.

B. Numerical Simulations

In regions of the beamline where γ & 1, the beam dy-
namics are poorly described by analytical models such
as the GCA, and numerical calculations are required.
A range of numerical particle tracing simulations were
therefore developed, and used extensively to model the
trajectories of charged particles through the new beam-
line. Their results were used to validate the semi-
analytical models described in the previous section, and
to optimize parts of the beamline where such models are
not expected to be valid. In general, numerical simula-
tions were not used to study the dynamics of e+ bunches,
since here γ is consistently very small for positrons along
the nominal beam paths.

In a typical simulation, 104 antiprotons were propa-
gated from the CT up to the centre of the ALPHA-g
experiment. The initial positions and velocities of beam
particles were sampled from a set of distributions re-
flecting the source parameters in Table I. The displace-
ment of each particle’s guiding centre from the beamline
axis was sampled from a Gaussian distribution of width
σ0 = 0.4 mm. Particles were assigned transverse veloc-
ities from a Maxwell-Boltzmann distribution with tem-
perature T = 350 K, representing the thermal spread of
velocities in a trapped non-neutral plasma at equilibrium.
Finally, each particle was displaced from its guiding cen-
tre along a vector corresponding to its Larmor radius in
the magnetic field of the particle source. We neglect the
longitudinal structure of each p̄ bunch, such that all par-
ticles are initialised at a single s co-ordinate along the
beamline with a fixed longitudinal energy.

As noted earlier, the magnetic field of the ALPHA ex-
periment is formed from a complex patchwork of overlap-
ping fields. For numerical simulations, a magnetic field
map was generated for each beamline magnet using the
Biot-Savart solver of the Opera3D postprocessor [23].
Each map was calculated up to the 10−2 Gauss contour
in space (less than ∼ 0.1% of the maximum field at the
magnet’s nominal operating current) to accurately model
the stray fields between sections of the apparatus. Field
maps were exported on a regular (r, z) grid with a resolu-
tion of 2.5 mm, and the field between grid points was eval-
uated using cubic interpolation. Each two-dimensional
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FIG. 3. Beam dynamics plots for a 50 eV p̄ bunch extracted
along beam path A, as shown in Fig. 1. (a) Shows the on-
axis magnetic field strength, while (b) shows the adiabaticity
parameter γ and (c) shows two semi-analytical solutions for
the beam envelope. The horizontal axis has been shaded to
match Fig. 1.

field map was located and aligned within the cartesian co-
ordinate system of the simulation using an appropriate
set of co-ordinate transformations. At any point along
the beamline, the total magnetic field can be found by
scaling and superimposing these maps according to the
current in each magnet.

We used the leapfrog (Boris) algorithm [24] to solve
the equation of motion for each particle. In a pure mag-
netostatic field this algorithm conserves energy exactly,
making it ideal for following particles with fast periodic
motions (e.g. the cyclotron motion) over long timescales.
In the ALPHA beamline, antiprotons can have cyclotron
frequencies of up to 45 MHz, while a typical particle
transfer will last ∼ 120 µs. A simulation timestep of
10−9 seconds was found to give a good compromise be-
tween maximising convergence and limiting the compu-
tational requirements.

IV. DESIGN

The following section describes the elements that make
up the ALPHA beamline. To differentiate between the
new instrument and pre-existing parts of the ALPHA
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613.5 mm

FIG. 4. Diagram showing the cross-section of an ALPHA
beamline module. Copper conductors and water cooling cir-
cuits are highlighted in orange, while the UHV beam pipe and
its surrounding support structures are shown in grey.

apparatus, Fig. 1 has been divided into two regions.
In Sec. IV A we discuss region one, which includes both

the CT and the ALPHA-2 experiment, while in Sec. IV B
we consider region two, which includes the new beam-
line described here. The existing beamline (region one)
has been used extensively since 2012 to transfer antipro-
tons to ALPHA-2, and is unmodified by this upgrade.
In Sec. IV C we consider the longitudinal dynamics of p̄
and e+ bunches, and outline mechanisms that may cause
particle losses inside the ALPHA-g Penning trap.

A. Region One

As shown in Fig. 1, p̄ bunches transferred to ALPHA-g
from the CT must initially travel through the pre-existing
ALPHA-2 experiment. Figure 3(a) shows the magnetic
field strength along this section of the beamline, and
Fig. 3(b) shows the value of γ for a 50 eV p̄ beam prop-
agating through this field from the CT. The horizontal
axis of Fig. 3 is labelled as beam path A in Fig. 1. In this
region, the magnetic field is sufficiently strong and slowly
varying that γ . 1 along the full length of the beam path
shown in Fig. 1.

Figure 3(c) shows two models for the p̄ beam enve-
lope, obtained by evaluating Eq. 2 (σadiabatic) and solv-
ing Equation 3 (σenv) for a p̄ beam extracted from the
CT. The beam envelope equation was solved using a
fourth-order Runge-Kutta integrator, for a monoener-
getic beam with the initial conditions listed in Table I.
Since the magnetic field is strong and relatively uniform
within this region, the solutions to both equations are ex-
pected to be good approximations to the real transverse
size of the beam.

B. Region Two

The new ALPHA beamline (labelled as region two in
Fig. 1) can be divided into six independent sections, with
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FIG. 5. Beam dynamics plots for a 50 eV p̄ bunch extracted
along beam path B, as shown in Fig. 1. (a) Shows the on-
axis magnetic field strength, while (b) shows the adiabaticity
parameter γ and (c) shows two semi-analytical solutions for
the beam envelope. The horizontal axis has been shaded to
match Fig. 1.

each section containing one of three types of elements.
At present, the beamline is comprised of three straight
beamline modules, two diagnostics stations and the inter-
connect. In the following section, we outline the design
of each beamline element and discuss the transverse dy-
namics of p̄ bunches propagating along beam path B in
Fig. 1.

1. Straight Beamline Modules

Figure 4 shows the cross section of a single beamline
module. All three beamline modules share the same basic
geometry, and act as long guiding channels for p̄ and e+

bunches. Each module consists of a central long solenoid
(AGBL01), enclosed at either end by a pair of shorter
solenoids (AGBL02) that are powered in series and can be
positioned along the axis of the beamline. The polarities
of the magnets are chosen to ensure continuity of the
magnetic field lines along the p̄ and e+ beam paths. The
specifications for each type of magnet are summarised
in Table II. The identifiers in Table II refer to magnet
designs that may be used in multiple places along the
beamline.
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Identifier Radius [mm] Length Nominal Current [A] Peak Field

Inner Outer [mm] Antiprotons Positrons Positrons [Gauss]

(ALPHA-g) (ALPHA-g) (ALPHA-2)

Beamline Modules

AGBL01 50.8 70.8 1012.6 +11.0 +8.0 +8.0 730

AGBL02 100.0 125.0 250.0 +11.0 +8.0 +8.0 680

Diagnostics Stations

AGBL03 132.5 171.9 41.1 +15.0 +15.0 +5.0 274

Interconnect

AGBL04-US 77.5 105.0 95.0 +15.1 +10.6 +16.0 640

AGBL04-DS 77.5 105.0 95.0 −15.1 −10.6 +16.0 640

AGBL05 90.0 120.0 100.0 +15.8 +9.8 0.0 680

AGBL06 130.0 160.0 60.0 +13.2 0.0 0.0 270

AGBL07 (Inner) 117.5 142.5 60.0 +16.6 −15.0 0.0 310

AGBL07 (Outer) 145.0 170.0 60.0 +16.6 −15.0 0.0 260

Transfer Coils

AGBL08 302.5 350.0 100.0 +9.5 +9.5 0.0 226

TABLE II. Design specifications for the ALPHA beamline magnets. Nominal operating currents are given for each of the three
main beamline configurations, used to transfer p̄ bunches to the ALPHA-g experiment or e+ bunches to either the ALPHA-2
or ALPHA-g experiment. Peak magnetic fields were calculated for the p̄ beamline configuration. The direction of current in
each magnet is defined relative to its polarity in the p̄ beamline configuration, which ensures continuity of the magnetic field
between the CT and ALPHA-g.

For the beamline to be modular, lengths of beam pipe
are separated using gate valves and bellows so that each
section can be isolated and positioned independently.
These components create drift spaces between the beam-
line magnets where γ can approach 1 for antiprotons, re-
sulting in emittance growth and expansion of the p̄ beam
envelope. To prevent this, the two end coils (AGBL02)
are moved outwards from the centre of each beamline
module (as shown in Fig. 4), creating a significant stray
field and maximising the magnetic field between sections
of the beamline. All data and simulations presented in
this work assume a beamline configuration where the end
coils are fully deployed, as shown in Figs. 1 and 4.

Figure 5(a) shows the magnetic field strength along
beam path B in Fig. 1, from the centre of the ALPHA-2
experiment up to the interconnect. As shown in
Fig. 5(b), γ . 1 for antiprotons along the majority of the
p̄ beam path. However, several regions still exist where
the magnetic field is very weak or inhomogeneous, due to
mechanical constraints imposed by pre-existing parts of
the ALPHA apparatus.

Figure 5(c) shows two semi-analytical models for the
p̄ beam envelope, obtained using the same methods as
Fig. 3(c). Both models are broadly in agreement along
the length of the new beamline. However, after pass-
ing through a region where γ & 1, the solution to the
beam envelope equation begins to oscillate, resulting in
a slightly larger envelope throughout the apparatus. The
σenv solution agrees closely with the results of an equiv-
alent particle tracing simulation, shown in Fig. 9(c).

AGBL03
Solenoid Magnets

MCP / Phosphor
Assemblies

Pass-through
Electrode

p̄

e+

Electron Gun

UHV Chamber
and Supports

260mm

Faraday Cup

FIG. 6. Simplified schematic showing a cross section of the
positron diagnostics station (PDS). The central UHV cham-
ber and surrounding support structures are shown in light
blue, while magnet windings are highlighted in orange.

2. Diagnostics Stations

The new beamline incorporates four diagnostics sta-
tions, where measurement devices can be positioned
within the ultra-high vacuum (UHV) space of the ap-
paratus using a linear translator [1]. These instruments
are primarily used to characterise p̄ and e+ bunches in
transit along the new beamline. The locations of the
beamline diagnostics station (BDS) and positron diag-
nostics station (PDS) are marked in Fig. 1.

Both stations share the same basic geometry, shown as



8

<latexit sha1_base64="JUffPhFdTB/Chx2oX74iu5Hh3q0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp0x9TzMxsUK25dXcOskq8gtSgQHNQ/eoPY5ZGXCGT1Jie5yboZ1SjYJLPKv3U8ISyCR3xnqWKRtz42fzcGTmzypCEsbalkMzV3xMZjYyZRoHtjCiOzbKXi/95vRTDGz8TKkmRK7ZYFKaSYEzy38lQaM5QTi2hTAt7K2FjqilDm1DFhuAtv7xK2hd176ruPVzWGrdFHGU4gVM4Bw+uoQH30IQWMJjAM7zCm5M4L86787FoLTnFzDH8gfP5A6qbj8o=</latexit>

ŝ

FIG. 7. (a) Simplified schematic showing a cross section of the interconnect.The magnet windings are highlighted in orange,
while the UHV chamber, cooling circuits and magnet support structures are shown in grey. One of the AGBL06 magnets is
not visible in this cutaway view. Crosses (dots) indicate current flowing into (out of) the shown cross-section of each magnet.
(b) Quiver plot showing the strength (colour) and direction (arrow orientation) of the magnetic field within the midplane of
the interconnect. The blue line shows a magnetic field line traced from the horizontal axis of the experiment, while the dashed
line indicates the LDS imaging plane.

a cross-section (specifically for the PDS) in Fig. 6. Two
solenoids (AGBL03) are arranged around the midplane of
each station in a Helmholtz-like configuration, at a sep-
aration of ±130 mm. Together, these magnets generate
a uniform magnetic field of ∼ 242 Gauss around devices
that are inserted into the beamline, and also focus p̄ and
e+ bunches that are transferred directly through the sta-
tion. Table II lists the design specifications for the two
solenoids.

In addition, two sets of diagnostic devices are mounted
directly above and below the vertical ALPHA-g exper-
iment. The locations of the lower diagnostics station
(LDS) and upper diagnostics station (UDS) are marked
in Fig. 1. Two large transfer solenoids (AGBL08) are
mounted directly above the LDS to boost the total mag-
netic field to ∼ 230 Gauss around instruments inserted
at this location. Table II lists the design specifications
for these magnets.

3. Interconnect Magnets

The interconnect (labelled in Fig. 1) is used to steer
charged particles to either the ALPHA-2 or ALPHA-g
experiment. As noted in Sec. III, beam steering within
the interconnect is achieved using a region of tightly
curved magnetic field lines. To transfer both p̄ and e+

bunches into the ALPHA-g experiment, the intercon-
nect magnets must be capable of operating in multiple
configurations that connect either the CT or PA to the
magnetic field of the vertical atom trap. The intercon-
nect must also be able to operate in a mode that allows

positrons to pass freely along the horizontal beamline for
operation of the ALPHA-2 experiment.

Figure 7(a) shows a cross section of the interconnect,
while Table II lists the specifications for its seven mag-
net windings. While each of these magnets is powered
independently, the AGBL06 and AGBL07 magnets are
generally operated as two pairs of magnets with match-
ing currents. To switch between the various beamline
configurations (see Table II), the AGBL07 magnets are
connected to bipolar power circuits that allow their po-
larities to be changed between particle transfers.

When only the two horizontal solenoids (AGBL04) are
powered with the same polarity, the magnetic field of
the interconnect points along the z axis of Fig. 7(a).
This configuration is used to transfer e+ bunches into
the ALPHA-2 experiment, with the interconnect acting
as a short focusing solenoid. At present, simultaneous
operation of the ALPHA-2 and ALPHA-g experiments is
not possible, as this would require either p̄ or e+ bunches
to pass through an inversion in the magnetic field of the
beamline. Instead, the polarities of the beamline mag-
nets are configured to ensure continuity of the magnetic
field lines either between the CT and ALPHA-g, or the
PA and ALPHA-2.

Figure 7(b) shows the magnetic field used to steer an-
tiprotons into the ALPHA-g experiment. Table II lists
the magnet currents that are used to generate this mag-
netic field, and the relative polarities of the different
interconnect windings. In this configuration, the two
crossed solenoids (AGBL07) are powered in such a way
that their total magnetic field is oriented along the z axis
of Fig. 7(a), boosting the field strength around the centre
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of the interconnect.

To test whether individual particles will follow the
magnetic field lines, we can evaluate Eq. 4 for a sim-
plified version of the interconnect. For a magnetic field
with B = 500 Gauss and R = 250 mm, we find that
γr (e+) ' 7× 10−3 and γr (p̄) ' 0.33. This implies that
positrons will undergo thousands of cyclotron orbits as
they sample the magnetic field of the interconnect, while
antiprotons will only complete three oscillations.

Assuming that charged particles robustly follow the
magnetic field lines, we can also estimate their curvature
drifts using Eq. 5. Using the same parameters as above,
we find that e+ bunches are displaced by around 0.8 mm
along the x axis of Fig. 7(a). However, antiprotons will
have much larger curvature drifts of up to ∼ 32 mm in
the same direction.

To correct the large curvature drifts of p̄ bunches, two
additional magnets (AGBL06) are installed on either side
of the interconnect. These solenoids generate a magnetic
field parallel to the x axis of Fig. 7(a). When superim-
posed over the fields of the other interconnect magnets,
this causes the field lines to be deflected along the −x
direction. In the regime where γr . 1, p̄ and e+ bunches
will follow the magnetic field lines in a direction that
opposes their own curvature drifts.
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FIG. 8. Simulated steering scans showing the p̄ beam posi-
tion at the LDS as a function of the AGBL06 and AGBL07
interconnect magnet currents. The beam position has been
separated into orthogonal components along the x and z axes
of Fig. 7(a). In these simulations, the ALPHA-g external
solenoid is powered with a nominal magnetic field of 1.0 T.
The shaded regions indicate uncertainties in the beam posi-
tion due to typical mechanical errors along the full p̄ beamline.
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FIG. 9. Numerical simulation showing the properties of a
50 eV p̄ bunch extracted from the CT to the ALPHA-g ex-
periment, as a function of its longitudinal displacement s.
(a) Shows the magnetic field strength B, while (b) shows the
mean p̄ transverse energy 〈E⊥〉 as a fraction of the beam
energy Ebeam. (c) Shows the simulated transverse beam en-
velope σsimulation alongside Eq. 2, which has been evaluated
for the magnetic field shown in (a).

Like the ALPHA-2 experiment, ALPHA-g is enclosed
by a large (510 mm bore) superconducting solenoid that
generates a magnetic field of 1.0 T, in this case along the
vertical axis of the experiment (see Fig. 1). This field
is primarily needed to confine clouds of charged particles
inside the ALPHA-g Penning traps prior to antihydrogen
synthesis. Around the centre of the interconnect, this
solenoid produces a stray field of ∼ 50 Gauss along the
y axis of Fig. 7(a), which significantly alters the steering
of charged particles through this region of the beamline.

Numerical particle tracing simulations were used to
model the trajectories of p̄ bunches through the inter-
connect. Figure 7(b) shows a magnetic field line traced
through the interconnect from the horizontal axis of the
beamline, indicating the trajectory of an ideal p̄ beam
with γr . 1.

Adjustments to the beam trajectory can be made by
tuning the currents in each of the seven magnet wind-
ings. Figure 8 shows the simulated p̄ beam position at
the LDS as a function of currents in select interconnect
magnets. Each data point corresponds to a single sim-
ulation using the setpoints listed in Table II, while in-
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dependently varying the currents in either the AGBL06
or AGBL07 magnets about their nominal values (shown
as dashed lines). The shaded bands in Fig. 8 represent
the uncertainty in the simulated beam position due to
typical mechanical errors along the full p̄ beamline. We
estimate this uncertainty as the standard deviation of 200
Monte Carlo replica simulations, where the position and
orientation of each magnet have been adjusted at random
within its expected mechanical tolerances.

C. Longitudinal Dynamics

As discussed in Sec. II, the number of particles that are
captured after a transfer depends strongly on the longitu-
dinal spatial structure of the beam upon arrival in either
the ALPHA-2 or ALPHA-g Penning trap. While in tran-
sit, the longitudinal emittances of antiproton bunches can
increase due to energy transfer between their transverse
and longitudinal degrees of freedom.

Figure 9(b) shows the mean transverse energy 〈E⊥〉 of
a simulated p̄ beam as a fraction of the beam energy.
The horizontal axis indicates the longitudinal position of
the beam, extending from the CT up to the magnetic
centre of the ALPHA-g experiment. For comparison, the
transverse energy ratio of a p̄ beam with a strictly con-
served magnetic moment is shown as a dashed line. In
regions where the magnetic field is very weak or inhomo-
geneous (see Fig. 9(a)) µ is not conserved, and particles
can transfer energy between their transverse and longi-
tudinal degrees of freedom. The transverse energy of the
simulated p̄ beam therefore tends to increase while in
transit along the beamline.

Upon reaching the ALPHA-g experiment, each an-
tiproton has transferred an average of ∼ 3 eV of its ini-
tial longitudinal energy into its cyclotron motion. The
amount of energy that each particle moves into its cy-
clotron motion depends on its exact trajectory along the
beamline, resulting in a distribution of transverse ener-
gies around this mean value. If γ had not minimised
along the p̄ beam path, some antiprotons would enter the
1.0 T magnetic field of the ALPHA-g experiment with
very large transverse energies (E⊥ ∼ 50 eV) resulting in
particle losses due to magnetic mirroring.

In simulations of the antiproton beamline, every par-
ticle was launched from the same point along the beam-
line with a fixed longitudinal energy. Upon arriving in
the ALPHA-g experiment, the beam had developed a
parallel energy spread of 1.5 eV and a bunch length of
∼ 0.41 µs. The minimum bunch length that can be de-
livered to the ALPHA-g Penning trap is therefore de-
termined by mixing between the beam’s transverse and
longitudinal degrees of freedom while in transit along the
beamline.

Numerical simulations were also used to investigate the
capture of p̄ and e+ bunches inside the ALPHA-g exper-
iment at the end of a particle transfer. In these simu-
lations, we modelled the trajectories of individual parti-
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FIG. 10. Simulation showing the fraction of antiprotons cap-
tured from each p̄ bunch as a function of the Penning trap gate
time tgate. Curves are shown for a range of bunch lengths be-
tween 1µs ≤ στ ≤ 4µs. The horizontal axis has been shifted
relative to the optimal gate time. The inset plot shows the
widths of the fitted curves as a function of bunch length.

cles as they move into a time-dependent electric potential
along the axis of the experiment’s Penning trap. The vac-
uum electric potential was found by analytically solving
the Laplace equation for a hollow conducting cylinder,
and superimposing this solution along the length of the
trap to model each electrode.

In each simulation, 105 p̄ were initialised far outside
the trap volume with a normal distribution in the time
domain, and assigned parallel energies from a Gaussian
distribution of width ∼ 1.5 eV centered at 50 eV. We
define the initial bunch length στ as the time interval
that encloses 95 % of beam particles in the time domain.
After a simulated amount of time (the ‘gate time’ tgate,
since p̄ extraction from the CT), the electrode voltages
were changed to capture particles inside a 105 mm long,
140 V electrostatic potential well. We count the number
of particles that remain inside this well after 2 ms of sim-
ulation time to determine the number of p̄ captured from
each bunch.

Figure 10 shows how the simulated number of antipro-
tons captured from a 50 eV p̄ bunch varies as a func-
tion of the gate time and initial bunch length. To avoid
significant particle losses, the bunch length inside the
ALPHA-g experiment must be limited to στ . 1 µs. For
positrons, the maximum bunch length is on the order
of 0.25 µs. The p̄ bunch length that is delivered to the
ALPHA-g Penning trap can be reduced by minimising
the initial spread of longitudinal energies within each
bunch upon extraction from the CT. However, the longi-
tudinal dynamics of e+ bunches are dominated by space
charge forces (see Sec. II) that cannot easily be mitigated
by tuning the initial bunch parameters.
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FIG. 11. MCP images showing the transverse beam profiles of (a) antiprotons and (b) positrons measured at the LDS. The
dashed line shows the visible active area of the MCP. The solid white lines show the elliptical (one sigma) beam envelopes,
with major and minor axes indicated by dotted lines. The inset figures show the beam intensity integrated along the major
and minor axes of each ellipse. The directions of the x and z axes are defined in Fig. 7(a).

V. EXPERIMENTAL PERFORMANCE

A. Beam Diagnostics

In this section, we evaluate the performance of the
beamline by analysing experimental data collected during
its initial commissioning. Measurements of the p̄ and e+

beam parameters were primarily made using instruments
inserted into the beamline at the locations labelled with
bold text in Figure 1. Diagnostic devices [1] installed at
the ‘AT stick’ and ‘CT stick’ (see Fig. 1) were used to
measure the beam parameters within region one, while
measurements along the new beamline were primarily
made at the BDS, PDS and LDS. Phosphor-backed mi-
cro channel plate (MCPs) and cameras mounted at these
locations were used to destructively image the transverse
profiles of p̄ and e+ bunches in transit along the beamline
[25].

In addition, each diagnostics station is equipped with
a Faraday Cup (FC) for measuring the total charge de-
posited by an incident electron or positron bunch. FC
measurements were not used to characterise p̄ bunches,
as the total charge in each bunch is below the sensitivity
of our readout electronics.

As well as in-vacuum diagnostic devices, the ALPHA
apparatus includes a wide range of external annihilation
detectors. Beam losses during particle transfers are mon-
itored using an array of caesium iodide (CsI) scintilla-
tor crystals backed with silicon photomultiplier (SiPM)
chips, which are mounted between each section of the
beamline. The CsI detectors are easily saturated by in-
tense bursts of radiation with a long recovery time of
∼ 700 µs, and are unable to resolve the time structure of
the annihilation signal from an entire p̄ or e+ bunch.

Where improved time resolution or high-current ca-
pabilities are required, larger plastic scintillator panels
backed with photomultiplier tubes (PMTs) or fast SiPM
chips can be deployed around key areas of the experi-
ment. Since these detectors are read out at a much higher
time resolution (. 2 ns) than the length of a typical p̄
or e+ pulse (∼ 1 µs), they can be used for destructive,
single-shot measurements of the bunch time structure at
a given point along the beamline.

B. Initial Setup

Installation of the new beamline was completed at
CERN between May – July 2018, in parallel with the
construction of the ALPHA-g experiment. Commission-
ing was completed by November 2018, with p̄ and e+

bunches successfully transferred to both of the ALPHA
H̄ synthesis traps.

The beamline was initially configured to transfer e+

bunches into the ALPHA-2 experiment along a horizon-
tal beam path. The magnetic alignment of the beamline
was corrected by adjusting the orientations of the beam-
line module end coils (AGBL02). After each adjustment,
the positron beam position was measured using an MCP
mounted at the AT stick (see Fig. 1). Upon comple-
tion of the preliminary alignment process, both p̄ and e+

bunches could be imaged at regular intervals along the
full length of the horizontal beamline.

No further alignment was necessary to transfer
positrons into the ALPHA-2 experiment. Transfers along
the horizontal length of the beamline were initially tested
by sending e+ bunches directly through the ALPHA-2
Penning trap. Up to (10.1± 0.7)× 106 e+ per shot
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FIG. 12. Antiproton beam position at the LDS as a function
of the AGBL06 and AGBL07 interconnect magnet currents.
The beam position has been separated into components along
the x and z axes of Fig. 7(a). The experimental data were
collected while the ALPHA-g external solenoid was not ener-
gised. An equivalent, simulated steering curve for each data
set is shown as a solid red line. The shaded intervals indi-
cate the uncertainty in the simulated beam position due to
mechanical errors along the full p̄ beamline.

were transferred without detecting significant annihila-
tion losses along the beamline.

C. Beam Steering to ALPHA-g

Initial commissioning of the interconnect magnets was
carried out by transferring p̄ and e+ bunches around a
sharp right-angled turn and imaging them using an MCP
mounted at the LDS. Initial setpoints for the intercon-
nect magnets (Table II) were chosen based on the results
of numerical particle tracing simulations. In each case,
only small corrections to these setpoints were required
to locate the beam on the MCP. Figure 11 shows the
transverse beam profiles of 50 eV p̄ and e+ bunches that
were imaged at the LDS. In both images, the beam posi-
tion has been chosen to maximise the number of particles
delivered to the ALPHA-g experiment, and is not neces-
sarily aligned to the centre of the MCP. By repeatedly
imaging p̄ bunches extracted to the LDS, the beam po-
sition was measured to be stable within . 0.06 mm (one
standard deviation), slightly better than the expected
performance (0.15 mm) based on the specified stability
of the beamline magnet power supplies (60 mA).

Integrated along the major and minor axes of their el-
liptical beam envelopes, the p̄ and e+ bunches shown in
Fig. 11 are normally distributed about their respective
centres. The p̄ beam profile in Fig. 11(a) has a mean
radius of 3.2 mm with the MCP immersed in a magnetic
field of ∼ 270 Gauss. This corresponds to a beam en-
velope of 0.53 mm in the stronger 1.0 T magnetic field
of the ALPHA-g experiment, consistent with the calcu-
lations shown in Fig. 9(c). The positron beam profile
shown in Fig. 11(d) is more elliptical, with a radius of
1.96 mm along its minor axis and 4.56 mm along its ma-
jor axis. This is consistent with numerical simulations of
the beamline, which predict that this elongation is caused
by mixing of the beam’s transverse and longitudinal de-
grees of freedom.

The trajectories of charged particles through the in-
terconnect were investigated by scanning the currents in
select magnets. Figure 12 shows the p̄ beam position
measured at the LDS as a function of the AGBL06 and
AGBL07 magnet currents. Since a limited amount of
time was available for characterisation of the beamline,
these data were collected while the ALPHA-g external
solenoid was not energised. To compare these measure-
ments against the expected performance of the intercon-
nect in this scenario, a set of particle tracing simulations
was carried out (shown as solid lines in Fig. 12).
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FIG. 13. Normalised p̄ beam intensity at the BDS as a func-
tion of the blocking voltage applied inside the ALPHA-2 Pen-
ning trap. Equation 6 has been fitted to the experimental
data to extract the beam energy and p̄ energy spread. Many
of the error bars are too small to be visible.

There is reasonable agreement between the measured
and simulated steering curves. However, the AGBL06
magnets translate the beam along the z axis of Fig. 7(a)
in a way that is not predicted by the simulations. The
shaded bands in Fig. 12 show the uncertainty in the sim-
ulated beam position due to typical mechanical errors
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along the full p̄ beamline. As described in Sec. IV, we
estimate this uncertainty as the standard deviation of 200
replica simulations, each with a unique set of mechanical
errors.

To find the combination of errors that best reproduces
our measurements, we evaluated the χ2 parameter for
each set of replica simulations with the experimental
data. We show the specific replica with the best χ2 from
our survey, and note that this replica broadly reproduces
the trends seen in the experimental data. The results of
our survey suggest that the trends in Fig. 12 arise due
to a combination of many small errors distributed along
the beamline, rather than a strong localised imperfection.
However, the system proved adaptable enough that good
steering was achieved irrespective of these errors.

The efficiency of positron transfers through the in-
terconnect was estimated by comparing FC measure-
ments taken at the PDS and LDS. For bunches of up
to 3.8× 107 e+, we find that (93± 3) % of extracted
positrons arrive at the LDS. Estimating the p̄ transfer
efficiency is more challenging, as our FC readout elec-
tronics are not sensitive enough to detect fewer than 105

antiprotons. However, no significant losses were observed
using the CsI detectors spaced along the beamline, im-
plying that any transfer losses are small.

D. Bunch Structure

As shown in Sec. IV C, the number of particles cap-
tured after each transfer is strongly dependent on the
bunch length delivered to the ALPHA-g Penning trap.
During commissioning of the new beamline, we tuned
the extraction and capture of p̄ and e+ bunches to max-
imise the number of particles that were captured. Exten-
sive measurements of the beam energy distributions and
bunch lengths were used to inform this effort.

The antiproton energy distribution was measured by
repeatedly imaging p̄ bunches at the BDS, while apply-
ing blocking voltages to electrodes inside the ALPHA-2
Penning trap. Figure 13 shows the beam intensity at the
BDS as a function of the on-axis blocking potential. At
the start of each trial, a fixed fraction of antiprotons were
released from the CT by manipulating the electric poten-
tial along the Penning trap axis. The resulting annihila-
tions were counted using a pair of PMT-backed scintil-
lator panels, and used to normalise the beam intensity
against shot-to-shot variations in the initial number of p̄.

Assuming a Gaussian distribution of parallel energies,
the beam intensity is modelled by the expression

f (φ) =
N

2

[
1− erf

(
qφ− 〈E‖〉√

2σE

)]
, (6)

where N is the number of particles per bunch, φ is the
on-axis blocking potential, and 〈E‖〉 and σE are the cen-
troid beam energy and energy spread, respectively. By
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FIG. 14. Measurement showing the time structure of a 48 eV
e+ bunch (a) immediately before the interconnect and (b) at
the LDS. Data was collected using a PMT-backed scintilla-
tor panel installed beside the interconnect, and averaged over
three identical trials. The error bars reflect the standard error
of the distribution of measurements. To aid comparison, the
horizontal axis is shifted relative to the onset of each signal.

fitting Eq. 6 to the data in Fig. 13, we find that each
p̄ bunch has a mean energy of (50.6± 0.1) eV and an
energy spread of (1.8± 0.1) eV. The potentials used to
extract p̄ bunches from the CT, shown in Fig. 2(b), were
optimised to reduce the energy spread.

The extraction of e+ bunches from the PA was also
optimised, producing an energy spread of (2.9± 0.6) eV
around a mean energy of (48.1± 0.4) eV. These wide
energy distributions result in elongation of the p̄ and e+

bunches, ultimately resulting in particles losses upon re-
capture in the ALPHA Penning traps. We anticipate
that further optimisation of the positron and antiproton
energy distributions will be possible after detailed studies
of the beam extraction process [26].

In addition, direct measurements of the p̄ and e+ bunch
lengths were taken at several points along the beam-
line. Plastic scintillator panels backed with PMTs were
used to record the time structure of the annihilations
when a physical barrier was placed into the beam path.
Figure 14(a) shows the normalised PMT signal that was
recorded when a 48 eV e+ bunch was made to annihilate
immediately before entering the interconnect.

The experimental data has been averaged over three
identical trials, and the horizontal axis shifted relative to
the onset of the annihilation signal. A smooth curve has
been empirically fitted to the data to extract the 95 %
bunch length στ = 0.57 µs.

Figure 14(b) shows a similar measurement for a 48 eV
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e+ bunch annihilating at the LDS, approximately 75 cm
further along the beam path. After passing through the
interconnect, the bunch length has increased by 0.13 µs
to στ = 0.70 µs. This increase may be driven by e+

bunches having strongly divergent longitudinal phase
spaces, and also being subject to significant space charge
forces while in transit. A detailed investigation of factors
that contribute to this increase in bunch length is beyond
the scope of this paper.

Similar measurements were carried out along the
beamline for antiproton bunches with a range of energies
up to 75 eV. The nominal p̄ beam energy was chosen to
minimise the antiproton bunch length in the vicinity of
the ALPHA-g experiment. Antiprotons extracted to the
LDS at an energy of ∼ 50 eV have a 95 % bunch length
of (1.66± 0.02) µs.
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FIG. 15. Number of annihilations during a five second window
after p̄ bunches are caught inside the ALPHA-g Penning trap,
for a range of gate times between 128 µs and 135 µs. The
number of annihilations has been normalised against shot-to-
shot variation in the initial number of p̄. The error bars reflect
Poisson counting uncertainties.

E. Bunch Capture

As discussed in Sec. IV C, p̄ and e+ bunches delivered
by the beamline must ultimately be captured in one of
the two H̄ synthesis traps. During the initial setup of the
beamline, bunches of up to ∼ 107 e+ were steered directly
through ALPHA-2 without being captured. However,
the number of particles that could be captured from each
bunch was limited by the long bunch length delivered to
the Penning trap. After optimisation of the potentials
used to catch e+ bunches, we estimate that (71± 5) %
of positrons delivered to the ALPHA-2 experiment were
captured per shot. This efficiency was sufficient for H̄
production at a rate consistent with the performance of

the experiment during 2017, when the PA was directly
connected to the ALPHA-2 apparatus [3].

Separately, p̄ bunches were extracted from the CT and
captured in the ALPHA-g Penning trap. The antipro-
ton gate time was optimised by attempting to capture
p̄ bunches in a 105 mm long, 140 V electrostatic po-
tential well, and counting the number of annihilations
during a 5 second window after the antiprotons were ex-
pected to arrive. Without electron cooling, the captured
antiprotons escape from confinement or annihilate with
background gases after less than ∼ 0.8 s inside the trap
volume. Figure 15 shows the number of annihilations
counted by a pair of SiPM-backed scintillator panels as a
function of the p̄ gate time tgate. As in Fig. 13, the num-
ber of annihilations has been normalised against shot-to-
shot variations in the initial number of p̄. The resulting
curve represents an experimental equivalent to the simu-
lations shown in Fig. 10.

A Gaussian function has been fitted to the data in
Fig. 15 to extract the optimal gate time (132 µs) and
the width of the measured curve (0.81± 0.04 µs). By
comparing the width of the fitted curve to the simula-
tions shown in Fig. 10 (described in Sec. IV C), we esti-
mate the p̄ bunch length within the Penning trap to be
(2.4± 0.2) µs. For this bunch length, numerical simula-
tions predict that (78± 3) % of antiprotons are captured
from each bunch, excluding other loss mechanisms that
may occur outside of the Penning trap.

After optimising the gate time, electron cooling was
demonstrated by loading around 2.5× 107 e− into the
Penning trap before the arrival of each p̄ bunch. Elec-
trons were loaded into the trap using an electron gun
mounted at the LDS, and expanded radially [27] before
each p̄ transfer. After establishing electron cooling, an-
tiprotons were held inside the ALPHA-g Penning trap
for more than 300 seconds without any significant loss of
particles.

Positron bunches were also captured inside the
ALPHA-g experiment and confined for long timescales.
Due to their long bunch length, we expect to lose large
numbers of positrons inside the Penning trap at the end
of each transfer. These losses were minimised by tun-
ing the electric potentials used to capture positrons in-
side the ALPHA-g experiment. After optimisation of
the trapping potentials, up to ∼ 107 e+ could be cap-
tured from each bunch delivered to the ALPHA-g Pen-
ning trap. This number of positrons is more than suf-
ficient for H̄ production using the same techniques that
have already been demonstrated using the ALPHA-2 ex-
periment [3].

VI. SUMMARY AND OUTLOOK

The ALPHA collaboration has recently implemented
a novel multi-species beamline for low energy p̄ and e+

beams extracted from Penning-Malmberg traps. A com-
bination of semi-analytical and numerical methods were
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used during the development of the beamline, allowing
insight into the relevant physics while minimising the
overall computational effort. Measurements have shown
that large numbers of positrons and antiprotons can al-
ready be transported efficiently throughout the ALPHA
apparatus. The successful operation and achieved perfor-
mance of this beamline were critical to the initial commis-
sioning of the ALPHA-g experiment, and several physics
measurements made with the ALPHA-2 experiment dur-
ing 2018 [28].

This work will play an important role in future physics
measurements at ALPHA, such as precision H̄ spec-
troscopy and direct measurements of antimatter’s gravi-
tational acceleration. The techniques presented here are
also expected to be useful for positron and ion trap exper-
iments where low-energy beams are derived from Penning
traps with strong axial magnetic fields.

In the future, the performance of the beamline will be
improved by optimising the longitudinal dynamics of p̄
and e+ bunches delivered to the antihydrogen synthe-
sis traps. Shorter bunches may be obtained with differ-
ent extraction protocols, optimised by detailed compu-
tational and experimental studies of the methods used
to extract beams from the CT and PA [26]. There are

ongoing experimental efforts at ALPHA to compress the
temporal profiles of p̄ and e+ bunches in-flight, using
time-dependent electric potentials applied along parts of
the beamline [29].
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