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ABSTRACT

We present advances in plasma control and diagnosis, leading to the production of exceptionally large quantities of neutral antimatter.
We measure the time-dependent temperature and density distribution of antiprotons and positrons while slowly combining them to
make antihydrogen atoms in a nested Penning-Malmberg trap. The total antihydrogen yield and the number of atoms escaping the trap
as a beam are greatest when the positron temperature is lowest and when antiprotons enter the positron plasma at the smallest radius.
We control these parameters by changing the rate at which we lower the electrostatic barrier between the antiproton and positron plas-
mas and by heating the positrons. With the optimal settings, we produce 2.3 x 10° antihydrogen atoms per 15-min run, surpassing the
previous state of the art (3.1 x 10* atoms in 4 min) and the most recent advances in other experiments by factors of 20 and 5,
respectively.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0311707
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Physics of Plasmas

I. INTRODUCTION

The observable universe seems to contain very little antimatter:
mostly short-lived decay products in cosmic ray showers, beta-decay
positrons, and high energy cosmic rays.' In the lab, we can trap a small
amount—107 antiprotons (p) or 10° positrons (e*)—as a nonneutral
plasma.”” The plasma is confined by electric and magnetic fields in a
Penning-Malmberg trap.” Four experiments at the CERN antiproton
decelerator (AD) presently use such plasmas to produce antihydrogen
(H).”° H is neutral,” stable,” and can be compared with hydrogen
spectroscopically’ and gravitationally."’ Such comparisons may help to
explain the observed excess of matter over antimatter.''

Experiments so far use a small fraction (< 1073) of the H that
they produce. Only the coldest atoms, with kinetic energy equivalent
to a temperature T < 0.5 K, can be trapped by the tesla-scale magnetic
bottles used by the ALPHA and ATRAP collaborations.'”'* T can be
higher in beam experiments. The GBAR collaboration plans to create
H" ions at a mean kinetic energy of 6keV (T = 7 x 107 K). Our col-
laboration (ASACUSA) plans to measure the ground-state hyperfine
structure in a beam of H."* Our spectroscopy apparatus can analyze
beams of velocity v=<1500m/s, corresponding to T ~ 50K."”
However, the short time (about 1ms) between H formation and
analysis means that most atoms in the beam are not in the ground
state.'®'® Moreover, most atoms are not “beam-like” (velocity vector
within a few degrees of the trap axis). This motivates our work to
increase the number of H atoms, to measure their properties shortly
after creation, and to control those properties.

In this Paper, we study H production and beam formation using
the method known as “slow-merge mixing,” whereby p and e* plas-
mas are combined by adjusting the electrostatic potentials that confine
them."” We use an order of magnitude more particles of each species
to produce 70 times more H per run than the previous state of the
art,” with 70% to 80% of the input p forming stable H. (A “run” is a
15-min sequence of operations to prepare the plasmas, make H, and
diagnose the remaining particles.) We also observe a beam of H atoms
leaving the trap, which we characterize in another article.”’ Here, we
focus on the plasma properties, describing the plasma preparation
(and detectors) (Sec. I1); time-dependent changes in the plasma density
profile, T, and H production (Sec. I1I); the slow extraction of p from
the plasma (Sec. IV); and the effect of the mixing duration and T of the
e™ (Sec. V). We summarize our findings (Sec. V1) and discuss the anal-
ysis of plasma properties (the Appendix).

Il. EXPERIMENT

The Cusp trap,”” shown in Fig. 1(a), is where we combine p and
et plasmas to make H. The trap magnetic field B, shown in panel (b),
confines the e* and P radially. The strong gradients in B can focus
low-field-seeking atoms””** and do not degrade standard plasma
manipulations.”” We apply time-dependent voltages on hollow
cylindrical electrodes to confine and manipulate particles axially.
Figure 2(a) shows the trapping fields at the start and end of H produc-
tion. Trap electrodes have inner diameter 34 mm (50 mm for electro-
des outside the trapping region). Most trap electrodes have in-trap
low-pass filters with time constant RC ~ 0.01 ms. Three of the electro-
des, 0.05 to 0.25 m away from the middle of the mixing region, do not
have filters and are used for plasma compression, heating, pulsed
extraction, and transfer. The entrance and exit to the trap are screened
by 79% transparent copper meshes to reflect microwave radiation
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FIG. 1. Simplified cross section of the experiment and calculated magnetic field B
along the axis of symmetry. Drawing in (a) is scaled to match the axial position z in
(b). The downstream direction corresponds to increasing z. Abbreviations:
Scintillating bar arrays (Tracking Scintillator), microchannel-plate phosphor screen
(MCP), inner bore scintillator plates (Fast Scintillator), Cusp magnet coils (Magnet),
gate valve (GV), and H Beam Detector consisting of bismuth germanium oxide
crystal (BGO) and scintillating bar layers (Hodoscope). We use the symbols p and
e for the antiproton and positron plasmas. Microwave meshes at z = —0.52 and
+0.48 m and field ionizers at z = —0.12 and +-0.12 m are not shown.

T
8 40 I (a) 4
.T';g L
G e
'g 20 ' 12 m
a
E _ -
=l F - -~
0 ——— 0
T
1000 — Mixing
E 750 — - Null Dump -
£ 500 .
S
© 250 e _
0 R
0 0.1

z (m)

FIG. 2. Trapping potentials and annihilation vertex positions. (a) The electric poten-
tial at r = 0 generated by the biased electrodes at the start and end of mixing, for
the protocol used in Sec. |Il. B is given again for reference. Length and space
charge ¢ of the p and e™ plasmas are suggested by the blue and red ellipses. (b)
Vertices found using the Tracking Scintillator during H production (Mixing) and slow
release downstream (Null dump).

from warm objects outside the 6 K region (z = —0.5 to 0.5m in
Fig. 1), which would heat the e™.”° The p lifetime exceeds 6000s,
implying that the pressure is lower than 101> mbar.”’

Figure 1(a) shows the locations of our detectors. We use a single-
stage microchannel plate-phosphor screen detector (MCP), with a sili-
con photomultiplier (SiPM) for diagnosing the plasma temperature T

Phys. Plasmas 33, 032119 (2026); doi: 10.1063/5.0311707
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and for counting p as in Refs. 28-30. When counting p, we release par-
ticles upstream toward the MCP at z = —0.9 m, reducing the confin-
ing potential slowly enough to resolve each hit."' The detection
efficiency is close to 100% (see the Appendix). A CMOS camera
records the phosphor screen images, which contain information on
the radial distribution of plasma particles.”” Inside the magnet bore,
eight long scintillator plates (Fast Scintillator) record the rate of p
annihilation in the trap.”' The Appendix describes our method of cali-
brating the Fast Scintillator. Outside the magnet, eight arrays of scintil-
lating bars (Tracking Scintillator) track pions generated when p
annihilate. The distribution of reconstructed annihilations is smeared
out by scattering of the pions in the Cusp magnet, yielding a peak posi-
tion accuracy of about 0.03 m in the axial coordinate z.”* Figure 2(b)
shows the output from the Tracking Scintillator, averaged over 81
runs. Most events are close to the e* plasma during mixing and close
to the minimum of B when p are dumped downstream. The rate limit
of the Tracking Scintillator is about 1kHz, which is too slow for the
event rate to be proportional to the true annihilation rate (for which
we use the Fast Scintillator). To detect H that leave the trap down-
stream, we use a bismuth germanium oxide crystal (BGO) and two
hodoscope layers in 3-coincidence counting mode, as described in
Refs. 34 and 21. The BGO-hodoscope combination is called “H beam
detector” and provides the signal for ASACUSA’s spectroscopy pro-
gram. An average rate of background events—mostly from pions cre-
ated when H annihilates on the trap electrodes—is subtracted using
data from runs with the gate valve (GV) closed.

One bunch of 100 keVp from the AD’s ELENA machine’ accel-
erates to 120 keV in ASACUSA’s 20 kV pulsed drift tube before hitting
a pair of roughly 700-nm-thick degrader foils.”* We capture 25% of
the bunch, or about 3 x 10°p per AD cycle. The p from multiple AD
cycles can be collected in our catching trap.” We take either three
bunches (Secs. I[ITand IV) or 1 bunch (Sec. V) before compressing the
p and transferring them to the Cusp trap, where they are electron-
cooled and compressed again. Then we remove the electrons,”” leaving
a plasma of > 99%p with the properties given in Table I.

We trap beta-decay e* from a **Na source using a First Point
Scientific system.”® Every 1.05s we move the e* to another trap at
lower pressure, repeating until about 10”7 e* are in the low-pressure
trap. We successively collect and transfer several such bunches from
the low-pressure trap to the Cusp trap. We purify the e™ plasma

ARTICLE pubs.aip.org/aip/pop

(99.98% e ™) to reduce the plasma expansion heating caused by posi-
tive ion contamination”” and compress it using the SDREVC tech-
nique,””*” which ensures 1%-level reproducibility of the plasma radius
ro and number of particles N. Note that the systematic uncertainty in
estimating in situ plasma properties (even rows of Table I) from mea-
sured values (odd rows) is greater than 1%. See the Appendix for more
details.

In mixing experiments, we ramp the electrode voltages so that
the electrostatic potential morphs linearly from “Start” to “End,” as
shown in Fig. 2(a). Then we ramp the potentials back to Start and sep-
arate the remaining particles. In most cases, we count the leftover p by
releasing them downstream (Null dump)—they hit the wall and anni-
hilate near the field null at z = —0.12 m—and we keep most of the e*
for the next run, releasing 10% of them upstream to measure T.
Otherwise we dump each plasma as a whole to the MCP, one after
the other, as quickly as possible so that the instabilities described in
Sec. IV do not distort the density profiles, which we will present first in
Sec. I11.

Ill. TRENDS DURING MIXING

Figure 3(a) is a series of z-integrated density profiles obtained by
interrupting the slow voltage ramp at different times during mixing
and rapidly releasing plasma particles to the MCP. The plasma radius
1o in Table T is derived from the profiles recorded at the start (t = 0).
During mixing, the p in the upstream (US) well expand, and some are
captured at low radius in the downstream (DS) well. The e plasma
does not expand measurably in this time.

Panel (b) complements (a) by quantifying the loss of p from the
US well, the accumulation of p in the DS well, and the roughly con-
stant number of et. The fraction f is the number of particles found in
the corresponding well when mixing is interrupted, divided by the
number of particles in the trap at the start of mixing. For p, we calcu-
late f using Fast Scintillator data, and for ™, we use their space charge
potential ¢, (see below). The drop in f causes the p plasma to expand,
with density predicted to fall as f2.*" Using the central image intensity
from panel (a) as a proxy for the plasma density, we find that the density
falls slightly faster than f2. [Lines fit to the first 35's of data have slopes
(—1.7%£0.07) % s~ ' for f> and (—2.0 =0.04) % s ' for the normal-
ized image intensity.] This suggests a small amount of expansion from
other sources. For p, the nested well has the form of a “squeeze

TABLE I. Plasma properties: number of particles (N), radius (rp), temperature (T), density (p), and Debye length (Ap). The roman numerals refer to the corresponding section in
this article. The e plasma properties are averaged over the 50 to 60 s mixing duration, while the p ones are given only for the first 5 s of mixing, as they change significantly in
time. Results from a numerical solver appear below each line of measured values. Measured values (odd rows) are accompanied by statistical uncertainties, and solver values

(even rows) by systematic uncertainties. See the Appendix.

Species Section N (10%) ro (mm) T (K) p (108 cm™2) Jp (mm)
e I11 101 £2 1.50 = 0.01 50 =20
100 =10 1.4%0.2 50 +=20 2.0*0.5 0.036 = 0.009
\Y% 64+ 1 1.26 = 0.02 50 =20 s
64+9 1.3%£0.2 50 =20 1504 0.041 = 0.009
P III 2.89 £0.04 1.14 £0.04 1700 = 200 s s
29%+0.3 1.13 £0.07 1700 = 200 0.80 =0.10 0.32 £0.02
\% 1.7£0.1 1.07 = 0.06 700 = 100
1.7%£0.2 1.05 = 0.06 700 = 100 0.46 £0.05 0.27 =0.03
Phys. Plasmas 33, 032119 (2026); doi: 10.1063/5.0311707 33, 032119-3
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FIG. 3. Plasma diagnosed partway through mixing: (a) images, (b) fraction remain-
ing f, (c) plasma temperature T, and (d) count rate at the H beam detector and
1/1000 times the count rate at the Fast Scintillator. In (a), the side-length of the
image squares is 4 cm, or about 5 mm in the trap (see the Appendix). The intensity
scale is the same for all images in a given row. The color gradient corresponding to
normalized intensity range 0-1 is given at the right of the image squares. The sig-
nals in (d) are the averages from 81 uninterrupted runs, with the standard deviation
over these runs given as the error bars.

potential,” which is known to enhance wave damping, transport and
heating, and can even reverse the net rotation of the plasma.””

Panel 3(c) shows T, which is measured with the MCP and SiPM
as in Ref. 29. We measure T0.2 s after the end of the mixing ramp so
that the e* do not have time to cool before being diagnosed. The p
temperature T, falls during the first 30 s of mixing, then rises. The ™
temperature T, jumps to 100 K for the first few seconds, then falls and
stays at (44 = 5) K, which is also the steady state temperature with no
p in the trap.

The count rate at the H Beam Detector, shown in panel (d), peaks
when T}, reaches its minimum value. The Fast Scintillator count rate
rises toward the end of mixing, indicating a higher rate of p entering
the e plasma. The data comes from uninterrupted mixing runs in
which a field ionizer partially blocks weakly bound atoms—those with
less than about kg x 200 K of binding energy, where kg is Boltzmann’s
constant.”’

We estimate changes in N as AN/N = Af/f(t = 0), where N
(N and N, for e’ and p) is determined via separate measurements

ARTICLE

pubs.aip.org/aip/pop

and verified numerically as described in the Appendix. We find that
|ANe| = (2.9 £0.3) x 10°e™ and |AN,| = (2.3 +£0.2) x 10°p leave
the plasma during mixing. The H vyield is |AN,| as bare P cannot
escape the confining potentials in the mixing region. |AN,| — |AN, | =
0.6 x 10%e™ pass through the p plasma and hit the MCP instead of
forming H. We will show in Sec. V that these escaping e reduce the
H yield by lowering |AN,|.

IV. ANALOGY WITH SLOW EXTRACTION

We now present a p-only study that will help to understand
some of the trends found in Sec. III. The same p plasma is used, with
the difference that no e* are loaded into the trap. We will use the term
slow extraction for particles released gradually from the plasma,
whether or not they escape the trap.

The radius r at which p enter the e* plasma affects the velocity
and binding energy of the H formed.*”*” The electric field E of the e™
causes all charged particles in the plasma, including the p, to rotate
with local velocity E x B/B%. In a constant-density plasma, E is pro-
portional to 7. As illustrated in Fig. 4, atoms formed at lower r drift
outward more slowly and take longer to reach the radial edge of the
plasma. This increases the binding energy (on average) because colli-
sions with e* in the plasma tend to deexcite atoms once they have
passed the kinetic bottleneck (a few times kg T of binding energy).“’”“Lg
Because these atoms also have lower transverse velocity, more of them
escape the trap axially as a beam.

No model predicts the distribution of r for the p in our case. At
first, particles escape within r < 2/p, where ip = \/eokp T/ pe? is the
Debye length, € is the permittivity of free space, p is the plasma den-
sity, and e is the elementary charge."””’ This follows from Gauss’s law
for a thermal distribution of charges in the limit that only a small frac-
tion of the plasma has been extracted. It does not apply to the majority

——
—

antihydrogen

e e R I
R e

antiprotons

positron plasma

FIG. 4. Simple geometric model of p and H trajectories in the e* plasma. Thermal
motion and cyclotron oscillations are not included. The plasma is cut in the plane
perpendicular to B. Each arrow represents one time step for a p (blue) or H
(magenta). The atom is formed after the end of the first time step at
r=20.1,0.3,0.5,0.7, or 0.9 times the e* radius and has speed (arrow length) pro-
portional to r. The innermost frajectory is in the plasma ten times longer and
emerges with nine times less transverse velocity. Such atoms are, on average,
more deeply bound (more collisional deexcitation) and more likely to escape the
trap axially (lower transverse velocity).
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of our p: by definition, a plasma is many Ap thick, and even before the
inner Debye cylinder is emptied, the hollowing of the plasma makes it
unstable.”’ The diocotron instability radically changes the plasma den-
sity profile and is not a priori predictable.”

We can directly measure r for p escaping the plasma in a situa-
tion analogous to mixing. Instead of releasing the p into the e, we
release them toward the MCP. This does not include effects from ¢,
or rebounding p, which are present during mixing. Nevertheless, we
will use this analogy to identify controllable behavior which seems gen-
eralizable and important to the case of mixing.

Figure 5 shows the spatial and temporal p profiles measured dur-
ing slow extraction. The p are released to the MCP by removing the
upstream barrier in a time t, which we vary between 1 and 256 s. A lin-
ear ramp of the voltage applied to the barrier electrode results in a non-
linear change in well depth vs time. This means that the rate at which
particles escape, shown in panel (b), would not be constant even if the
particles were evenly distributed in energy and fixed at r = 0. In fact,
kinetic energy and r also depend on time due to evaporative cooling
and the growth of diocotron modes.""”” The escape rate vs time has a
peak that shifts toward later times as 7 is increased. For 7 > 64s, the
shape in (b) broadly matches the shape of Fast Scintillator count rate
vs time for mixing, shown in Fig. 3(d).

We record videos™ of the phosphor screen during extraction
using a CMOS camera (Thorcam CS165MU1) exposed 50ms per
frame with about 5ms dead time. The profiles shown in Fig. 5(a) are
frame sums for the entire extraction. The videos show that the average
radius of extracted particles decreases in time, reaching a minimum

001 == (04 == (016 064 —

256 —

2.5 T T T T T T T T
- (b) "

Intensity (arb.)

0 0.2 0.4 0.6 0.8 1

Time/t

FIG. 5. Slow extraction of p to the MCP. (a) Transverse profiles integrated in time:
each pixel is summed over all the frames of the corresponding video. Each image
is then normalized to its own maximum. (b) Temporal profiles integrated in space:
intensity is the sum of all pixel values in that frame. The intensity of each trace in
(b) is normalized to its integral, and the time axis is rescaled such that 0 is the start
of the extraction and 1 is the time 7 (in seconds) given in the key under each image.
The color gradient bar and the side-length of the image squares in (a) are the same
as in Fig. 3.
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when roughly half of the particles have escaped. Afterwards more vio-
lent instabilities develop, sometimes ejecting particles at ¥ > Ap.

On average, r is lower for slower extraction. Extracting slowly
gives particles more time to refill the depleted center. The refilling rate
could be proportional to the growth rate of the fastest-growing dioco-
tron mode. For sufficiently slow extraction we expect r < 2.p. Note
that Ap increases as particles escape and p falls. Using a numerical
solver (see the Appendix), we estimate Ap = (0.32 = 0.03) mm at the
start of mixing (Sec. III).

The relation r < 2/p might explain why the count rate at the H
beam detector in Fig. 3(d) peaks when T}, is minimum. Using T}, from
Fig. 3(c), and estimating relative changes in p via the central image
intensity in Fig. 3(a), we find that Ap is indeed falling for the first 30's
of mixing, albeit only by about 20%. Thus, the H beam detector signal
is monotonically increasing in 1/4p. On the other hand, some of the
videos show an intense, low r feature forming late in the extraction,
which we cannot link to T}, so easily. Either way, it is clear why the p
in the DS well, shown in Fig. 3(a), have lower average radius than the
ones in the US well. The DS well collects p extracted from the US well,
most of which escape at r < 2/p. The DS image series may be the best
indication of the actual p extraction radius during mixing.

The results of the p-only experiments can be applied to H pro-
duction. During mixing, the p plasma is simply a source of p, most of
which escape as H after bouncing a few thousand times through the
™ plasma.'® Thus, changing the total mixing duration is analogous to
changing the extraction time, and we expect that only sufficiently slow
mixing will correspond to r < 2/p.

Before describing the mixing experiments, we consider how this
analogy can break down.

1. In slow extraction, if a p leaves the plasma, it does not return. In
mixing, the p passes through a “squeeze” potential and a e*
plasma. It returns with modified kinetic energy and transverse
coordinates. As mentioned in Sec. 111, the expansion rate of the p
plasma during mixing is not much greater than the expectation
in the absence of these effects, so they are probably not signifi-
cant for bulk transport during mixing.

2. The r < 2/p prediction assumes that the barrier potential out-
side the plasma is the same for all », which is true if the blocking
electrode is long compared to its radius.”® This assumption is not
valid for extraction into a e plasma, which generates an addi-
tional r-dependent potential. In the Appendix, we show that this

reduces the prediction to r < 24p,/p,/p., where p, (p.) is the

density at the center of the p (e™) plasma.

3. Changing the mixing duration can change T. and hence other
properties that depend on it. We attempt to isolate that effect in
the studies that we report next.

V. MIXING DURATION AND POSITRON HEATING

We now return to slow-merge mixing and vary the mixing dura-
tion, that is, the time from Start to End in Fig. 2(a), which we call 7 in
analogy with the extraction duration of Sec. IV. We use fewer particles
for these experiments than in Sec. I1I: 1.7 x 10°p and 6.4 x 107 ™,
and mixing potentials that are similar but proportionately smaller.

Figure 6(a) shows how t affects H production. The H per p effi-
ciency ¢ measured with the fast scintillator (see the Appendix),
increases with 7 in roughly the same way as the number of atoms
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FIG. 6. Mixing for a variable duration <. (a) H Beam Detector counts (green) and H
formation efficiency ¢ (black). Background /5 is subtracted from each point using the
formula = Sy + Pgg - €/80%, where S, is the number of counts per run in an
equivalent window without p annihilations and fg, is the number when & = 80%
and the gate valve is closed so that no H can reach the H beam detector. Error
bars in (a) are statistical, i.e., \/Counts/run or the equivalent for the ratio of Fast
Scintillator counts that defines ¢. This does not include uncertainty on the detection
efficiency, which is used to calculate ¢ (see the Appendix). (b) e* plasma tempera-
ture Te (red, open circles) and space charge ¢, (black, filled circles). The purple
curve is Eq. (1) with U, = kg x 4000K.

counted by the H beam detector. While ¢ saturates around 77% for
7 > 305, the number of atoms in the beam may continue to increase
with greater values of 7.

Figure 6(b) shows how 7 affects the properties of the e* plasma,
which we measure at the end of mixing. (For reference, the value of ¢,
before mixing is 14.9 V.) Lower t makes the plasma hotter because, in
this time, the e plasma absorbs kinetic energy from each p that enters
and binding energy from each H that leaves. Call the sum of these
energies Up,. The heating rate is approximately U,|AN,|/. The rate
at which energy is lost is approximately Nekp(T. — Ty)/t., where t.
~ 1.2s is the cyclotron cooling time at z= —0.22m and Ty
= (37 = 4) K is the equilibrium plasma temperature with no heating.”
If we equate the heating and cooling rates, we get

t. | AN, |

kpT. = ks To + Up? N

1
which is plotted in the figure. The agreement with the data is best for
U, ~ kg x 4000 K, which is much higher than the typical p thermal
energy (kg x 700K) and binding energy (kg x 200K).”" The p may
gain extra kinetic energy as follows. When 7 is short, there is insuffi-
cient time to refill the radial center of the p plasma, and p swept
through the center by the diocotron instability can enter the e™ plasma
down a large potential drop. In the Appendix, we use the numerical
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solver to estimate a drop of 0.22V = kg x 2600K/e from r =0 to
r = 2/p. This explanation is only consistent if we assume that most of
the 7 values plotted are too short to achieve the reduced r mentioned
in Point 2 at the end of Sec. I'V.

Minimizing T is (at a microscopic level) the most important fac-
tor for optimizing the fraction of ground-state H atoms.'” Equation
(1) shows that, if T, is to remain as low as possible, then a larger num-
ber of p (AN;,) requires either more mixing time (7) or more e* (N).

To isolate the effect of T, on the other variables, we fix T = 50's
and heat the plasma using white noise. We vary the noise power P on
an azimuthally sectored electrode at z = —0.17m (0.02m down-
stream of the DS well). The noise is fed directly to two adjacent petals
and phase shifted by 180° on the other two, so that each random
Fourier component produces a dipole field. This only heats the e™ (not
the p) in the range of P considered (see the Appendix). Figure 7 shows
the results. T, rises with increasing P, while H beam detector counts, ¢,
and ¢, fall.

Comparing the two figures, we find that ¢ falls by 50% for T, ~
60K in Fig. 6, vs T, > 100 K in Fig. 7. This shows that the increase in
T, for t — 0 is only part of the cause for the drop in H production.
The remainder could be attributed to the mechanisms discussed in
Sec. IV.

T. and ¢, are strongly anticorrelated in our data. Removing e
from the plasma reduces ¢,, and higher T, means more e' leave the
plasma during mixing. To see why, define the total confinement C as
the difference between the local maximum of the confining potential
at z = —0.275m and the local minimum at z = —0.23 m. It must be
that ¢, — ¢, < C. As Cis reduced during mixing, particles leave the
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FIG. 7. Mixing while heating the e* with variable noise power P. (a) and (b) Error
bars and background subtraction are the same as in Fig. 6. P is the mean-squared
noise voltage applied to the electrode divided by 50 €, the value of the termination
resistor at the vacuum feedthrough.
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plasma, lowering ¢, — ¢,. Whichever plasma is hotter will provide
most of this difference, since collisions typically provide kg T of energy
to escape the well. As T, increases, more e™ escape upstream and are
wasted, which lowers ¢ because more p are left in the US well at the
end of mixing. Note that higher T, also reduces ¢ because of the T
dependence of the 3-body recombination rate."’ For maximum &, the
e must be much colder than the p. How much colder depends on
other factors like the self-collision rate and the rate at which the center
of each plasma is refilled.

VI. CONCLUSION

We demonstrate high efficiency antihydrogen production for
slow-merge mixing of pure antiproton and positron plasmas, with
70% to 80% of the antiprotons forming stable antihydrogen. Relative
to the previous state of the art,”’ we use 30 (50) times more antiprotons
(positrons) and combine them in a 60 times longer period. Longer
mixing time (i) favors antihydrogen formation at lower radius, which
tends to reduce the transverse velocity and increase the binding energy;
(ii) prevents unnecessary positron loss, thereby increasing the number
of antiprotons that enter the positron plasma; and (iii) allows passive
cyclotron radiation to keep the positrons cold as they absorb kinetic
energy from the antiprotons and binding energy from the antihydro-
gen. These factors become increasingly important as we increase the
number of antiprotons in the plasma, which is a common goal among
groups that study antihydrogen.” (Very recently, the ALPHA collabo-
ration increased their antihydrogen production rate by a factor of 4 rel-
ative to Ref. 20. One of the changes they reported was to increase the
mixing time from “about 1s” to “2 — 3s,” although the reason for this
change was not stated.””)

We provide experimental evidence linking the radius at which
antiprotons enter the positron plasma to the amount of beam-like anti-
hydrogen atoms produced in slow-merge mixing. We present slow
extraction as a tool to study and potentially optimize that radius. This
has led to a significant increase in the number of atoms leaving the
trap as a beam.'®”" The first in-beam measurement of the ground-
state hyperfine splitting of antihydrogen may already be possible with
the beam intensity we achieve in the experiments presented here.”®
The spectroscopy apparatus may require further reduction of beam
velocity and increased binding energy, which can be achieved by low-
ering the antiproton plasma temperature. The present work shows that
this temperature must, however, be much greater than the positron
plasma temperature for efficient antihydrogen production.

Alternative methods, involving a spatially separated antiproton
plasma or a traveling optical lattice, could vastly increase the fraction
of atoms leaving the trap as a beam.”””” In the present method, the
antiproton axial energy distribution is populated by collisions in the
antiproton plasma, hence approximately thermal. It is impossible to
obtain a mono-energetic beam this way. Cooling the antiprotons to
lower temperature does not solve this problem, and our work suggests
that such cooling may reduce the fraction of antiprotons that form
antihydrogen. In the alternative methods, antiproton cooling reduces
the energy spread without changing the mean energy of the beam,
and, at least for Ref. 47, would not reduce the antihydrogen production
efficiency. These methods can also be used for pulsed formation or
extraction. In that case, ASACUSA could use the time of annihilation
at the H beam detector to find each atom’s velocity, which is valuable
for our planned spectroscopy measurements. Rejecting fast atoms
increases the signal-to-noise ratio, and knowing how long each atom is

pubs.aip.org/aip/pop

in the microwave cavity allows more accurate calculation of the spin-
flip probability.
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APPENDIX: ANALYSIS OF PLASMA PROPERTIES

Here, we describe the models and approximations used to infer
certain properties of the plasma. We first discuss the measurements
from which we derive N,,, f, ry, and d)p, then we describe the numer-
ical solver used to validate the measurements. We conclude with a
treatment of statistical uncertainties.
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1. Measurements

We count p using the SiPM and MCP.”"' The standard
charge pickoff method using a Faraday cup cannot be applied to
count p because the charge collected (much more than 1 elementary
charge per p) includes unknown contributions from annihilation
products, nuclear fragments, and electrons. Instead, we will com-
pare the experimentally observed plasma properties with self-
consistent numerical solutions that satisfy the Poisson equation and
Boltzmann relation in our trap.

We use the fast scintillator to find fin Fig. 3(b). The fast scin-
tillator efficiency depends on where the p annihilate. We calibrate
the fast scintillator empirically using data from the experiments
described in Secs. IITand V. The total number of p at the start of
mixing (N,) is constant and the number of H (Ny) depends on the
time at which mixing is interrupted (Fig. 3), t (Fig. 6), or P (Fig. 7).
If the fast scintillator registers M counts at mixing and D counts at
the null dump, we have

N + (N = Ni) = N,, (A1)
M D
—+Z2Z =N, A2
a + b P ( )
b
MEJrD = constant, (A3)

where a and b are the fast scintillator counting efficiency for mixing
and null dump annihilations. The correct value of b/a in Eq. (A3)
should yield the same number for all runs as Ny varies. The value
b/a = 1.41 minimizes the standard deviation for the combined data
series. To find the absolute values of a and b, we vary the number of
p, alternating mixing runs with runs where we use the SiPM to
count the p (see companion article). We obtain a~! =17 and
b~! = 12p per Fast Scintillator count at mixing and null dump,
respectively. Note that the contribution from e annihilations is
negligible.”

We extract 7y from the measured density profile. We fit the
profile to A - exp[—(r/r0)"] + B. A is an amplitude, B is a constant
background, #n controls how quickly the function decays, and r, rep-
resents the characteristic radius.”® We then apply a magnification

factor: ry = rycpy/Bumce/Bo, because magnetized particles follow
the diverging field lines from trap (By) to MCP (Bpycp). For the
same reason, we expect the plasma radius to vary inversely as v/B
inside the trap.”” That effect is small for the p (6B/B =~ 5%), and is
included in our uncertainties as explained below.

We measure ¢ simultaneously with T. The first particles
detected should escape when the plasma is barely confined, so the
confinement potential at that time is an estimate of ¢. This overesti-
mates the true value of ¢ by an amount proportional to T. The con-
stant of proportionality should be a function of the detector
sensitivity, the ramp rate, and the number of particles in the
plasma.” We obtain the best estimate of ¢» by making a graph of
measured ¢ vs T, with other properties constant. Figure 8(a) shows
such a graph for p diagnosed using the same electrodes, voltage
ramps, MCP bias, and analysis routines as we use for Fig. 3(c). The
p are evaporatively cooled to fix ¢, (and to some extent Np) at three
different values, then heated in the DS well (see Sec. III) with
0.002 < P < 0.2mW (see Sec. V). The increase in T, with P is
much less for lower N, which incidentally corroborates our
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FIG. 8. Calibration and measurement of ¢,. (a) Dependence of measured ¢, on
Tp. (b) Decay of ¢, during mixing. In (a), we use three different quantities of p (Np).
In (b), we show the data with and without the calibrated correction d¢, /dT, =
7.5V /eV from (a).

statement in Sec. V that this range of P does not heat the relatively
small number of p in the DS well during mixing. The best-fit lines
have slopes (7.4 £0.1), (7.6 =0.1), and (7.5%=0.2) V/eV. Figure
8(b) shows estimates of ¢, as a function of mixing time (Sec. 11I),
with and without applying the calibration of panel (a). The calibra-
tion brings the data much closer to the measured f values shown in
Fig. 3(b). It seems to slightly overcompensate for the last two points
near ¢P = 0, where the correction itself is much larger than the true
value of ¢,,.

2. Numerical solution

The numerical solver takes as input the electrode geometry,
trap potentials, B, T, N, and plasma rotation rate ,.”” It finds
a solution with N charges distributed such that p(r,z)
= p, exple(D(r,z) — Dy)/kgT]. Here, @ is the total electrostatic
potential due to both the voltages applied to the electrodes and the
space charge of the plasma, and p, and @, are p and ® evaluated at
the center of the plasma.

We set the trap potentials to match the experimental condi-
tions at the start of mixing and repeatedly solve for different values
of w,. For a given T and N, this produces solutions with a range of
ro values. We use these solutions for three things: First, to obtain p
and Ap, which we cannot derive from our measurements with sim-
ple formulas. Second, to verify that the properties we measure are
self-consistent, i.e., correspond to a valid equilibrium state. Third, to
gauge the amount of variation in the plasma properties that would
still be consistent with our measurements, which we take as (an
upper bound on) our systematic uncertainty.

Figure 9 shows example density profiles obtained using the
numerical solver for the conditions reported in Sec. I1I. The mea-
sured radial profiles (using pixel intensity as a proxy for axially inte-
grated density’”) are consistent with the solver prediction for
plasma properties in the ranges given in Table I. Note that the MCP
is only sensitive to about r < 2.5mm for p and r < 2.2mm for e*,
given the different magnification factors for the two species (see
Subsection 3 of the Appendix).

Figure 10 shows example potential contours in z for different
values of r, now for the conditions reported in Sec. V. Consider the
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FIG. 9. Density profiles p(r, z) at the start of mixing, with p on the left and ™ on
the right. (a) and (b) Density on an (axially integrated) radial slice through the
plasma. Colored points are derived from measurements in Fig. 3(a), and black curves
from the data in panel (c). The condition r = 24y is indicated by a vertical gray line.
(c) 2D profiles obtained with the plasma solver. The color bar goes from 0 to the peak
density, p = 6.0 x 107 cm~2 forthe p and p, = 2.5 x 10%cm—3forthe e

curves starting inside the p plasma at z = —0.266 m and ending
inside the e plasma at z = —0.253 m. The potential drop along the
curves at r = 0 and r = 2/p differs by 0.22V (/p = 0.27 mm is the
p Debye length). This energy scale (per charge) is comparable to the
U, found using Eq. (1) to fit the data in Sec. V.

In an infinitely long cylindrical plasma, p at r =24p see a
potential difference of 2kpT,/e with respect to r = 0. In the e*

plasma, we get the same potential at a lower radius, 2/p,/p,/pe.

2 in an infinitely long plasma,

This is because the potential scales as r
and Jp scales as p'/2. We can check this using the numerical model.
Using the data in Fig. 10, we find the r in the e* that corresponds to
the same potential difference as from r =0 to r =2/p in the p

plasma. This is true for r = 0.30 mm, which matches the infinite
length prediction exactly: 24p, /p,/p. = 0.30 mm for Sec. V values
in Table .

3. Uncertainties

In Table I, we compile measured values of N, ry, T, and numer-
ical results for N, ry, T, p, and Ap. The statistical uncertainties for
the measured values are the standard deviation in three or more

ARTICLE

pubs.aip.org/aip/pop

repeated measurements of the same quantity. The systematic uncer-
tainties, given with the numerical results, depend on the following
factors:

Np: The detection efficiency of the MCP-phosphor-photomulti-
plier system is unknown. The upper bound is 100%. The lower
bound is taken as 93%, as obtained in Ref. 30. While we are not
sure that those authors achieved high enough gain so that all
events were above threshold, our measured amplitude distribution
suggests that we do,”' so our detection efficiency should be at least
as great as theirs.

Np: Pions, formed upon annihilation when p hit the copper mesh
at z = —0.5m, may reach the MCP and emulate a p signal. As the
MCP is 0.4 m from the mesh and has a diameter 0.04 m, the rela-
tive solid angle is less than 1%. We estimate that charged pions
(typically two or four per p) coming from the 21% of p that anni-
hilate on the mesh contribute less than 1% of the signal.

Ne: Secondary electrons can leave the MCP when it is used as a
Faraday Cup, causing us to overestimate the positive charge of the
e' plasma. To characterize this effect, we vary the MCP-front bias
between —100 and 420V, measuring N, simultaneously via the
charge collected by the MCP and the light produced in a plastic
scintillator outside the MCP chamber. The latter is proportional to
the number of e* that hit the MCP. A bias of —7V (or lower)
maximizes the scintillator signal. However, a bias of +25V is
needed to retain most of the secondary electrons.”* Comparing
the data from scintillator and MCP at +25 and —7 V, we infer that
the charge signal at —7 V bias is higher than true N, by about 25%.
As elsewhere, we split the difference in our lack of certainty, taking
87% of the measured value as the center and 13% of the measured
value as the systematic uncertainty.

T: The plasma temperature diagnostic,”® in its simplest form,
assumes that ¢ is constant. In fact, ¢ decreases because of escaping
charge and because the well gets longer as the confining potential
is reduced, causing us to overestimate T.”’ The effect should be
about 10% in our case, which is comparable to the statistical varia-
tion from run to run, and consistent with the (little or no) varia-
tion in T that we observe for electron plasma diagnosed from wells
of different length.

to: The mirror ratio Bycp/By cannot be measured while the trap is
in place. It is taken from field maps provided by the manufacturer,
which we have verified (with the trap removed) at the 1% level.

ro: The mirror-ratio prediction described above assumes that par-
ticles follow magnetic field lines exactly. That is an imperfect
assumption, both inside the trap and between the trap and the

13

12.5

Total potential (V)

o) FIG. 10. Total electrostatic potential (trap
g plus plasma) at the start of mixing.
T Contours are drawn at fixed r as given by
the color bar. (a) is near the downstream
0.2 edge of the p plasma and (b) is near the
upstream edge of the e* plasma.

-0.268 -0.266 -0.264 -0.262 -0.252 -0.25

z (m) z (m)

-0.248
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MCP. First, the plasma changes shape as it is carried about the
trap through regions of varying B. When it is moved from the mix-
ing potentials, at high B, to the dump-diagnosis well, at low B, the
particles should not exactly follow magnetic field lines, because
that would generate large potential gradients within the plasma.”
Second, particles drift transversely across field lines whenever the
electric field is perpendicular to B, as is the case near the MCP. We
quantify this effect via the discrepancy between the mirror-ratio
prediction and the inferred size of the copper mesh, which appears
as a shadow when the plasma is extracted through it for imaging.*
The discrepancy corresponds to a change in the inferred radius of
about +30% for electrons, +25% for e*, and —4% for p. Thus, we
obtain four predictions for the true ry, depending on whether or
not particles follow field lines within the trap and outside of the
trap. We take the range of possible ry to be the mean of these pre-
dictions plus or minus their standard deviation.

/p: The numerical solver assumes that the plasma can be decom-
posed as a set of concentric cylindrical shells of different lengths.
This neglects a possible cone-shaped distortion, which should arise
because B varies in z.”” The variation of B, and hence n, is at most
10% from one end of the plasma to the other. This contributes an
additional 5% uncertainty to Ap (and to ry), which we compound
with the standard deviation described below.

We use these uncertainties, combined in quadrature with the
statistical uncertainties, to find ranges of acceptable N, T, and ry,
then find plasma solutions that evenly span those ranges (in ry) or
sit at extreme values (in N and T). The mean and standard deviation
of this set of solutions are the numerical result and the systematic
uncertainty for each variable given in Table L
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