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Differential positronium-formation cross sections for Ne, Ar, Kr, and Xe
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Experimental determinations of the absolute differential positronium-formation cross sections near 0◦ for Ne,
Ar, Kr, and Xe are presented and compared with theory. The degree of forward collimation, expressed by the
ratios of the differential-to-integral positronium-formation cross sections, is also computed and compared with
theories and other targets. Trends among targets and structures at low energies emerge when considered as a
function of the reduced total energy.
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I. INTRODUCTION

Positronium (Ps) is a hydrogenlike atom consisting of a
positron and its antiparticle, the electron. By studying its prop-
erties, formation and scattering (e.g., [1–3], respectively), in-
sights into basic matter-antimatter interactions can be gained
(e.g., [4,5] and references therein). The first absolute exper-
imental determinations of the differential Ps formation cross
section ( dQPs

d�
) near 0◦ were obtained for He, Ar, H2, and CO2

[2] from measurements of the Ps production efficiency made
on the UCL Ps beam line [6]. In the current paper, we present
the extension of these studies to Ne, Kr, Xe, and additional
data for Ar.

A detailed description of the experimental setup can be
found in [7] and [8]. Briefly, a beam of Ps is formed by
charge exchange of positrons (e+) with a gaseous target in
a scattering cell. The technique relies on the natural forward
collimation of the Ps produced, which is then detected with a
channel electron multiplier (CEM or CEMA) in coincidence
with one or more γ -ray detectors (CsI and/or NaI). The
geometry of the system gives an angular acceptance of 1.2◦
depending on the positions of various collimators and the
CEM or CEMA detector. It has been found that the Ps atoms
in the beam are predominately in the ground state [9,10] and
the beam has an energy resolution dominated by that of the e+
beam [for RGS moderators, typically 1 and 2 eV full width at
half maximum (FWHM) for Ne and Kr, respectively, in the Kr
case with a higher energy tail [3]].

Ps may be formed in singlet (para) or triplet (ortho) states
depending on the relative spin orientation of its constituents.
These states are characterized by different lifetimes (τPs =
142 ns and 125 ps for 13S1 and 11S0, respectively) and anni-
hilation modes (dominantly 3-γ and 2-γ , respectively). Only
ortho-Ps survives long enough to reach the detection region.
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II. METHOD

Following the method of [2], the measured Ps beam pro-
duction efficiency is expressed as

εm
Ps = εPs

d NPs
��

ε+
d N+

= εPs

Rd
e−t/τPs , (1)

where Rd = ε+
d /εPs

d is the energy-dependent ratio of the de-
tection efficiencies for positrons and Ps [8,11,12], NPs

�� the
number of positronium atoms emitted in a small solid angle
��, N+ the number of incident positrons, εPs the “true” Ps
beam production efficiency and t the flight time of Ps to the
detector.

From Eq. (1), Shipman et al. [2] obtained the following
expression for the differential cross section near zero degrees:
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Here ρ is the target number density, �+ the positron path
length through the gas, Q+

T and QPs
T are the total cross sections

for positron and Ps scattering, respectively, L is the cell length,
r the radius of the illuminated area on the detector, d the
distance from the exit aperture of the cell to the detector, m the
rest mass of a positron (or electron), and EPs the kinetic energy
of Ps. The factor of 4/3 accounts for spin multiplicity and the
summation is in steps of ��+ (chosen so that ρ��+Q+

T → 0)
over the length of the cell.

In Eq. (2), values for Q+
T and QPs

T available in the literature
have been used, interpolating between data points where
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FIG. 1. Current experimental differential cross sections for Ps formation from Ne, Ar, Kr, and Xe (filled circles) compared with
determinations from previous production efficiency measurements (hollow circles) [2] and the theoretical results (triangles) of the truncated
coupled-static calculation of McAlinden and Walters [13]. The dashed lines are a guide to the eye only. The arrows indicate the Ps formation
thresholds.

required. Specifically, data for Q+
T in [14–17] and QPs

T in
[3,9,18,19] for Ne, Ar, Kr, and Xe were used. As expected
and verified in our previous work [2], the differential Ps
formation cross section was found to be pressure independent
within errors for the majority of the data. An apparent pressure
dependence may arise if inaccurate values of Q+

T and QPs
T

are used as input to Eq. (2). Here we note that there are
only two sets of measurements for QPs

T in the case of Ne and
Xe [3,18,19] and discrepancies between recent measurements
of Q+

T for Xe of 5%–15% in the range 7–60 eV [20,21].
Where a pressure dependence (reduced χ2 > 1) was found,
dQPs
d�

was extracted by varying both QPs
T and Q+

T systematically
as follows. Starting from literature values of QPs

T and Q+
T , the

reduced χ2 was evaluated for a small increase and decrease
in QPs

T , Q+
T and both. The procedure was continued iteratively

until a reduced χ2 ∼ 1 was found. For Xe, which showed the
greatest pressure dependence, QPs

T and Q+
T were changed by

a maximum of �20% with the majority of changes less than
10%. The resultant change in dQPs

d�
was a reduction of �17 %

for Xe. For Kr, the associated reduction was �7 %. At each
energy, the final value for dQPs

d�
corresponds to the arithmetic

mean of several sets of measurements of comparable weights.
The systematic uncertainty assigned to Rd has been estimated
as +8% and from −20% to −30% [11,22]. In the case

of the present results for Ar and Kr, there is an additional
systematic uncertainty of 7% arising from the normalization
among different sets of runs.

III. RESULTS AND DISCUSSION

The current determinations of dQPs
d�

with incident positron
energy E+ for Ne, Ar, Kr, and Xe are shown in Fig. 1,
the positronium-formation thresholds (Eth) for these targets
(14.76 eV, 8.96 eV, 7.20 eV, and 5.33 eV, respectively) are
indicated in the figure by arrows. Also shown in the figure
are previous measurements [2]. The maximum of dQPs

d�
for

Xe is approximately 1.8 times that for Kr, over 3 times that
for Ar and about 20 times that for Ne. Included in Fig. 1
are the results of the only available theory for these targets,
the truncated coupled-static calculation of McAlinden and
Walters [13], the magnitude of which is broadly consistent
with experimental data at low and high energies but a factor of
3–5 times lower in the region of the experimental peak. Also
of note is the slight initial drop in dQPs

d�
with increasing energy

predicted by the theory for all targets.
The forward collimation of the Ps formed in (e++ atom)

collisions, expressed by the ratio dQPs
d�

/QPs, is shown in Fig. 2.
For Ne, Ar, Kr, and Xe, this is computed using experimental
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FIG. 2. A comparison of the ratio dQPs
d�

/QPs for the atoms inves-
tigated in this (filled) and previous (hollow) work [2]: (circles) He;
(down triangles) Ne; (up triangles) Ar; (squares) Kr; and (diamond)
Xe. Theories: (dash-dot line) 27-state coupled-pseudostate approach
for He [23,24]; truncated coupled static theory [13] for the following:
Ne (small down triangles); Ar (small up triangles); Kr (small square);
and Xe (small diamond). The dashed lines are a guide to the eye only.

values of QPs from [25] and it is compared with those for He
and Ar of [2]; at higher energies, the large uncertainties arise
mainly from those in QPs [25]. Generally, the experimental
dQPs
d�

/QPs is similar for all targets, except neon for which
the collimation is significantly lower at intermediate energies
(perhaps arising from a combination of its low polarizability
[26] and of the angular momentum of the captured p electron
[27]), approaching those of the other atoms with increasing
energy. Also illustrated in Fig. 2 are the results of the truncated
coupled static theory of [13,28] for Ne, Ar, Kr, and Xe as
well as, in the case of He, of the 27-state coupled-pseudostate
approximation of Walters and co-workers [23,24]. While in
the case of He, the agreement between theory and experiment
is excellent, for the heavier inert atoms, the accord is only
qualitative across the targets.

Following the work of [29] in which the lognormal func-
tion was found to describe the energy dependence of a variety
of inelastic collisions by allowing for the relevant threshold
energy, we plot in Fig. 3(a) the values of dQPs

d�
versus ( E ′

Eth
),

i.e., the total energy (E ′ = E+ − Eth) scaled by the corre-
sponding Ps formation threshold energy. Here we note that,
when considered in combination, also the experimental cross
sections for Ne, Ar, Kr, and Xe initially appear to decrease
with scaled energies before rising again, consistently with
theory of Walters and coworkers [13]. The magnitude of the
cross sections increases with the target atomic number except
for Ne which is lower than for He, once again in qualitative
agreement with [13].

Plotting also the forward collimation dQPs
d�

/QPs as a func-
tion of ( E ′

Eth
) in Fig. 3(b), we note that the experimental data

for all heavier inert atoms fall broadly on the same curve
with a slope similar to that of the corresponding theory of
[13,28] as well as of the experimental [2] and theoretical
[23,24] data for He. The data for helium at low energies
is up to an order of magnitude higher than for the other
targets. That He and H2 [2] provide the highest degree of
collimation for atoms and molecules, respectively, might be

FIG. 3. (a) A comparison of dQPs
d�

versus the reduced total energy

( E ′
Eth

) for the atoms investigated in this (filled) and in previous
(hollow) work [2]: (circles) He; (down triangles) Ne; (up triangles)
Ar; (squares) Kr; and (diamond) Xe. (b) A comparison of the ratio
dQPs
d�

/QPs versus the reduced total energy ( E ′
Eth

) for the atoms investi-
gated in this (filled) and in previous (hollow) work [2]: (circles) He;
(down triangles) Ne; (up triangles) Ar; (squares) Kr, and (diamond)
Xe. Theories: (dash-dot line) 27-state coupled-pseudostate approach
for He [23,24]; the truncated coupled-static theory [13] for Ne (small
down triangles); Ar (small up triangles); Kr (small square); and Xe
(small diamond). The dashed lines are a guide to the eye only.

linked to their low atomic number (hence low static repulsion)
and/or zero angular momentum of the captured electron. The
experimental data for the heavier inert atoms suggest minima
around ( E ′

Eth
) ≈ 0.3–0.5. The theoretical results for dQPs

d�
/QPs

[23,24] also indicate a dip albeit at a somewhat higher energy
(≈2).

Deep minima in the differential cross sections, at angles
greater than 0◦, for photo- and electron-impact ionization
have been linked to the formation of quantum vortices, an
intrinsic property of the velocity fields of complex, time-
dependent Schrödinger wave functions, arising when both
the real and imaginary parts of the wave function separately
vanish [30–32]. These have also been predicted to occur for
positron-impact ionization [33]. In the case of positronium
formation, minima occurring in the differential cross sec-
tions for H at 57◦ and 51◦ were discussed by Drachman
et al. [34] who pointed out that similar features may also
occur for He but at smaller angles because of the increased
nuclear charge, a conjecture confirmed by the calculations
of [35] within a distorted-wave approximation. Whether the
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low energy features in Fig. 3 for targets with much greater
nuclear charges are related to these phenomena is an open
question; however we note that recent elaborate variational
calculations for positronium formation in e++ H collisions
have established that vortices can indeed occur also for charge
exchange [36].

IV. CONCLUSIONS AND OUTLOOK

The absolute dQPs
d�

have been measured near 0◦ for Ne,
Ar, Kr, and Xe and compared with theories where possible.
The forward collimation of the Ps produced has also been
examined and similarities found among ( dQPs

d�
/QPs) when plot-

ted as a function of the reduced total energy ( E ′
Eth

). Struc-
tures in the form of shallow dips have been noted at low
energies and the question raised as to whether they may

be indicative of quantum vortices at larger angles. Further
explorations at low energies and over a broader angular range
are planned. In this respect, theoretical guidance would be
invaluable.

The data supporting this publication are available at UCL
Discovery [37].
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