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1. Introduction

The CERN AD and ELENA facility [1–3] slows antiprotons (𝑝) to 100 keV, delivering bunches
of 8–12 × 106 𝑝 in parallel to four different experiments every two minutes [4]. Most of these
experiments use Penning-Malmberg traps [5] to make antihydrogen (𝐻̄) by combining 𝑝 with
positrons (𝑒+) (ALPHA [6], ASACUSA [7]) or positronium (AE𝑔̄IS [8], GBAR [9]). ALPHA traps
𝐻̄ using a magnetic bottle, while the others seek to produce an 𝐻̄ beam. All four groups devote
weeks or months of beam time each year to improving control over the antimatter plasma in their
traps. After decades of progress, much remains to be done, or even thought of. Meanwhile, certain
ideas, such as the parallel energy analyzer [10], pulsed electron (𝑒−) kick-out [11], stacking [12],
and SDREVC (simultaneous control of density and number of particles via the combination of
compression and evaporative cooling) [13] are nowadays accepted as “standard best practice.”

To this body of knowledge, we contribute some of our findings from experiments conducted
in 2023 and 2024 in ASACUSA’s MUSASHI [12] (Fig. 1) and Cusp trap [14]. In Section 2 we
discuss plasma purification, 𝑝 loss during recompression after stacking, and the effect of plasma
temperature 𝑇 on the measured space charge potential 𝜙. In Section 3 we briefly explain three
important factors in the conversion of 𝑝 to 𝐻̄ and present two experiments where one of the factors,
𝑇 or 𝑝 radius, is controlled by the independent variable. In Section 4 we list lessons learned.

2. Plasma Preparation

The plasma used for making 𝐻̄ must be dense, pure (free from ions/𝑒− for 𝑒+/𝑝 plasma), and
as cold as possible. We begin with 𝑒+ plasma purification, which limits the minimum achievable
𝑇 when the number of particles 𝑁 ∼ 106 or more. We also consider trade-offs between plasma
density 𝑛 and 𝑝 losses in the MUSASHI, where good compression is the key to effective transfer

Figure 1: Cross section of the MUSASHI electrodes and potentials during 𝑝 catching and cooling (left) and
electric fields generated by periodic potentials applied to the azimuthally sectored rotating wall electrode
(right). Antiprotons are cooled for at least 20 s before dropping the 12 kV barriers. Meanwhile, the rotating
wall changes the rotation rate of the plasma and hence its density. After capture, the plasma must be
compressed by the rotating wall to a radius 1 mm or less in order to escape the trap axially without clipping
on focusing electrodes (downstream, not shown) in the transverse plane. Used with permission from Ref. [15]
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to the Cusp trap. Achieving low 𝑇 , high 𝑛, and high purity is only possible if we understand our
trap and diagnostic systems, which are constantly evolving. We give one example at the end of this
section: a cooling study with 𝑒−, which we use to calibrate trap position and our 𝜙 diagnostic.

2.1 Positrons

Most antimatter traps are open on at least one side. Gas puffs from gate valves, hot filaments
of gauges and 𝑒− emitters, or simply room temperature surfaces, all breathe a wind of neutral gas
molecules into the trap. We estimate that a typical room temperature molecule passing through a
5 cm long positron plasma with 𝑛 = 108 cm−3 and 𝑘𝑇 ∼ 5 eV has about 1 chance in 104 of being
ionized (for relevant cross sections, see Ref. [16]). Such a high temperature is possible at the start
of rotating wall compression [17] or when the voltage of an electrode is pulsed in a time 𝑡 ≤ 1/𝜔𝑧 ,
where 𝜔𝑧 is 2𝜋 times the axial bounce frequency [18]. The resulting ions may become trapped,
contaminating the plasma. Collisions of unlike species in the radial electric field of the plasma
cause cross field (mobility) transport. The ensuing plasma expansion raises 𝑇 because transport
down the field gradient turns electric potential energy into kinetic energy. Minimizing 𝑇 requires
ion removal.

In Fig. 2 we illustrate two methods for removing ions from a 𝑒+ plasma. Ion heating, Fig. 2(a),
causes ions to leave the plasma axially (or radially) by sweeping the frequency of an oscillating
field through the ion bounce (or cyclotron) frequency (typically 400 sweeps, 10–1000 kHz, 20 ms
duration). e+kick, Fig. 2(b), purifies the 𝑒+ by passing them from one well to another too quickly
for the ions to follow. While Fig. 2(a) may look simpler, ion heating is actually less robust than
e+kick because the sweep parameters and well shape have to be tuned for each value of 𝑛, 𝑁 , and
ion load, which we can’t exactly control prior to ion removal. In practice, ion heating takes much
longer to optimize, and it is not clear if it works at all for large values of 𝑁 . The routine seems to
require more and more sweeps as 𝑁 increases, yet we observe diminishing returns past 400 sweeps.

We compare the results of the two methods in Fig. 3. Both methods reduce 𝑇 by removing
ions. Neither one achieves 100% purity. For 𝑁 > 107, 𝑇 seems to be stuck about 10 K above the
𝑇 measured for an equivalent electron plasma. The data also suggests that ion heating yields fewer
ions in the final state than e+kick. Unfortunately, we cannot perform a fair comparison here. The
Cusp Exit Gate Valve was open only for the e+kick tests, not the ion heating tests. With the gate
valve open, we observe a higher 𝑝 annihilation rate, higher 𝑝 temperature, and reduced purity of
both 𝑝 and 𝑒+ plasma. We left it open for the e+kick tests for consistency with 𝐻̄ production runs,
where it must be open so that 𝐻̄ can leave the trap. The ion heating scans were done months before
the 2024 𝐻̄ campaign, so it did not occur to us to open the gate valve for those.

To estimate the number of ions, we first measure the microchannel plate gain with 𝑒− (5.3 V
for 11 × 103 𝑒−) using the same front-back bias on the microchannel plate as for ions (900 V). We
divide the ion signal by the gain times the ratio of detection efficiency for ions of hydrogen (5–15%
at 180 eV [19]) and 𝑒− (50–70% at 170 eV [20]). This crude approximation gives 0.5–2.5 × 103

for the number of ions remaining after e+kick, implying that the purity exceeds 99.99% for the
𝑁 = 130 × 106 𝑒+ plasma.

The bottom line is, e+kick is easier to develop and gives more consistent results. Mainly one
needs a deep enough well, a low pulse amplitude (to avoid generating more ions), and a long time
between pulses so that the core is replenished (see end of Section 3). These parameters are fixed
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Figure 2: Trapping potential vs. axial position 𝑧 for two ion removal methods. (a) Ion heating: well depth is
tuned such that the plasma is poorly confined, so that particles with a little extra energy can escape. RF swept
through the ion bounce frequencies preferentially adds energy to the ions. Optimal heating wells are shown
for 𝑁 = 10, 20, 37 × 106 𝑒+ (green, red, black). (b) e+kick: the plasma is held initially at 𝑧 = −0.36 m.
The barrier at 𝑧 = −0.32 m is pulsed down for 50 ns (solid → dashed potentials), long enough for most of
the 𝑒+ to reach the right side, and short enough that few ions do. This is done first in the black well, then in
progressively shallower wells as 𝜙 shifts from left to right.
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Figure 3: Effect of ion removal on 𝑒+ 𝑇 and comparison to 𝑒− 𝑇 . 𝑇 and ion signal are shown (a,c) with and
without ion heating and (b,d) with and without e+kick. Key to (a) shows color code for (a-d).

for all values of 𝑁 in Fig. 3. Ion heating, in contrast, requires one to tune several parameters on a
per-𝑁 basis. The well must be as shallow as possible, to minimize the ion temperature needed for
ions to escape. The 𝑒+ must be heated enough to reduce collisional cooling of the ions, but not so
much that they breed more ions. The RF must sweep through ion resonances but no plasma modes.
Optimal tuning depends on 𝑁 and initial ion load, which can vary from day to day.
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2.2 Antiprotons

The MUSASHI is good at capturing 𝑝—best in the world for over a decade [11]—but it is
challenging to get them back out. Using a pulsed drift tube to optimize the incoming beam energy,
we trap and cool over 25% of the 𝑝 delivered by ELENA [21]. For one stack of 𝑝 from the AD, we
obtain nearly 80% transfer efficiency, meaning most of the losses are at the 79% transparent copper
mesh covering the entrance to the Cusp trap [22]. For three stacks (three consecutive bunches from
the AD, spaced two minutes apart), the transfer efficiency is lower. Three stacks only gives 70%
more 𝑝 in the Cusp than one stack, with more 𝑝 annihilation at transfer. Those 𝑝 are “skimmed-off”
as they leave the stronger field of the trap (the radial coordinate increases as the magnetic field
decreases). They are a symptom of insufficient plasma compression.

We notice a trade-off between good compression and 𝑝 annihilation. Turning on the rotating
wall [17] causes some of the 𝑝 to annihilate, especially after the plasma has had time to expand.
Curiously, it seems that more 𝑝 annihilate on the trap wall when the frequency of the rotating wall
is correctly tuned such that the rest of the 𝑝 are compressed (higher transfer efficiency). Perhaps
centrifugal separation [23, 24] puts some 𝑝 at high radius, where there are too few 𝑒− for effective
cooling, or perhaps the 𝑝 are at such high radius that the rotating wall field is anharmonic and drives
the plasma off axis. Our experiments seem to contradict those hypotheses. One may also consider
the “electron tails” hypothesis proposed by Krasnicky et al. [25], which we cannot verify in our
system because of limited dynamic range of the detector downstream of the MUSASHI.

So far, best results obtain when the plasma is held in a single well with the rotating wall
fixed at 600 kHz and 4 V for the entire six-minute stacking procedure, then recompressed before
transfer. This keeps the 𝑝 from drifting to higher radius. Better results may be possible. Constant
compression between stacks is not ideal, since we want 𝑒− to cover as much area as possible when
the bunch arrives from the AD. Otherwise the capture efficiency becomes sensitive to small changes
in beam steering induced by activities from other groups in the hall, such as magnet ramping and
use of the overhead crane.

2.3 Electrons

The emission of cyclotron radiation from 𝑒− and 𝑒+ cools the plasma [26]. In free space, 𝑇
approaches equilibrium with the radiation field at a rate Γ0 ≈ 0.26 s−1×𝐵2, where 𝐵 is the magnetic
field in tesla. In the Cusp trap, we can measure Γ by heating the plasma to a known temperature
𝑇0 = 10000 K, cooling for a variable time, and diagnosing 𝑇 . The result of such a scan is shown
in Fig. 4(a). We repeat the scan, cooling the plasma at different axial locations 𝑧, to obtain a map
Γ(𝑧). In Fig. 4(b) we compare Γ(𝑧) to Γ0(𝑧) using a simulated map 𝐵(𝑧) provided by JASTEC
(checked at CERN by sliding a Hirst GM-05 Hall probe through the center of the Cusp magnet
bore). We take the square root of the ordinates and minimize 𝜒2 for variable offset Δ𝑧 applied to
Γ0(𝑧). The best fit value Δ𝑧 = 3.5± 4.5 mm, where the error bars come from letting 𝜒2 increase by
25%. This suggests that the trap electrodes are within a few millimeters of their nominal position
in the magnet.

The parallel energy analyzer [10] diagnoses both 𝑇 and 𝜙. The (exponential) slope of the red
curve in Fig. 5(a) is 𝑒

𝑘𝐵𝑇
, where 𝑒 is the elementary charge and 𝑘𝐵 is Boltzmann’s constant. The

curve’s left endpoint, where it reaches the noise floor, is an estimate of 𝜙. Figure 5(b) shows how

5



P
o
S
(
E
X
A
-
L
E
A
P
2
0
2
4
)
0
2
1

Best Practices for the Manufacture of Antimatter Atoms E. D. Hunter

 100

 1000

 10000

 0  4  8  12  16  20

(a)
T

 (
K

)

t (s)

 0

 0.3

 0.6

 0.9

 1.2

-0.4 -0.3 -0.2 -0.1

(b)

Γ
 (

s-1
)

z (m)

Figure 4: Electron cooling measurements. (a) Cooling curve at 𝑧 = −0.200 m. The red fit uses𝑇0 = 10000 K,
𝑇 𝑓 = 30 K, and Γ = 0.86 s−1. (b) Cooling rate as a function of 𝑧. The theory curve (dashed green line) is
offset by 3 mm (solid green line) with respect to the nominal trap position. The discrepancy for Γ > 0.8 s−1

could be a cavity effect. In a trap, Γ can be enhanced or suppressed by cavity modes, which concentrate
radiation power at special frequencies and trap locations [26, 27].

this estimate depends on 𝑇 , for the aggregated data of Fig. 4. Since every plasma used for that
dataset had the same length, radius, and 𝑁 , 𝜙 should be the same for all, independent of cooling
time etc. We observe an error Δ𝜙 ≈ 10 𝑘𝐵𝑇

𝑒
which is equivalent to the following statement: the

signal in Fig. 5(a) rises above the background when at least 180 𝑒− are released per 𝑘𝐵𝑇
𝑒

of change
in confinement potential. The number 180 is 𝑁 = 1.2 × 107 times the integral of a Boltzmann
distribution over the energy range 9.5–10.5𝑘𝐵𝑇 . The number required may depend on detector
sensitivity. For a 100% efficient plasma particle detector, we expect a straight line, probably with a
steeper slope than the one in Fig. 5(b). The nonlinearity for 𝑇 > 0.5 eV suggests that this is where
events are spread too thin in time for pileup to boost the signal above the noise. This reasoning also
lets us estimate the signal-to-noise ratio. The confinement is ramped at 3.8 V/ms, so at 𝑇 ≈ 0.5 eV
there are 180∗3.8/0.5/1000 = 1.4 𝑒− per 1 𝜇s, which is the RC time constant of our SiPM detector.
In other words, roughly 2 𝑒− must arrive simultaneously to be distinguished from the noise.

3. Mixing Experiments

A slow 𝑝 inside a cold, dense 𝑒+ plasma can capture a 𝑒+ and form 𝐻̄ via three-body recombi-
nation, 𝑝 + 𝑒+ + 𝑒+ → 𝐻̄ + 𝑒+ [28, 29]. The 𝐻̄ is weakly bound and will break up when it reaches the
edge of the plasma [30] unless the binding energy, initially of order 𝑘𝐵𝑇 , increases via collisions
with 𝑒+ in the plasma [31]. More often, the atom is instead ionized by these collisions. This cycle
(𝑝 → 𝐻̄ → 𝑝) repeats until the 𝑝 leaves the plasma axially, gets stuck at the radial edge, or succeeds
(many consecutive “lucky” collisions) in binding a 𝑒+ strongly enough (5𝑘𝐵𝑇 [32, 33]) to survive
further collisions and edge fields. The 𝑒+ plasma properties 𝑛 and 𝑇 determine the collision rate,
hence how many chances the 𝑝 has to form strongly bound 𝐻̄. Lower𝑇 always increases the amount
of stable 𝐻̄. In most cases, lower 𝑇 also increases the average binding energy, because the smaller
step size (𝑘𝐵𝑇 per collision) is outweighed by the greater number of collisions. In contrast, it is not
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Figure 5: Diagnosis of 𝑇 and 𝜙. (a) A single trace, with fit values 𝑇 = 93 K and 𝜙 = 4.631 V. (b) Estimated
𝜙 as a function of 𝑇 for all traces used in Fig. 4. Data points are black and trend lines are red.

Species 𝑁 (106) 𝜙 (V) 𝑇 (K) 𝑅 (mm) 𝑛 (cm−3)
𝑒+ 4.0 1.6 25 0.4 1.6 × 108

𝑝 >0.3 0.4 100 0.8 2.0 × 107

Table 1: Plasma properties before mixing: number of particles (𝑁), space charge (𝜙), temperature (𝑇),
average radius (𝑅), and density (𝑛) assuming a uniform cylinder of charge. For the 𝑝, 𝑁 was only measured
once, by slowly releasing 𝑝 (over one hour, because of DAQ limitations) to a single-particle detector. 3.5×105

events passed the threshold, of which at most 1% could be background (or 𝑒−). 3 × 105 is a reasonable
lower bound for 𝑁 given the cycle-to-cycle consistency of total AMT counts. This estimate ignores the mesh
between trap and detector.

useful to increase 𝑛 beyond 108–109 cm−3 because it raises the radial electric field, which imparts
additional transverse momentum to the 𝑝.

We present two 𝐻̄ experiments, one with variable RF heating power and one with variable
mixing speed. Higher heating power increases 𝑇 . Faster mixing increases the average radius at
which 𝑝 enter the 𝑒+ plasma. By the foregoing discussion, both reduce the chances of making stable
𝐻̄, which we diagnose via the relative 𝐻̄ yield

𝑌 =
counts during mixing

total counts
(1)

where “counts” refers to 2- or 3-fold coincident discriminated photomultiplier signals from the
7-panel scintillator of the ASACUSA Micromegas Tracker (AMT) [34]. We conclude each mixing
experiment by dumping any uncombined 𝑝 to the Cusp’s first field null, directly under the AMT.
The plasma properties at the start of mixing are listed in Table 1.

Equation 1 neglects the difference in 2- and 3-coin counting efficiency for annihilations in the
mixing region vs. those at the null dump, which happen closer to the center of the AMT. This causes
us to underestimate 𝑌 . The underestimate should be minor when 𝑌 is large, but could be significant
when 𝑌 is small. Annihilation of 𝑒+ during mixing could also bias 𝑌 . The per-channel detection

7
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Figure 6: Annihilation fraction during mixing and annihilation rate vs. RF heating power. (a) “𝑌” (here,
annihilation fraction is not necessarily 𝐻̄ fraction) given as the average of 2- and 3- coincidence ratios,
for variable noise power 𝑃. Error bars are the difference between 2-coin and 3-coin ratios. The x-axis is
converted from 𝑃 to 𝑒+ 𝑇 = 𝑇0 + 𝑚𝑃, where 𝑇0 = 25 K and 𝑚 = 70 K/mW. (b) Annihilation rate recorded
by the AMT scintillator. Line color (purple, blue, green, orange, red) goes from lowest to highest heating
power (25–711 mW into 50Ω).

efficiency is 100× lower for 𝑒+ than for 𝑝, so that factor could artificially increase 𝑌 by about 1%.
Thus, graphs of 𝑌 should be considered qualitative.

3.1 RF Heating

To change𝑇 , we apply white noise to the electrode farthest from the 𝑝 [35]. Unlike in Ref. [36],
which uses resonant heating, here the heating rate does not depend strongly on properties of the
𝑒+ plasma [37]. However, white noise heats both 𝑒+ and 𝑝. To better distinguish the effects of 𝑒+

and 𝑝 heating, we (i) repeat the test with no 𝑒+ and (ii) interrupt mixing at 𝑡 = 10 s (1/6 of the way
through the cycle) to measure 𝑒+ 𝑇 . The latter gives us a linear scale for converting noise power to
𝑒+ 𝑇 . The results are shown in Fig. 6.

Raising the heating power increases 𝑇 and reduces 𝑌 . 𝑌 drops sharply (𝑇−𝑥 with 2 ≲ 𝑥 ≲ 3)
in the range 50 < 𝑇 < 60 K. If we speculate that it is not possible to convert more than 80% of
the 𝑝 in this system, for instance due to incomplete spatial overlap of the plasma, then all 𝑇 below
some value (here, about 50 K) should give the same 𝑌 = 80%. For higher heating power, the
annihilation signal increases, with or without 𝑒+ in the trap. We think that those annihilations are
𝑝 that escape the trapping potential axially. Position reconstruction using an array detector [38]
shows that they occur far upstream of the mixing region. The AMT count rate, Fig. 6(b,c), also
shows an exponential increase in time for high heating power. Those non-𝐻̄ annihilations begin at
slightly lower noise power for the case of no 𝑒+, and are more intense in that case, implying that
the 𝑒+ protect the 𝑝 somewhat, either by reducing the amplitude of the noise electric field or by
collisionally cooling them.
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Figure 7: Mixing at variable voltage ramp rate. (a)𝑌 vs. mixing time. Average and error bars same as Fig. 6.
(b,c) Images of a slowly extracted 𝑝 beam and beam area expressed as the fraction of camera pixels above
threshold, where the threshold is set to 1/4 times the peak intensity for each image. The z-scale maximum
for each image is proportional to the beam area. The minimum is the same for all images. Error bars give
standard deviation in the area when the threshold is varied by ±25%. (This area-based method is more
reliable than 2D Gaussian fits, which can fail due to distortion in the larger-radius images.)

The on-axis potential is modified by 𝜙. For the heating data without 𝑒+, we apply a vacuum
potential that mimics the effect of the 𝑒+ 𝜙, that is, we make the middle of the nested well flatter
and shallower. This allows 𝑝 to cross over the middle earlier in the cycle. If we don’t modify the
potential, we see no 𝑝 annihilations for at least 2/3 of the cycle, for the full range of noise power.
This shows that the noise only heats the 𝑝 that pass through the 𝑒+ (or over the mimic potential if
no 𝑒+) and reach the other side of the nested well, where the noise power density is greater.

3.2 Mixing Speed

Figure 7(a) shows how𝑌 increases when the 𝑝 are pushed into the 𝑒+ more slowly. Mixing, like
slow extraction [39], preferentially removes particles close to the trap axis. The 𝑝 and 𝑒+ plasma
need time to fill back in, or else the plasma is hollow and 𝐻̄ is formed at higher radius. We make a
connection between mixing and slow extraction in Fig. 7(b,c), where the same 𝑝 plasma is slowly
released to an imaging detector (instead of mixing) with variable ramp time. The time dependence
of 𝑌 in (a) is similar to the time dependence of the extraction radius in (b).

Mixing, slow extraction, evaporative cooling, and the parallel energy analyzer all depend on
how the core of the plasma is refilled as particles escape. The limiting time scale must be set by
the finite length diocotron instability growth rate [40, 41] of the species with smaller 𝑁/𝐿, where
𝐿 is the plasma length. We are not aware of any explicit study of this process in the literature
(the hollow beam in Ref. [39] is produced by a trajectory simulation). Its relation to 𝑌 has not
been explored in previous experiments, which either lacked sufficient plasma diagnostics [42, 43]
or relied on temporary cooling methods (such as adiabatic expansion) that make it difficult to study
long-timescale effects [44].
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4. Conclusion

We summarize our findings as a list of suggestions. The reader who follows them is likely to
improve plasma control and increase stable 𝐻̄ production in their experiment.

1. Purify 𝑒+ using e+kick.
2. Keep 𝑝 close to the trap axis.
3. To get the best estimate of 𝜙, scan 𝑇 and extrapolate to 𝑇 = 0.
4. Cool 𝑒+ to 40 K or less.
5. Mix as slowly as possible.
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