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Abstract
Emittance measurements were performed for the antipro-

ton and H− beams delivered by the AD/ELENA facility at
CERN, with and without the deceleration stage of the GBAR
experiment. The measurements rely on a quadrupole-scan
technique using a cylindrically symmetric Einzel lens, with
beam-spot imaging on a microchannel plate coupled to a
phosphor screen. Transport coefficients are obtained from
SIMION particle tracking simulations. For the 100 keV H−

beam, the normalized emittance is found to increase with
bunch intensity, ranging from 0.025 to 0.039 mm⋅mrad
in the vertical plane and 0.035 to 0.052 mm⋅mrad in the
horizontal plane. After deceleration to 6 keV, a significant
growth of the projected normalized emittance is observed,
substantially exceeding the values predicted by SIMION sim-
ulations accounting for energy dispersion alone. RF-Track
simulations indicate that this growth results from non-linear
aberrations induced by the Einzel lens, amplified by space-
charge effects. These results provide updated beam models
that better match the measured transport efficiencies through
GBAR.

INTRODUCTION
The GBAR (Gravitational Behaviour of Antihydrogen

at Rest) experiment [1] is located at the CERN Antimatter
Factory [2]. Its goal is to measure the free fall of ultra-cold
antihydrogen atoms in the Earth’s gravitational field. Unlike
other antihydrogen experiments, GBAR will produce anti-
hydrogen ions (H+), which can be sympathetically cooled
to the microkelvin range. The production of H+ requires
two successive charge-exchange reactions occurring within a
small interaction region where an antiproton beam overlaps
with a positronium (Ps) cloud:

𝑝 + Ps → H + 𝑒−, (1)

H + Ps → H+ + 𝑒−. (2)

Part of the AD complex at CERN, the Extra-Low Energy
Antiproton (ELENA) ring delivers antiproton bunches with
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a kinetic energy of 100 keV every two minutes and 100 keV
H− bunches every 15 seconds.

The optimal antiproton energy for the double charge-
exchange reaction with ground-state positronium is 6 keV
[3]. The antiproton beam is therefore decelerated from
100 keV to 6 keV using a 450 mm long drift tube held at
-94 kV and pulsed to ground while the beam bunch is in-
side [4]. While the normalized emittance 𝜀𝑛 = 𝛽𝛾 𝜀geo
remains conserved under deceleration, the geometric emit-
tance 𝜀geo increases by a factor √100/6 ≃ 4.

In 2022, the GBAR experiment observed the first pro-
duction of antihydrogen atoms via the first charge-exchange
reaction [1]. However, the measured production rate was
limited by both the positronium density and the fraction of
antiprotons delivered within the interaction region. To in-
crease this rate, two upgrades were implemented. First, a
positronium production cavity was installed, providing a sig-
nificantly higher positronium density within the interaction
volume. Second, a Penning–Malmberg trap was installed on
the antiproton beam line upstream of the interaction region
[5]. Antiprotons are accumulated and cooled in this trap
through Coulomb interactions with a cold electron plasma,
reducing the transverse emittance of the ̄𝑝 beam before ex-
traction and reacceleration to 6 keV for transport through the
Ps cavity. The optics for injecting the decelerated antipro-
ton beam into the trap were designed taking into account
the expected emittance growth from deceleration. However,
experimental measurements yield an injection efficiency of
only about 70%. To understand this discrepancy, a mea-
surement of the emittance of both the non-decelerated and
decelerated beams was performed.

METHOD
We used the classical quadrupole-scan method [6]

with a cylindrically symmetric uni-potential lens, mea-
suring the beam-spot size with a standard microchannel-
plate/phosphor-screen imaging system. An example is
shown in Fig. 1. The transverse beam sizes are extracted
from MCP images by analyzing the intensity distribution on
the phosphor screen. A dark image is subtracted to remove
background, and a fixed region of interest centered on the
MCP is selected.

The transport coefficients necessary for determining the
emittance are obtained using the electromagnetic modeling
and charged particle tracking software SIMION. Figure 2
illustrates a SIMION model of the electrostatic beam ele-
ments used in this study. For each Einzel lens voltage, the
linear transport coefficients 𝑀11 and 𝑀12 between the re-
construction point and the MCP are determined by tracking
test particles with controlled initial conditions. A particle
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Figure 1: Beam spot obtained on a MCP detector with phos-
phor screen for a 100 keV H− beam. The signal is projected
onto the horizontal (𝑦) and vertical (𝑧) axes, and the resulting
profiles are fitted with Gaussian functions (with constant
offset), yielding beam sizes 𝜎𝑦 and 𝜎𝑧.

Figure 2: SIMION optical model of the GBAR decelerator,
showing equipotentials and antiproton trajectories. All elec-
trodes have cylindrical symmetry and an inner diameter of
100 mm. The ELENA beam enters from the left, is focused
by the first Einzel lens and can be decelerated by the long
drift tube held at -94 kV that is switched to ground while
the 300 ns (rms) bunch is inside [4] and refocused with the
second Einzel lens. The MCP-PS is located 265 mm down-
stream.

launched with 𝑥0 ≠ 0 and 𝑥′
0 = 0 yields 𝑀11 = 𝑥/𝑥0, while

a particle with 𝑥0 = 0 and 𝑥′
0 ≠ 0 gives 𝑀12 = 𝑥/𝑥′

0. The
measured beam size contains both betatron and dispersive
contributions, given by:

𝐷MCP = 𝑀11𝐷0 + 𝑀12𝐷′
0 + 𝐷SIMION (3)

where 𝐷0 and 𝐷′
0 are the dispersion coefficients given by

ELENA at the entrance of the GBAR beamline and 𝐷SIMION
is obtained numerically by tracking particles with small
momentum offsets 𝛿 = Δ𝑝/𝑝 between the entrance of the
beamline and the MCP used for the scan. The dispersive
contribution (𝐷MCP 𝜎𝛿)2 is subtracted from the measured
beam size, so that the betatron component

𝜎2
𝛽 = 𝜎2

𝑥 − (𝐷MCP 𝜎𝛿)2 (4)

is used in the fit. By varying the lens voltage, the resulting
beam sizes 𝜎2

𝛽 are fit using

𝜎2
𝛽 = 𝑀2

11⟨𝑥2
0⟩ + 2𝑀11𝑀12⟨𝑥0𝑥′

0⟩ + 𝑀2
12⟨𝑥′2

0 ⟩. (5)

The second-order moments are obtained from a least-squares
fit, and the geometric emittance is given by

𝜀𝑥,rms = √⟨𝑥2
0⟩⟨𝑥′2

0 ⟩ − ⟨𝑥0𝑥′
0⟩2. (6)

RESULTS

100 keV H− Beam
The drift tube, normally used to decelerate the beam,

is set to 0 V. The voltage applied to the first Einzel lens of
the GBAR beam line (Fig. 2, left) is varied, while all other
optical elements are kept at ground. Due to large shot-to-
shot H− intensity fluctuations, 15 shots are recorded for each
voltage setting. The data are grouped according to beam
intensity, and the transverse beam size is extracted for each
focusing voltage, as shown in Fig. 3.

Figure 3: Transverse beam size as a function of the Einzel
lens voltage for a 100 keV H− beam. The data are grouped
by beam intensity. Each point is an average over 15 shots.

For each intensity bin, the normalized transverse emit-
tance is estimated at the reconstruction point. The results
are shown in Fig. 4. These values can be compared to
the normalized emittances measured at the source by the
ELENA operators: 𝜀𝑛,hor = 0.16 mm ⋅ mrad and 𝜀𝑛,vert =
0.097 mm ⋅ mrad (r.m.s., reconstructed at the H− source) [7].
They are larger than our full-intensity measurement by a fac-
tor of three, which is expected since they characterize the
beam before transport through the ELENA ring and transfer
line.
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Figure 4: Normalized transverse emittances as a function of
the beam intensity for a 100 keV H− beam. The emittance is
reconstructed from beam size measurements after correction
of the dispersive contribution.

To validate the consistency of these results, we simu-
late the beam generated from the emittance results obtained
above (for the case of 8-10 × 106) using two different ion-
optics codes, RF-Track [8] and Simion. For each value
of the scanning voltage 𝑉1, the transverse beam size 𝜎 is
extracted at the measurement plane and compared with the
experimental data points obtained, as shown in Fig. 5. The
two simulations give accurate and consistent results for the
measured beam sizes.

Figure 5: Comparison between measured and simulated
transverse beam sizes as a function of the Einzel lens voltage
for a 100 keV beam of intensity 8 − 10 × 106.

H− Beam Decelerated to 6 keV
The H− beam is decelerated by the pulsed drift tube and

focused with the downstream low-voltage lens (Fig. 2, right).
The variation of the transverse beam size as a function of
focussing voltage is shown in Fig. 6. The measured beam
sizes are systematically larger than those expected from the
increase in geometric emittance resulting from the change in
energy. They are also larger than those predicted by Simion

Figure 6: Transverse beam size as a function of the lens
voltage for a 6 keV H− beam. The drift tube is pulsed from
-94 kV to 0V while the bunch is inside. The data are grouped
by beam intensity.

and moreover, yield emittance values that depend on fo-
cussing voltage. Given the effective current of 107 charged
particles within 300 ns decelerated to such low energies, it
seems plausible that space charge plays a role in the beam
dynamics.

The Simion simulations include the effect of energy dis-
persion but not the effects of space charge.

Therefore, a more detailed simulation was made using
RF-Track [8] to understand the effects of energy dispersion,
space charge and the normalized emittance growth.

In RF-Track, the beam is tracked through the electrostatic
elements using field maps generated with COMSOL and a
user-defined pulsed drift-tube model. The input beam param-
eters are those found for the 100 keV beam that yield the con-
sistence results shown in Fig. 5. At the MCP position, the full
transverse phase space is extracted to evaluate the beam size,
the mean kinetic energy, the local dispersion, and two differ-
ent emittance definitions, the projected emittance (assuming
no energy-dispersion contribution) and the betatronic emit-
tance. The projected emittance is obtained directly from the
full transverse phase-space distribution (𝑥, 𝑥′) or (𝑦, 𝑦′). It
therefore includes both the intrinsic betatron contribution
and the broadening induced by momentum spread through
dispersion. In addition, a local betatron emittance is recon-
structed by removing the linear dispersive contribution from
the transverse coordinates and angles. Local dispersions
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𝐷𝑥, 𝐷′
𝑥, 𝐷𝑦, and 𝐷′

𝑦 are estimated from the correlations with
the relative momentum deviation 𝛿 = (𝑃 − ⟨𝑃⟩)/⟨𝑃⟩. The
betatron coordinates are then defined as

𝑥𝛽 = 𝑥 − 𝐷𝑥𝛿, 𝑥′
𝛽 = 𝑥′ − 𝐷′

𝑥𝛿,

𝑦𝛽 = 𝑦 − 𝐷𝑦𝛿, 𝑦′
𝛽 = 𝑦′ − 𝐷′

𝑦𝛿.

The transverse beam size for a beam intensity of 8–10 ×
106 H− at the measurement plane is compared with the
experimental data and the Simion predictions in Fig. 7.

Figure 7: Transverse beam size as a function of the einzel
lens voltage for a 6 keV H− beam at an intensity of 8–10 ×
106 H−, for the horizontal (top) and vertical (bottom) planes.
Experimental data are compared with Simion and RF-Track
simulations with and without space charge. Faded markers
indicate the experimental points used.

The r.m.s. emittance of the decelerated beam is sensitive
to the einzel lens voltage, as the lens introduces spherical
aberrations that drive emittance growth. Space-charge forces
are also non-negligible at this intensity and contribute an

additional emittance increase. The evolution of the emit-
tance with respect to the voltage applied on the Einzel lens
is shown in Fig. 8.

Figure 8: Normalized r.m.s. emittance as a function of the
einzel lens voltage for a 6 keV H− beam, for the horizontal
(top) and vertical (bottom) planes. Results from Simion and
RF-Track simulations with and without space charge are
compared. The dotted vertical line indicates the nominal
operating voltage 𝑉 = −5.3 kV.

̄𝑝 beam decelerated to 6 keV The voltage scan was per-
formed following the same procedure as for the H− beam.
The voltage scan is shown in Fig. 9. For the 6 keV ̄𝑝 beam,
all shots exhibit a stable intensity, ranging from 11.5 × 106

to 13.5 × 106 antiprotons per bunch, therefore no intensity
classification was made.

The voltage scan results closely match those measured
for the H− beam at an intensity of 10–12 million particles.
However, different effects are expected. First, the antipro-
ton beam contains a larger number of particles, leading to
stronger space-charge. Second, the response of antiprotons
on a microchannel plate (MCP) coupled to a phosphor screen
is known to be artificially enlarged due to pion production
following antiproton annihilation on the detector surface [9].
For these reasons, the emittance of the antiproton beam
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Figure 9: Voltage scan for the 6 keV antiproton beam. The
beam-spot size as a function of the Einzel lens voltage is
used to extract the projected normalized emittance.

should be regarded as an upper limit, consistent with that of
the H− beam at 10–12 million particles.

CONCLUSIONS
Emittance measurements of the AD/ELENA beams pro-

vided by CERN’s “Antimatter Factory” were carried out
using instruments in the GBAR experiment that can also
decelerate the nominally 100 keV ELENA beam. Results
for the 100 keV H− are consistent with measurements by the
ELENA group, however the emittances of the decelerated
H− and antiproton beams are significantly larger than can
be accounted for by the relative energies. A detailed simula-
tion using the CERN software RF-Track was performed to
evaluate the contributions of space charge, which turn out
to contribute significantly to larger emittances when decel-
erating and strongly focussing the intense ELENA beams.
While GBAR has demonstrated 100% efficiency with its pi-
oneering deceleration technique compared to thin foils used
by other experiments, the effects of space charge require
refining the ion optics for transport and injection into traps.
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