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Abstract
The binding energies of antihydrogen atoms formed when antiprotons are mixed with positron
plasmas having densities ranging from 1013–1015 m−3, and at temperatures of 5–30 K, have
been investigated using simulations. Major changes in the distribution of binding energies are
observed, with more strongly bound states evident at the higher densities, and at lower
temperatures. For deeper binding, the distribution of binding energies follows a power-law
which is found to be strongly dependent upon plasma properties and the strength of the
applied magnetic field. The underpinning role of collisions in determining the binding energies
is explored.
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1. Introduction

The last two decades have witnessed remarkable progress in
the development of experimental capabilities for the forma-
tion and study of neutral antimatter as antihydrogen, H̄, the
antiproton–positron ( p̄–e+) bound state (for a review see, e.g.,
[1]). This has included the trapping [2–5] and stacking [6] of
the anti-atom in magnetic minimum neutral atom traps, which
has facilitated the first measurements of some of its properties
[7–9]. This has culminated, to date, in observations of the first
antihydrogen spectrum [10], the 1S–2S two-photon transition
[11] and its lineshape [12], the 1S–2P Lyman-α transition [13]
and fine structure of the first excited state of the anti-atom [14].

Following the first production of cold antihydrogen [15,
16], a number of groups undertook theoretical and compu-
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tational studies of H̄ formation via the three-body reaction,

e+ + e+ + p̄→ H̄ + e+, (1)

which, at typical experimental positron densities (ne) and tem-
peratures (Te), is thought to be the dominant route for H̄
production [1]. This body of work has been reviewed by
Robicheaux [17], and latterly we have contributed to this topic
[18, 19]: recently with a study [20] involving simulations
of the formation of H̄ at kinetic energies low enough to be
held in the 0.54 K deep magnetic minimum trap used by the
ALPHA experiment [21]. A key parameter is the H̄ binding
energy, denoted as EB, which plays a crucial role in determin-
ing whether the anti-atoms created in the e+ plasma survive
to be detected and/or trapped. In our previous work it became
clear that, under the conditions pertinent to current H̄ experi-
mentation, the distribution of binding energies was dependent
upon ne and Te. This observation has prompted the detailed
study reported here.

It is well known from theory (see the review in [22]) and
experiment [23–25] that H̄ formed via reaction 1 is weakly
bound, and strongly susceptible to influence from the ambient
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fields and from collisional effects: both have a role in deter-
mining the EB distribution as the nascent anti-atoms leave
the positron cloud. In the present work we have refined and
extended the study reported in [20] to provide a detailed anal-
ysis of the behaviour of the H̄ binding energies in the range
Te = 5–30 K and from ne = 1013–1015 m−3, where we find
that important qualitative and quantitative changes occur. We
have also undertaken studies at applied magnetic fields, B, that
are typical of those found in the ATRAP [16] and ALPHA [21]
experiments.

The latter experiment has employed a base magnetic field
of 1 T in a magnetic minimum H̄ trap. The radial increase in
the trapping field [21] across the typical (∼mm) dimensions of
their e+ plasmas is negligible, so assuming a uniform 1 T field
in the simulations is justified. ALPHA’s e+ plasma densities
are typically in the range 5–10 × 1013 m−3, but there is the
capability to increase this if necessary. Recent ALPHA work
(see e.g., [6]) has employed e+s with Te in the range 15–20 K,
and the ability to reduce this to 5–10 K using active cooling
via interaction with laser-cooled beryllium ions [26, 27] is cur-
rently being pursued [28, 29]. ATRAP’s original work on state
analysis [23] was performed at 5.4 T, and though there are
no quoted values for ne and Te we can infer from their pre-
vious work on p̄ cooling by positrons [30] (though performed
at the slightly higher magnetic field of 6 T) that the expected
Te is close to their trap ambient at 4.2 K and that ne is around
7 × 1012 m−3.

We compare the results of our work to the experimental data
and accompanying analysis from ATRAP [23–25] and to the
theoretical analyses of Bass and Dubin [31]. Both set of stud-
ies revealed that, at the higher values of EB, the distributions
can be described by power laws (essentially as a function of
EB/kBTe, with kB being Boltzmann’s constant), and we fur-
ther elucidate this behaviour. Our simulations complement and
augment this previous work and include full motion of both the
e+ and the p̄ and, as described above, an exploration across the
range of ne and Te of most relevance to experiment. The work
of Bass and Dubin treated stationary antiprotons only, which
fails to encapsulate important cross-field transport physics that
contributes to H̄ production [19], and was applied to conditions
of high magnetisation, corresponding to χ � 1, with

χ =
rc

b
=

v̄

bωc
, (2)

which is not strictly applicable to all experimental situations.
Here the Larmor radius is rc = mv̄/eB, where the average
thermal speed is taken as v̄ = ωcrc =

√
kBTe/m. The distance

of closest approach is given by b = e2/4πε0kBTe, with the
cyclotron angular frequency as ωc = eB/m: e and ε0 have their
usual meanings and m is the positron rest mass. Numerically,
χ ≈ 1.35 × 10−3T3/2

e /B. Simulations similar to ours (though
still assuming a stationary antiproton), but with a focus on the
cascade and resulting yield of ground-state atoms have also
been performed by Radics et al [32, 33].

In the remainder of the article we briefly introduce the sim-
ulations and the methods used (section 2), present and discuss
the main findings (section 3) and conclude in section 4.

2. Simulation details

Comprehensive accounts of the methodology used in our sim-
ulations have been given elsewhere [18–20], such that we
present a brief survey here with emphasis on the details most
pertinent for the discussion of the H̄ binding energies. Clas-
sical equations of motion (as pointed out in [17, 19], quan-
tum mechanical effects are only expected to play a role at
much smaller distances, characteristic of much more deeply
bound H̄) were used to calculate the antiparticle trajectories
in an axial (conventionally the z-direction) magnetic field of
B = 1 or 5.4 T in the presence of the self electric field, E,
of the e+ cloud. The latter is given by E = neeρ/2ε0 = Eρρρ̂
where ρ = ρρ̂ is the radial coordinate with the origin at the
trap axis. The combination of fields results in a rotation of both
e+ and p̄ about the axis with a speed to first order given by,
vD = Eρρ/B = neeρ/2ε0B.

The p̄ trajectories were initialised from a thermal distri-
bution at Te with the e+ plasma taken, for simplicity, as an
infinitely long cylinder of 1 mm radius. This approximation
does not affect the outcome of the simulation, as detailed else-
where [20]. In that work, the fraction of the formed H̄ which
was deemed to be trappable was deduced by applying several
criteria. Whilst conditions which pertain strictly to being held
in the trap (i.e., those for kinetic energy and magnetic moment)
can be relaxed here, first and foremost, the anti-atoms must
be able to survive their environment and emerge from the e+

plasma in a stably bound state. It therefore proved crucial that
such states could be separated from those instances in which a
p̄ left the plasma with a e+ nearby, but unbound.

To achieve this an operational definition of a stable H̄ atom
was developed. First, the p̄–e+ pair should remain together
for a duration of 1 μs in the magnetic field and electric fields
present outside the cylindrical plasma ( ∝ ρ−1). Secondly,
to mimic the electric fields of a typical Penning trap used
to hold the antiparticles, an axial electric field of 10 Vcm−1

was applied during the 1 μs flight time. Using guidance from
[34], a crude estimate shows that H̄ with EB lower than about
9
√

E K, with E in Vcm−1, corresponding to ∼28 K, will be
ionised by the electric field. Though this value for the electric
field is somewhat arbitrary, tests reveal that while the number
of bound H̄ with EB < 9

√
E K changes with the magnitude

of the applied field, the distribution of more deeply bound
anti-atoms is not affected.

Our simulation uses the unscreened Coulomb poten-
tial, thus neglecting any plasma effects. However, screen-
ing occurs on length scales comparable to the Debye length

λD =
√

kBTeε0
e2ne

, which for our parameters ranges from 5 μm

to 120 μm, whereas the length scale relevant for antihydro-
gen formation is set by the radius of the anti-atom. Assuming
an H̄ bound by at least the ambient temperature, this length
varies from 0.3 μm to 1.7 μm. Since the relevant dynamics
for anti-atom formation occurs on scales on order of magni-
tude shorter than Debye-length we do not expect significant
changes, though we cannot rule out that at our lowest temper-
atures and largest density some correction due to this effect
could occur.
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Figure 1. The fraction of antiprotons resulting in stable H̄ atoms (see text) at various plasma densities, ne. At B = 1 T the Te data are shown
as 5 K (purple triangles), 10 K (blue circles), 15 K (red diamonds) and 30 K (green squares), with the last three reproduced from [20]. For
comparison results for B = 5.4 T and Te = 5 K are shown (black stars). Note that all data correspond to injection of the p̄ on the axis of the
trap, i.e. ρ0 = 0.

The fraction of p̄ s resulting in H̄ which survives this treat-
ment was referred to as the H̄-fraction, f H̄, in [20], and it is
from this ensemble that the data we present in section 3 is
drawn. We note, following [20], that radiative de-excitation
processes (which will eventually lead to H̄ in the ground state)
are not included, as these are not important during the first
stages of H̄ formation [31, 32] considered here.

As will become evident in section 3, collisional effects play
an important role in increasing EB as the H̄ moves through
the e+ plasma. This is particularly so as Te is lowered, where
the anti-atom is initially formed in very high Rydberg-like
states. However, in the cases when the H̄ reaches very deep
binding, numerical problems arise due to the divergence of
the Coulomb potential at short p̄–e+ separations. To ensure
energy conservation this necessitates the use of vanishingly
small time steps, which cause the simulation to slow dramati-
cally, and sometimes to come to a complete halt. This is mainly
a problem at the higher ne, where the H̄ reach deeper binding
energies. In order to remove this problem, we (i) introduced a
softening of the Coulomb potential and (ii) froze the internal
state of any antihydrogen with binding energy EB > 300 K.
Our softened Coulomb potential has the form

V(r) = − e2

4πε0

1√
r2 + r2

0

, (3)

where r0 is a constant that removes the singularity as
r → 0. After testing, we determined that our results were sta-

ble using r0 = 2 × 10−8 m, corresponding to the radius of an
H̄ bound by 420 K, thus below the deepest binding energy in
our simulation.

Therefore, our results for binding energies above 300 K
cannot be trusted, but this should, for all temperatures
simulated, be safely above the so-called ‘bottleneck’ at a few
kBTe

3.

3. Results and discussion

Our previous work [18–20] revealed that the observed (and
trapped) H̄ is the result of many cycles of formation and col-
lisional break-up (by the reverse of reaction 1, i.e., e+ + H̄ →
e+ + e+ + p̄). This cycling effect results in radial transport of
the bound p̄ s in the e+ plasma, and is a major determinant of
the final H̄ binding energy. Figure 1 reproduces the data for
f H̄ from [20] at 1 T, and adds new results at Te = 5 K and at
that temperature at 5.4 T, in order to frame the discussion to
follow. From this figure it is clear that there are notable trends
with both ne and Te with, in particular, a change of behaviour,

3 The bottleneck is typically taken to be a binding energy of 4–6kBTe. When
EB is higher than this, there is very little probability of re-ionisation of the
nascent H̄ in a subsequent collision, and the anti-atom will cascade to deeper
binding, eventually reaching the ground state. The energy range of a few kBTe

on either side of the (field-free) ionisation limit is usually thought of as com-
prising a thermal bath of positrons, from which they trickle to binding above
the energy of the one-way bottleneck via collision. Further details can be found
elsewhere [35–38].
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Figure 2. The binding energy distributions, for B = 1 T, normalised per simulated antiproton, for stable H̄ at ne = 1014 m−3 (left panel) and
ne = 1015 m−3 (right panel) for Te = 5, 10, 15 and 30 K, with the temperatures colour-coded as in figure 1. The lines are drawn to guide the
eye and are not fits to the data.

Figure 3. The binding energy distributions, for B = 1 T, normalised
per simulated antiproton, for stable H̄ at Te = 10 K and at various
ne. The data are: ne = 1 × 1013m−3 (dark blue circles);
ne = 5 × 1013 m−3 (red triangles); ne = 1 × 1014 m−3 (green
squares); ne = 5 × 1014 m−3 (purple crosses); ne = 1 × 1015 m−3

(light blue plus signs). The lines are drawn to guide the eye and are
not fits to the data.

dependent upon the magnitude of B, in the density region from
1014–1015 m−3 as ne is varied. This effect is accompanied by
major changes in the H̄ EB distributions, which then also dis-
play a marked dependence upon Te. These phenomena can be
traced back to changes in the mean radial position of origin of
the H̄ and as we shall see, at the higher densities, the anti-atoms
are predominantly formed close to the trap axis, thus enhanc-
ing the probability of achieving deeper binding before leaving
the e+ plasma.

Examining figure 1, f H̄ rises steadily when ne � 1014 m−3

at all Te, and at both values of B. Interestingly, at the lower ne,
f H̄ is higher as Te is raised, though the trend seems to cross over
with increasing density. At B = 1 T the f H̄ values are broadly
comparable across the Te range. This behaviour is caused by
the many p̄ interactions that take place in the plasma which

Table 1. Power-law exponents (n) of the binding-energy
distributions for different parameters, and for a starting radius
ρ0 = 0 mm. The power laws were fitted to the deep part of the
binding energy distributions. Because of the differences in the
distributions it was not possible to use the same fit interval for all
cases.

B (T) Te (K)
ne(m−3)

1013 5 × 1013 1014 5 × 1014 1015

5.4 5 5.6 5 4.8 3.6 2.8

1 5 4.5 3.7 3.4 1.9 1.0
1 10 4.2 3.7 3.5 1.8 1.2
1 15 4.3 3.9 3.9 2.6 1.9
1 30 4.1 3.6 4.3 2.8 2.7

eventually result in similar antihydrogen fractions, despite the
rate of reaction 1 being expected to fall (in equilibrium and
in the limit when χ→∞) by a factor of 64.5 ≈ 3170 as Te

is raised. Though the timescales are longer at higher Te, the
underlying physics ensures a similar outcome. At higher ne,
there is a marked change of behaviour with f H̄ falling in each
case, but more rapidly for higher Te. There is also a striking
difference between the 5 K data at different magnetic fields,
with those at B = 5.4 T displaying a larger slope at low densi-
ties, turning over at a significantly higher density and reaching
a peak at a higher value of f H̄.

Figure 2 shows the normalised EB distributions at
ne = 1014 m−3 and ne = 1015 m−3 at the various Te (all at a
magnetic field of 1 T), whilst figures 3 and 4 present the data
for various ne at fixed magnetic field and temperature. The
distributions have some common features, rising at low bind-
ing to a density-dependent maximum in the 10’s of K region.
This is followed by a decline at higher binding which takes the
approximate form of a power-law dependence (i.e., En

B, with
exponent, n) in a manner similar to the observations of ATRAP
[25] and Bass and Dubin [31], though here we identify signif-
icant changes in behaviour with Te and in particular ne. Fitted

4
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Figure 4. Same as figure 3, except Te = 5 K. The values for the magnetic fields are B = 1 T (left panel) and B = 5.4 T (right panel).

values for the power-law exponents at the higher EB for various
e+ plasma parameters are given in table 1.

Turning first to the left panel of figure 2, despite the factor
of six change in Te, the form of the four curves is remark-
ably similar, with some states bound by more than 100 K in
evidence. The binding energies rise from close to the 28 K
cut-off imposed in the simulations through the axial electric
field outside the plasma (though there are some more weakly
bound H̄ that survive in each case) and peak for all Te at around
30–40 K. This corresponds to around 3–4 meV, or a principal
quantum number of just over 60, though the latter is ill-defined
for such states in the high magnetic field.

At the higher EB the distributions are very similar, which
is reflected by the values for n summarised in table 1, though
there is a trend towards deeper binding (i.e., lower values of
n) as Te is lowered. We note that while our simulations are
similar to those in [25] they differ from [31] both in that we
include the motion of the p̄ s (as noted earlier) and since we
simulate the injection of a fixed population of p̄ s, which over
time is depleted as H̄ s are formed or the antiprotons leave the
plasma. It is therefore not surprizing that we do not obtain a
steady-state distribution as a function of EB/kBT , which was
found in [31].

The corresponding distributions at ne = 1015 m−3 are
shown in the right panel of figure 2. Whilst the form of the
curves at the different Te are similar, there are significant dif-
ferences, and there is a marked change in the distributions
when compared to the data at the lower density. In each case
the number of stable anti-atoms increases after about 35 K, to
reach a broad maximum around 80 K, the location of which
is nearly independent of Te. Binding energies now extend out
to 300 K and above for all Te and there is a notable and sys-
tematic increase in the yield at higher EB as Te is reduced. The
resulting power-law exponents given in table 1 are lower than
at 1014 m−3, approaching unity for Te in the range 5–10 K.

The H̄ binding energy on exit from the plasma will depend
mainly upon the number and type of collisions the anti-atom
undergoes. Whilst collisions can break up the nascent H̄, they
will also provide the drive towards deeper binding as the e+

can efficiently remove the excess energy. Thus, the binding

energy is expected to increase with ne, and this is roughly in
accord with the simulation data. However, the distributions in
figure 2 reveal a more complex picture, as Te clearly has a
major influence as ne is increased. The dependence upon Te is
complicated by the fact that there are two competing effects.
On one hand larger energy exchanges will occur at higher Te,
and larger positron speeds give higher collision rates, though
this is offset since H̄ formation is much less likely, leading to
fewer e+–H̄ collisions, and less likelihood of stable H̄. It is
the cumulative effect of collisions (see e.g., [31]) which leads
to stability, as EB becomes larger than the bottleneck energy
at a few kBTe, below which the probability of ionisation is
negligible, and the anti-atom will survive.

To illuminate further, figure 3 presents binding energy dis-
tributions in the range ne = 1013–1015 m−3 at Te = 10 K and
B = 1 T, showing the systematic shift towards higher EB as
ne is raised above ≈ 1014 m−3. The two highest densities,
ne = 5 × 1014 and 1015 m−3 have similar distributions at high
binding energies, indicating that they have undergone enough
collisions to reach a steady state.

Again, the tails of the distributions towards larger binding
energies have roughly a power-law dependence, as was found
in [31]. The corresponding data at Te = 5 K (figure 4) show
similar features for both our standard value of the magnetic
field B = 1 T and the larger field B = 5.4 T used in [23]. The
depression of the yield evident at low EB for the two highest
values of ne is discussed further below, but we note here that
the effect is reduced at the larger magnetic field.

Table 1 presents the fitted power-law exponents across the
parameter range of our investigation. At the larger magnetic
field and low Te characteristic of the ATRAP work, we find
somewhat larger values for n (thus fewer anti-atoms at deep
binding) when compared to their equivalent at 1 T. This is con-
sistent with the increased degree of magnetisation of the e+

plasma, which inhibits collisions due to pinning of the charged
particles on the field lines [39]: note that at this combination of
B and Te, χ ≈ 2.2 × 10−3. At the lower densities investigated
we find n ∼ 5–6, which is roughly consistent with value of 5
from the analysis of Pohl and co-workers [25] of the ATRAP
field-ionisation binding energy data [23]. Recall from section 1
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Table 2. Power-law exponents (n) of the binding-energy distributions for
B = 1 T, ne = 1014 m−3, ne = 1015 m−3 and different temperatures and starting
radii, ρ0.

ne (m−3) Te (K)
ρ0 (mm)

0 0.01 0.02 0.05 0.1 0.2 0.3 0.4 0.5

ne = 1014 10 3.9 3.7 3.7 3.8 4.0 3.7
ne = 1015 5 1.0 1.1 1.3 2.2 3.9 4.4 4.3 4.8 4.4
ne = 1015 10 1.2 1.3 1.4 2.2 3.6 4.6 4.4 4.7 4.6
ne = 1015 15 1.9 1.9 1.9 2.3 3.2 4.1 4.5 5.4 4.8
ne = 1015 30 2.7 2.9 2.8 2.7 3.3 4.1 4.7 5.0 5.5

Figure 5. Distribution of binding energies for B = 1 T, T = 10 K,
ne = 1015 m−3 and ρ0 = 0 mm (purple squares) and 0.5 mm (blue
circles).

that we presume that the positron density employed by ATRAP
was around 1013 m−3 at a temperature close to 4 K.

Our analysis implies that the time spent by the H̄ inside
the finite radius positron plasma plays a role in determining
the distribution of binding energies, and hence the variation
in n. Bass and Dubin [31] analysed the time dependence of
their EB distributions and extracted exponents with similar val-
ues to those found here. For instance at χ = 0.005 they found
n 
 5.5, which rose to a value of 8 for χ = 0 (corresponding
to weaker binding in an infinite magnetic field).

At B = 1 T we find n 
 4 for densities below 1014 m−3,
with lower temperatures giving somewhat larger exponents. At
higher densities the picture changes drastically, with a sharp
drop in n, which is most pronounced at low Te. From previous
work we know that at these densities it is important to take
the drift motion of the particles into account [20]. The velocity
of this motion grows with the distance between the particle
and the axis of the trap (see below). In order to investigate this
effect, we performed further simulations of how the binding
energy distribution depends on the trap radius ρ0 at which the
antiproton is injected. These results are summarised in table 2.

As the injection radius is increased, the high-density expo-
nents approach values similar to, or even higher than, those at
lower densities. This effect is illustrated by the example given
in figure 5. When the antiprotons are injected on the trap axis
(ρ0 = 0 mm) there is a component of deeply bound anti-atoms,

which is not present if injection occurs far from the trap axis
(ρ0 = 0.5 mm). Below we give a plausible explanation for this
behaviour.

Though H̄ is formed by the reaction 1 at all radii for both
densities, at the higher density and larger radii the initial
unstable state is much less likely to develop into a stable state.
We attribute this effect to the mismatch in the drift velocities
of positrons and antiprotons. It is well known that trapped par-
ticles with charge q and mass m rotate around the axis of the
trap with an angular frequency given by

Ω− = −1
2

(
ωc +

√
ω2

c −
4qEρ

m

)
, (4)

where ωc = qB/m is the cyclotron frequency and Eρ was
defined in section 2 and is due to the radial electric field gen-
erated by the charge of the positron plasma. To first order, this
gives a rotation frequencyω− ∼ Eρ/B, and thus the drift speed
vD = neeρ/2ε0B, as introduced in section 2, which is the same
for positrons and antiprotons. At large densities, though, the
second-order correction to this speed becomes important. This
term has the form ΔvD = mE2

ρρ/qB3 = mn2
ee2ρ/4qε2

0B3, and
thus grows linearly with mass and trap radius, and quadrati-
cally with plasma density. At the densities considered here for
B = 1 T, the effect is negligible for the lighter positron, but for
the antiproton it grows from a correction of less than 1% at
ne = 1014 m−3 to around 10% at ne = 1015 m−3.

In the reference frame of the antiproton, this effect appears
as a fictitious force on the positron. This force is too weak to
have any impact on tightly bound antihydrogen atoms, but in
its initial loosely bound state it is enough to rip the nascent anti-
atom apart, thus preventing it from stabilising. The exception
is when formation occurs close to the axis of the trap, where
the correction is vanishing. This explains why the gap in the
distribution of binding energies in figure 3 at high densities
extends beyond the ∼28 K expected from field ionisation4.
Any surviving antihydrogen must have been formed close to
the axis, in a state with binding energy large enough to tra-
verse the entire plasma without ionising in the large number of
collisions with positrons. Similarly, the higher low-EB yields

4 This mechanism for ionisation of loosely bound antihydrogen was observed
already in the simulations reported in [18], though the impact on the distribu-
tion of binding energies was not realised at the time. Instead the increased gap
at high densities was ascribed, we believe incorrectly, to direct field ionisation
due to the higher electric field from the plasma.

6
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Figure 6. The fraction of stable H̄ versus the distance from the trap
axis where they were formed, following p̄ injection at ρ0 = 0, at
densities of 1014 m−3 (blue circles) and 1015 m−3 (red crosses) for
Te = 10 K and B = 1 T.

observed at 5.4 T (when compared to 1 T) in figure 4 can be
attributed to the much reduced effect of ΔvD at this field. The
fall in the overall f H̄ at high densities shown in figure 1 can
also be attributed to the differential positron/antiproton drift:
again, the effect is reduced at the higher magnetic field.

This interpretation is supported by the results in figure 6,
where we have isolated the starting radial position in the e+

plasma which led to the formation of the stable H̄ 5. The
figure shows the distributions of stable H̄ starting positions for
Te = 10 K, B = 1 T and at ne = 1014 and 1015 m−3, which
coincides with the density region (see figure 3) where the EB

distributions begin to change form. Although it is possible that
H̄ is formed anywhere in the plasma, there is a dramatic shift
to formation close to ρ = 0 as ne is raised, with around 40%
originating within 0.04 mm of the axis at 1015 m−3. This has
fallen to around 16% at the lower density shown in the figure.
According to our interpretation, formation of stable H̄ is sup-
pressed at large ρ and high density because of the mechanism
discussed above.

4. Conclusion

We have provided a detailed account of the dependence of the
binding energies of H̄ atoms formed under conditions similar
to those encountered in recent antimatter experimentation, and
in particular simulation data have been presented over typical
ranges of e+ plasma density and temperature.

The picture that has emerged is complex, and involves qual-
itative and quantitative changes of behaviour as ne is increased
beyond about 1014 m−3, and in the Te range from 5–30 K and
for the two magnetic fields (1 and 5.4 T) investigated. These

5 Note the distinction between this entity and the p̄ injection radius, ρ0. Recall
from section 2 that for most of the work p̄ trajectories were initialised on the
axis of the system (i.e., at ρ0 = 0), whereupon they drift radially, largely due
to cycles of H̄ formation and destruction, before they possibly form stable H̄.
Thus, the H̄ starting radius may extend from ρ = 0 out to the plasma edge of
1 mm considered here.

have been linked to the role of e+ collisions and their effect on
the weakly bound states of H̄ formed via reaction 1 in such
low temperature, high density e+ plasmas. A defining fea-
ture is the emergence of antihydrogen states of higher binding
energy, broadly speaking as ne is raised and Te is lowered. The
high EB tails of the resulting distributions exhibit power-law
behaviour similar to that found previously [25, 31]. Our work
has expanded considerably on these earlier studies, revealing a
much richer behaviour by using a simulation scenario of direct
relevance to contemporary H̄ experimentation.

In particular we have shown that while the overall num-
ber of H̄ is somewhat reduced at large densities, the binding
energies of the H̄ produced are on average much larger. How-
ever, this effect is only present for the fraction of antiprotons
injected close to the trap axis (ρ0 � 0.1 mm) for the simulated
conditions. The importance of this parameter has not been
given much attention in previous works.
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