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Abstract The convergent close-coupling method is used to obtain cross sec-
tions for antihydrogen formation in low-energy antiproton collisions with posi-
tronium (Ps) atoms in specified initial excited states with principal quantum
numbers n; < 5. The threshold behaviour as a function of the Ps kinetic en-
ergy, E, is consistent with the 1/E law expected from threshold theory for all
initial states. We find that the increase in the cross sections is muted above
n; = 3 and that here their scaling is roughly consistent with n?, rather than
the classically expected increase as ni
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1 Introduction

Physics with antihydrogen (H) at low energies has made great progress recently
(see [1] for a review) whereby trapped samples of the antiatoms [2,3] have been
used to make measurements of some its properties [4,5], including landmark
observations of the 1s-2s two photon transition [6] and features of the ground
state hyperfine spectrum [7].
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These experiments were performed by creating H via the three-body posi-
tron (eT) antiproton (p) reaction et + et +p — H+ et [8,9]. It is well
known (see [10] and references therein) that this reaction produces H in highly
excited states (typical binding energies are of order of a few kgpT,., with kg
Boltzmann’s constant, and T, the positron temperature) such that trapping
is mandatory for experimentation on the ground (1s) state. Furthermore, to
promote both the rate of reaction, and the probability of trapping, both T, and
the p equivalent should be as low as possible. To give some context, the state-
of-the-art magnetic minimum H trap employed by the ALPHA collaboration
is only around 0.54 K deep [11], and given the technical challenges associated
with such devices, it is unlikely that trap depths significantly greater than this
will be available in the near future.

Currently, ALPHA’s experiments [3] form H via e*-p mixing with T, ~
20 K such that the trapped anti-atoms originate from the tail of a thermal
distribution [2], resulting in capture efficiencies of order 10=* of the total H
yield. Increasing the trapping efficiency (using the e*-p scheme) only seems
feasible via reductions in 7., and there is ongoing effort to reach the few K
temperature region, as discussed in [12]. The eT-p scheme demands that the
mixing procedure does not markedly increase T, and that the p temperature,
which governs that of the H, is determined by (and is as close to as possible)
T.. Thus, both species must be as cold to enhance the probability of forming
trappable antihydrogen.

An alternative to et +et +p — H+ e' is the reaction

Ps(ni, ;) +p — H(n', ') + €, (1)

as suggested some time ago [13-15]. Here the colliding Ps state is characterised
by n; and I;, the principal and orbital angular momentum quantum numbers
respectively, with n’ and I’ being the corresponding values for H. This reac-
tion was observed in a demonstration experiment [16] using a double charge
exchange scheme [17], and the ATRAP collaboration is making preparations
for further work in this respect [18]. The AEgIS [19,20] and GBAR [21,22]
collaborations plan to exploit reaction (1) to form beams of H for studies of
antimatter gravity. In both cases laser-excited Ps will be used as the scattering
target, and in particular AEgIS plans to use highly excited states interacting
with cold p to form H capable of Stark acceleration (see e.g. [23]) into a beam
for deflectometry studies. That experiment will exploit one of the potential ad-
vantages of reaction (1), namely that low-energy (see below) excited-state Ps
reacting with an effectively stationary, trapped p will impart little momentum
in the collision, thereby reducing heating. As such, cold (and possibly trap-
pable) H can be produced, requiring that only the p (and not both antiparticle
species) are cold before the interaction.

Despite the long term interest in reaction (1) (and its charge-conjugate
time-reverse, Ps formation in e™-H collisions), it is only recently that reliable
values for the cross sections for this process, o, have been available for excited
states of Ps, and at the low (sub-eV) energies of current interest [24-27]. These
studies have involved the application of Convergent Close Coupling (CCC)
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and Threshold Theory (TT) approaches, and further details of these will be
provided in section 2.

The initial excited-state Ps work [24,25] found large enhancements in op
for the n; = 2 and 3 states (e.g., around factors of 50 for n; = 1-2 and 25
for n; = 2-3 at 0.1 eV), with excellent agreement evident between the n; =1
CCC data and the essentially exact variational results of Humberston and co-
workers [28]. Furthermore, the cross sections for the excited states were found
to vary as 1/E, with E the Ps kinetic energy, in the energy range below about
1 eV, which is of relevance given typical emission energies from current vacuum
sources of Ps (see e.g., [29,30]).

Very recently [27], the CCC and TT calculations were extended to n; = 4
and 5, and, surprisingly, the increases in o were found to be much muted
in comparison to the lower states, with the variation found to be close to a
scaling of n?, rather than the n} law expected from a Bohr-type analysis. This
phenomenon was attributed to the suppression of higher angular momentum
contributions to the cross section, as described briefly in section 2 and in more
detail in [27].

In [27], emphasis was placed upon the implications of the discovery of
the quantum suppression effect, and this was best illustrated by presenting
cross section data summed at each n; across the Ps [; manifold. Of most
experimental interest, however, are cross sections resolved by Ps state (see the
discussion in section 3), and we present these data here. The remainder of
this article is organised as follows. Section 2 contains descriptions of the CCC
and TT approaches used to derive values for o at low Ps energies, the main
results are presented in section 3 and conclusions are drawn in section 4.

2 Theoretical Details

Originally, the CCC method was developed for positron scattering on H [31,
32]. Later it was extended to positron scattering on multi-electron targets (see,
e.g. [33,34]). In positron scattering the primary challenge is to account for Ps-
formation channels. The CCC approach combines the expansion of the total
wave function over the target states with the expansion over the Ps states,
therefore it allows for explicit Ps formation. The two-centre CCC formalism
for positron-hydrogen scattering was used to calculate cross sections for Ps
formation [32], and thereby those for the reverse process of Ps scattering on
a proton to yield hydrogen formation [35]. By symmetry, this is equivalent
to Ps scattering on an antiproton leading to the formation of antihydrogen.
Comprehensive details of the formalism have been given by Kadyrov and Bray
[32], who have also provided a recent review of applications of the CCC theory
to positron-atom scattering [36].

Briefly, the calculations used here are the same as those that were recently
presented [27], but now given for specific initial Ps states. They were generated
by using two separate eigenstate expansions on H with n’ < 7 and Ps with
n; <5 (0 <1l; <n; —1). For this reason we are able to provide cross sections
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for Ps(n;, ;) individual initial states scattering with antiprotons to form anti-
hydrogen for n’ < 7, which we present as summed over all open final states.
The intention here is to provide the data that are of relevance to experiments
interested in laser-excitation of Ps prior to collisions with antiprotons.

The low-energy and threshold behaviour of cross sections for collisions of
Ps with antiprotons is controlled by the long-range interaction. If the Ps is
in its ground state, the dominant interaction is due to polarisation, which
decays as 1/r* at large distances. According to the Wigner threshold law [37],
in this case the elastic cross section is finite at zero energy, and the cross
sections for endothermic processes behave as (E — E; )b t1/2 where F is the
threshold energy, and [, is the lowest angular momentum of the projectile
relative to the target allowed by symmetry. Accordingly, the cross section for
an exothermic reaction varies at low energies as Elmin—1/2,

However, if the Ps is in an excited state the dominant Ps-p long-range
potential is dipolar, which decays as 1/r2. This occurs because degenerate
states belonging to an I; manifold (at a given n;) are dipole coupled due to the
presence of an external charge. The theory of the threshold behaviour of elastic
and inelastic collision cross sections controlled by such an interaction was
developed by Gailitis and Damburg [38,39]. For each partial wave characterised
by the total angular momentum L and parity P, the threshold behaviour is
determined by the competition between the attractive dipolar interaction and
a repulsive centrifugal barrier. If, for a given L and P, the attractive dipole
interaction dominates, the partial cross section for an endothermic reaction is
finite at the threshold, and the cross section for an exothermic reaction diverges
as 1/E. Furthermore, elastic and /;-mixing cross sections exhibit pronounced
oscillations at low energies which are best visible when plotted as a function
of logFE and, below inelastic thresholds, all cross sections exhibit resonances
due to dipole-supported quasi-bound states. However, if the centrifugal barrier
dominates, the cross sections for exothermic reactions approach zero as E¢,
where the threshold exponent a depends on L, P and the long-range coupling
between the degenerate channels. These two regimes are separated by the
boundary value Ly, of the total angular momentum L [27]. Calculations of Ps-
P cross sections incorporating these features were accomplished in Refs. [40,
41].

This behaviour is different from that observed in a classical treatment of
collisions. For example, in the case of an endothermic reaction controlled by
a short-range interaction the Wigner law predicts an (E — Et)l/ 2 behaviour,
whereas according to classical mechanics the cross section should be finite
at the threshold. This phenomenon was dubbed “quantum suppression” [42].
Another example of quantum suppression is elastic scattering by a potential
which decays faster than 1/7 at large distances. In quantum mechanics the
scattering cross section in this case is finite, whereas in classical mechanics it is
infinite unless the potential is identically equal to zero beyond some distance r.
Generally quantum effects can lead to both suppression and enhancement, as
was analysed in detail in Ref. [41].
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We have found a remarkable manifestation of the quantum suppression in
reaction (1) [27]. According to classical mechanics this reaction effectively oc-
curs for all impact parameters below the Bohr size of the Ps atom, which is
proportional to n?. Accordingly, the cross section for this reaction is propor-
tional to n}, as confirmed by Classical Trajectory Monte Carlo (CTMC) cal-
culations [17,43]. However, in quantum mechanics the situation near threshold
is different. The highest angular momentum giving a substantial contribution
to the reaction cross section is given by Ly, and this quantity is approximately
linearly dependent on n;. This results in an n? growth of the cross section,
in contrast to the fourth power expected from classical mechanics. This is
demonstrated by the CCC calculations [27], as described in section 3.
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Fig. 1 Cross sections for H formation in p-Ps scattering from states accessible by successive

single photon excitation interactions from the 1s ground state (see text for details) summed
across all H final states.

3 Results and Discussion

From an experimental perspective, the Ps used in reaction (1) is likely to em-
anate into vacuum from a porous silica sample [29,30] in the triplet 1s ground
state. To promote the rate of H formation excited states will be produced us-
ing laser excitation (see e.g., [44—46]) via the 1s-2p single photon transition,
or perhaps via the two-photon 1s-2s route. Accordingly, we present the cross
sections in three groups: (i) 2p, n;s and n;d, as shown in Fig. 1; (ii) 2s, n;p
in Fig. 2 (with the n; = 2 and 3 data from [24,25] and the n; = 4 and 5 data
from the present study in both cases); and (iii) in Fig. 3 the remaining data



6 A. S. Kadyrov et al.
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Fig. 2 Cross sections for H formation in p-Ps scattering from states accessible following
two-photon 1s-2s excitation (see text for details) summed across all H final states.
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Fig. 3 Cross sections for H formation in P-Ps scattering from the remaining states in the
nps = 4 and 5 manifolds summed across all H final states.

from the n; = 4 and 5 manifolds, namely for the 4f, 5f and 5g Ps states. In
each case the cross sections are summed over all final H (n/,1’) states. Taking
the n; = 5 data from Figs. 1-3 at a Ps kinetic energy of 10 meV as an example,
the partial cross sections are similar for the different values of I; at just below
10° a.u., though with the 5g results a little lower. A similar effect is present
in the n; = 4 data.

All the cross sections shown in Figs. 1-3 exhibit the characteristic 1/E
behaviour at low energies, in accordance with the threshold law expectations.
Regarding their absolute magnitudes, whereas the cross sections enhance sub-
stantially when n; increases from 2 to 3, growth as m; is raised further is
significantly slower, and definitely below the the classical expectation of n}
(see e.g., [17,43]), and more in accord with the quantum threshold theory pre-
diction of n? [27]. This is highlighted in Fig. 4 where the cross sections are
replotted groups (s, p and d values at the various n;), scaled by n;” 2. From here
the change in the behaviour of the cross section magnitude between n; = 2
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and 3 is immediately apparent, along with the n? scaling, with the latter most
closely followed by the data for the s- and p-states.
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Fig. 4 The cross sections for H formation in p-Ps(n;, [;) scattering scaled, by n;2for l; =0,1
and 2.

4 Concluding Remarks

In this paper we have presented the first reliable data for op for reaction
(1) for n; = 4 and 5, disaggregated by the angular momentum state of the
colliding Ps. Qualitatively, the expected threshold behaviour of o o« 1/E is
confirmed for the individual states. Thus, from an experimental perspective,
it is desirable to search for efficient sources of Ps at ever lower kinetic energies.

Furthermore, it is notable that the trend of large increases in o found in
[24,25] across the range n; = 1-3 is not maintained. Indeed, the cross sections,
as elucidated in [27], and described briefly in section 2, rise as n% which is
also depressed in comparison to the n} classical expectation.

The results are of relevance for H experiments planning to use reaction
(1) (e.g., [19-22]), and possibly other applications involving charge exchange

in Ps collisions with ionic species [47]. Some of these initiatives intend to use
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Rydberg Ps (say species with n; = 10 or above), and the present work must
cast doubt on estimates used to assess experimental feasibility. Nevertheless,
the expectation is that at sufficiently high principal quantum number, the
classical scaling should be appropriate [27], however the absolute cross sections
needed by experiment are unknown. Thus, extending studies of reaction (1)
to higher n; using the CCC and TT methods is under consideration.
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