Collisions of antiprotons with excited positronium atoms
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A detailed theoretical investigation of the fundamental three-body antiproton-positronium system
is presented, utilising both quantum convergent close coupling and classical trajectory methods. We
evaluate scattering cross sections for all major processes, including charge transfer and break-up,
over a wide range of positronium kinetic energies and states with principal quantum number nps < 6.
The study has significantly extended previous work, and the direct quantum/classical comparison
has revealed a systematic approach to obtaining cross sections for arbitrarily high nps. This is of
major significance for prospective applications of collisions of excited positronium atoms in cold

(anti-)atomic physics.

PACS numbers: 34.80.-1

The existence of antimatter particles and systems with
properties identical in magnitude to those of their ordi-
nary matter counterparts is a fundamental component of
the Standard Model of Particle Physics (see, e.g., [1]).
The apparent baryon imbalance of the Universe is, how-
ever, not encompassed in that framework and constitutes
one of the major conundrums of contemporary physics.
Detailed matter-antimatter comparisons are, in part, mo-
tivated by this as tests of symmetry in nature. Fur-
thermore, experimental studies of the gravitational be-
haviour of antihydrogen, H the positron (e*)-antiproton
(p) bound state, are under development as antimatter
tests of the Equivalence Principle of General Relativity
[2-4]. Investigations involving antimatter are typically
performed at low energies, using systems carefully pre-
pared under controlled conditions. Nowadays, antipro-
ton and positron capture and manipulation [5] to form,
trap and interrogate H (see e.g., [6-10]) is routine. Fur-
thermore, several groups have developed the capability to
efficiently form clouds of state-selected Rydberg positro-
nium (Ps, the et-e~ bound state) atoms in vacuum for
further study (see [11] for a review). As a result, progress
in H and Ps physics has been striking in recent years,
which has seen antimatter science cross a threshold: ex-
periment is no longer technique-limited, but driven by
applications which impact well beyond a narrow disci-
pline interest. These competencies suggest new avenues
of research. Examples include prospects for antimatter
chemistry to create more complex objects (for example,

H and H, [12, 13], to engender more precise tests of
fundamental physics) and the use of charge exchange in
collisions involving Ps atoms as a route to novel cold-
atom physics and chemistry [14], as well as H formation

[15]. It is the latter which is of primary interest here,
and it is noteworthy that the AEgIS collaboration [16]
has recently reported the pulsed production of H using
the reaction

PS(nPSa lPs) +p— ﬁ(nﬁv lﬁ) + eia (1)

where the respective Ps and H quantum states are given
in the usual notation. A pre-requisite for fully exploiting
the promise of Ps collisions is the availability of accurate
scattering cross sections, such that guidance from theory
is paramount in the assessment of experimental feasibil-
ity, and in influencing design to maximize yields from rare
reactions. This not only involves data for charge trans-
fer, reaction 1, but also for competing channels such as
break-up

Ps(nps,lps) +P—P+e +e, (2)
and state-changing collisions
Ps(nps,lps) + P — Ps(npg, lps) + D, (3)

which can alter the useful Ps flux. The Ps-p system is
a test-bed due to its importance in H physics, and since
it is possible to perform very accurate quantum calcu-
lations that are not feasible for more complex systems.
Nevertheless, even the best method available (Conver-
gent Close Coupling, CCC) is restricted in the Ps quan-
tum levels that can be investigated, prompting compari-
son with scattering methods based upon classical physics,
which can be extended to higher states and have well-
known scaling behaviours. Since experiment has rou-
tine access to states and collisions processes which are
currently beyond a full quantum description, it is vi-



tal to know in which circumstances data from a clas-
sical approach may be adopted. In this study we re-
port treatment of the Ps-p system in a range of states
up to mps = 6, including all major scattering channels.
The work is by far the most comprehensive to date and
provides a unique comparison of the fully self-consistent
quantum theory, CCC, with a Classical Trajectory Monte
Carlo (CTMC) approach.

The two-center CCC approach to e™-H scattering [17,
18] is used to obtain the required integrated cross sections
Onsly mpalpss where 1 < nps < 6 and 0 < lps < npg — 1.
The final states correspond to the ny of atomic and Ps
states, which include the representation of the contin-
uum via positive-energy Ps pseudostates allowing the
estimation of the break-up cross sections. The atomic
states included were those of principal quantum number
nyg < 13 for I < 8. The Ps states were obtained by di-
agonalization of the Ps Hamiltonian in a Laguerre basis
of N; = 30 —1 for [ < 6. Full details of the CCC cal-
culations will be given elsewhere, but suffice to say that
these are by far the largest two-center CCC calculations
undertaken, superseding those of Kadyrov et al. [19] not
just in the principal quantum numbers considered, but
also due to the inclusion of the Ps continuum.

The amount of data generated is very large and some
aggregation is necessary for the purpose of presentation of
key features. Accordingly, utilizing the degeneracy of the
Ps discrete energy levels we eliminate /ps-dependence in
the cross sections by averaging over the initial [pg states
and summing over the final [ via

np—lnp,—1

UTLf,TLpS - Z Z anflf,TLpSlps (2ZPS + 1)/”%3 (4)

lf:O lps=0

Then the total antihydrogen formation cross section is
H
Onps — :E:: Ong,nps» (5)
ni

where the sum is over all open negative-energy antihydro-
gen states. The total break-up cross sections is similarly
defined, but with the sum being over all open positive-
energy Ps states.

In the CTMC approach, first, an initial ensemble of Ps
states for a fixed nps was generated by random selection
on the eccentricity and orientation of the Ps atom (Kepler
orbits) [20]. This was repeated for each Ps impact param-
eter. The classical trajectories from the ensemble were
then propagated towards the target. After allowing suffi-
cient interaction times with the target, the final energies
and angular momenta of the trajectories were checked to
identify the different exit channels. For example, if the
final energy left in the relative motion of p-e™ pair was
negative, then the exit state was counted as an event of
antihydrogen formation. Thus, the classical probability
for charge transfer as a function of the impact parame-
ter could be obtained by a ratio between the number of

trajectories leading to anti-atom formation and the to-
tal number of sampled trajectories. The charge-transfer
cross section could next be obtained by integrating the
probabilities over a range of impact parameters. A simi-
lar procedure was implemented to calculate Ps break-up
and state-changing cross sections. The current CTMC
results were obtained by running about 5000 trajectories
for each impact parameter.
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FIG. 1. Total antihydrogen formation cross sections for p-
Ps(n) scattering, scaled by n™2 (see text). The CCC data are
shown in the left panel, with those for the CTMC approach
on the right.

Starting with reaction 1, results for H formation for
each nps, as a function of Ps(nps) kinetic energy FE,
are shown in figure 1 for both CCC and CTMC ap-
proaches, scaled by n;f (see below). The energy range
1072 < E < 50 eV was chosen to cover experimen-
tal interest. The nps < 3 CCC results agree well with
the much smaller calculations presented earlier [18]. For
nps = 1 the Ps-p interaction is of a short range, therefore
the low-energy behavior of the charge-transfer reaction
is described by different threshold laws in classical and
quantum mechanics: 1/F in the former case [21] and the
Wigner threshold law 1/E%/2 [22] in the latter. The sit-
uation changes when Ps is initially in an excited state.
Then the long-range interaction between Ps and p is dom-
inated by the dipolar force [23] due to the degeneracy of
excited states with different angular momenta, such that
both classical and quantum mechanics lead to the 1/E
law [24, 25], which allows! a cross section estimate for an
arbitrarily small E.

According to the classical scaling law [20], the cross

1 Note that due to the relativistic splitting between the npglpg lev-
els with different lpg, the energy dependence of the cross section
in the ultra-low energy region gradually switches from the 1/E
to the 1/E/2 behavior [26].



section as a function of npg and collision energy F gen-
erally behaves as

o(nps, E) = n%,sa(l, np E). (6)

For reactions with the 1/E energy dependence this re-
sults in n3, dependence of the cross section for a fixed
energy, which is the scaling employed in Fig. 1.

While there is a quantitative difference between the
CCC and CTMC results for nps < 2, it quickly dimin-
ishes for higher npg, in accordance with the generalized
correspondence principle of Abrines and Percival [27]. In-
deed there is generally good accord for nps > 3. The
CCC/CTMC agreement at the low energies of interest
to experiment allows the estimation of cross sections for
arbitrarily high nps.

Turning to reactions 2 and 3, the corresponding CCC
and CTMC break-up and state-changing cross sections
(averaged over the relevant lps, and scaled by np.) are
shown along with the H formation data in figure 2.
The Ps kinetic energy threshold for break-up is given
(in eV) by 6.8/n3,, whilst that for endothermic state-
changing processes (reaction 3, with nj, > nps) is
6.8(2nps + 1)/[nps(nps + 1)]2. (Note that H formation
when v2nps > ng and reaction 3 with np, < npg are
exothermic.)

For nps > 3 the endothermic state-changing cross
section dominates over those for break-up and for the
exothermic process(es) for all kinetic energies other than
just above threshold. While for nps = 2 and 3 the CCC
and CTMC data are in general accord for processes other
than H formation, for nps > 4 the break-up cross sec-
tions for CCC fall progressively below those for CTMC:
by nps = 6 the discrepancy is around a factor of 3 at
the cross section maximum. This discrepancy has been
investigated, and is due to the fact that for the larger
initial npg convergence in the CCC results requires exci-
tation of positive-energy states with lps > 6. Thus, for
estimating break-up cross sections for nps > 4 we recom-
mend the usage of the presented CTMC cross sections,
which satisfy the scaling of Eq. (6) reasonably well.

According to the classical scaling law of Eq. (6), the
CTMC cross section for Ps break-up peaks at the energy
E, = El/n%s, where Fj is the peak energy for nps = 1,
and the peak value grows as np,. This is confirmed by
our calculations. A similar scaling is observed for the
endothermic case of reaction 3. Overall scaling for the
exothermic case is similar to that of reaction 1, although
some deviations in CTMC results are observed due to the
enforced quantization of the energy spectrum for the final
state. Specifically, we assume that the final state belongs
to the manifold with the principal quantum number n*
if

n* =05 <nig<n 4.5

where n’g = 1/(2|Eps|'/?), and where Epy is the Ps bind-
ing energy in a.u..
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FIG. 2. Integrated cross sections, scaled by n~*, for break-up
(reaction 2) and Ps state-changing (reaction 3) for both endo-
(n* > n) and exothermic (n* < n) cases (see text) compared
to the values for H formation of Fig. 1.

There are several immediate consequences of this work
for experiment. The GBAR Collaboration plans to use
ultra-cold H for gravitation studies using the antihydro-
gen positive ion as an intermediary [3, 28]. The latter
is to be produced via a double charge exchange process
using a keV energy p beam crossing a pulsed Ps target,
excited to either the nps = 2 or 3 levels. The first charge
exchange results in H formation (reaction 1), with the
second proceeding via an H-Ps reaction, with the antihy-
drogen in its ground (1S) state (see e.g., [29-31]). The



antihydrogen ion yield depends upon a number of fac-
tors, in large part governed by the time-dependencies of
the density and the quantum state of the Ps atoms and
their interactions to produce H, and its subsequent evo-
lution and interaction to form the anti-ion. Our work has
shown that the p-Ps interactions will modify the Ps(nps)
population and thereby the resulting antihydrogen ion
yields, and that such effects will be dependent upon the
Ps kinetic energy (or the equivalent for the antiproton)
and its initial state. For instance, if npg is raised and F
lowered in an effort to enhance anti-atom(ion) yields, a
more complex set of reaction outcomes need to be con-
sidered to provide reliable estimates of yields.

Applications of Ps collisions [14, 16] typically antici-
pate the use of Rydberg states to enhance the produc-
tion rate of target species, and as a means of introducing
some final state selectivity. The aforementioned thresh-
old behaviour of reaction 1, resulting at fixed E in the
né, scaling of the cross section, has profound implications
on kinetic energy requirements, and may necessitate the
development of cryogenic Ps sources and/or the imple-
mentation of laser cooling [32, 33].

The underlying physics described herein, and encapsu-
lated by figures 1 and 2, is likely to be similar for any
singly positively charged ionic species interacting with
positronium. Thus, the current data, being for the equiv-
alent Ps-pT system, can be used as a proxy to make es-
timates for the production rate of cold atoms via charge
exchange in Ps-ion collisions [14].

The combined usage of quantum and classical ap-
proaches presented here, together with the fundamental
threshold and scaling laws, as well as the correspondence
principle, allows for the estimate of Ps(npg)-p collision
cross sections at all energies of interest to experiment,
and for arbitrarily high nps. For brevity of presentation,
dependence on [ps has not been considered here, but will
be presented elsewhere.
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