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Recent findings on the similarity between electron and positronium scattering at the same velocity
[Brawley et al., Science 330, 789 (2010)] have guided us towards the realization of a detectable flux of
positronium atoms at beam energies five times lower than previously obtained, enabling total cross sections
to be measured in the energy range ∼ð1–7Þ eV for the first time. In collision with Ar and Xe, the total cross
sections of positronium are found to be smallest at the lowest energy probed, approaching those of the
Ramsauer-Townsend minima for electron projectiles. Additional structure has been observed in the case of
positronium scattering at incident energies around 5 eV.
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Positronium (Ps) is the bound state of an electron and its
antimatter partner, the positron. It is a neutral, hydrogenic
atom with principal energy levels half those of hydrogen.
Its instability against annihilation is characterized by a
spin-dependent lifetime (namely, 125 ps for 11S0 and
142 ns for 13S1). It is formed abundantly in positron
encounters with matter, and experimental methods for its
production close to thermal energies include positron
implantation into porous insulators (see, e.g., Ref. [1]),
while a tunable high-energy beam (≃300–2000 eV) has
been produced by the acceleration and photodetachment of
positronium negative ions (see, e.g., Ref. [2]). At inter-
mediate energies (≃7–400 eV), neutralization of a positron
beam transmitted through a gas [3,4] has enabled the
generation of tunable monoenergetic Ps beams (see, e.g.,
Refs. [5–10]), which have been employed to investigate
fragmentation processes [11,12] and to measure total
cross sections (QPs

T ) for a broad range of atomic and
molecular targets (see, e.g., Refs. [6,13,14]). A review of
these experimental and theoretical works may be found
in Ref. [15].
Recent studies at UCL have uncovered an unexpected

similarity between QPs
T and the total cross section for

equivelocity electrons (Q−
T ) at velocities (v) in the range

(0.5–3.8) a.u., even in the vicinity of electron resonances
[14,16], raising the intriguing question of whether Ps
projectiles might also experience a Ramsauer-Townsend
effect—a quantum mechanical phenomenon giving rise to
“target transparency” [17].
The Ramsauer-Townsend effect was first observed in

collisions of electrons with the heavy inert atoms in the
velocity range (0.15–0.24) a.u. [18], a range which until
now had been inaccessible with Ps projectiles due to a
combination of poor production of collimated Ps, low
associated detection efficiency, and intrinsic losses, includ-
ing in-flight annihilation and scattering from the production
gas. The selection of the latter, informed by the findings of
Ref. [14], has now aided the generation of a measurable

beam of positronium atoms below its breakup threshold
and the first direct measurements of QPs

T at velocities
between (0.2–0.5) a.u., corresponding to incident Ps
energy, EPs ∼ ð1–7Þ eV. This region is of interest not only
because of the possible subtle quantum mechanical effects
discussed above but also because of their relevance to
precision measurements of fundamental Ps properties (e.g.,
lifetimes and energy levels) which often need to account for
perturbations introduced by the production or residual
gases [19–21].
The UCL Ps beam has been described in detail elsewhere

(see, e.g., Refs. [6,9]). Briefly, positrons emerging from the
Ps production cell are repelled electrostatically, while
forward-going Ps may enter a second cell where the target
under investigation is introduced. The kinetic energy of the
Ps beam is related to that of the incident positron (Eþ) by
EPs ¼ Eþ − EI þ 6.8=n2 eV, where EI is the first ioniza-
tion energy of the production target and n ¼ 1, the beam
consisting predominantly of ground state atoms [6,22].
Thus, the Ps energy spread is dominated by that of the
incident positron beam (currently ∼1 eV FWHM from a
solid neon moderator).
The Ps beam production efficiency (ϵPs) has been shown

to obey the relationship [8–10]

ϵPs ∝ ½1 − exp ð−ρLþQþ
T Þ� × exp ð−ρLPsQPs

T Þ; ð1Þ

where the first term in the brackets corresponds to the total
fraction of positrons scattered in a gas region of number
density ρ and length Lþ, and the second to the transmission
probability of Ps through the gas region of length LPs, with
Qþ

T and QPs
T being the (positronþ gas) and (Psþ gas) total

cross sections, respectively. Thus, a small QPs
T aids the

transmission of Ps through the production cell and enhan-
ces ϵPs. Guided by the work of Brawley et al. [14], argon
was tested as the Ps production gas because of the small
value of Q−

T at low energies arising from the Ramsauer-
Townsend minimum at ≃0.3 eV (v≃ 0.15 a:u:). Prior to
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measuring ϵPs, a number of further adjustments were made
to increase the Ps signal. These included (i) decreasing the
distance between the Ps production point and the detector
(while retaining the same angular resolution of ≃1°) in
order to reduce the fraction of Ps annihilating in flight to the
detector, (ii) replacing the channel electron multiplier array
with a channeltron with a lower dark count rate, and
(iii) repositioning the γ-ray counters to optimize signal
detection while increasing internal and external shielding
from stray γ rays. Collectively, these resulted in an
improvement of the signal-to-background ratio by a factor
of ≃475 at 1.4 eV. Finally, using Ar as the production gas
resulted in an increase of ϵPs by an order of magnitude in
comparison with H2 at 2.7 eV, with ϵPs further doubling at
1.4 eV, whereas no signal was observed with H2 at this
energy. Thus, the use of Ar as a Ps convertor has resulted in
a usable Ps beam flux down to velocities of ≃0.2 a:u:
The low-energy QPs

T results for Ar and Xe are shown in
Figs. 1 and 2, respectively, together with available theories
and representative cross section measurements for electrons
and positrons at the same velocity.
For Ar, there is good agreement between the current and

previous measurements of QPs
T in the velocity range (0.6–

2.1) a.u. [6,14,23]. The newQPs
T data increase with velocity

before marking out a shoulder around (0.4–0.5) a.u. From
0.6 a.u.,QPs

T is close toQ−
T for the remaining velocity range,

forming a broad peak ≃15% lower than Q−
T centered

around (1.0–1.2) a.u. and decreasing to half of the peak
value by the highest velocity investigated.
Also shown in the figure are the results of a number of

theories. The coupled-pseudostate approximation by
McAlinden et al. [33] assumed the target to be “frozen”
but added target-inelastic processes calculated within a first
Born approximation. A broad peak centered around 0.7 a.u.
marks the point at which the theory and present results are
close in magnitude. To the lower velocity side of the peak,
theory is very similar to theQ−

T measurements in shape and
magnitude, perhaps surprisingly considering that exchange
was absent in the description. This was remedied by the
elaborate coupled-pseudostate expansion of Blackwood
et al. [32]. This calculation, comprising 22 Ps states, was
still carried out within the frozen-core approximation, but
exchange effects were fully included and target-inelastic
processes added via the first Born approximation, making
this themost sophisticated theoretical treatment available for
(Psþ Ar). However, the results display a different velocity
dependence from the experiment, decreasingmonotonically
by a factor of 3 from zero to around 0.9 a.u., crossing
experimental results at around 0.7 a.u. A minor peak near
1.1 a.u. is close in position to the experimental one but
smaller by around a factor of 2. Notably, the neglect of
virtual excitations of the target is likely to lead to an
overestimate of elastic scattering below the target-inelastic
theshold (≃11.5 eV), as demonstrated in simpler systems

FIG. 1 (color). QPs
T (blue) for Ar compared to available theories and a selection of Q−

T (red) and Qþ
T (green) for the same target. Also

shown in the inset areQPs
m (cyan) for collisions at less than 0.5 a.u. ExperimentalQPs

T : circles, present results; hollow triangles, Ref. [14];
hollow squares, Refs. [6,23]. Experimental QPs

m : crossed square, Ref. [24]; crossed diamond, Ref. [25]; short dash, Ref. [26]; crossed
circle, Ref. [27]. Experimental Q−

T : up triangles, Ref. [28]; squares, Ref. [29]; circles, Ref. [30]. Recommended experimental Qþ
T : down

triangles, Ref. [31]. Theoretical QPs
T : (solid line) coupled-pseudostate plus first Born approximation [32]; (long dashed line) coupled-

pseudostate plus first Born approximation without exchange [33]; (crosses) stochastic variational method [34]; (dash double dotted line)
impulse approximation [35]; (dash dotted line) pseudopotential approach [36].
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(i.e., H, He) by Refs. [42–44]. More recently, Fabrikant and
Gribakin [35] have calculated elastic and Psðn ¼ 2Þ exci-
tation cross sections using the impulse approximation, in
which Ps scattering is described as a coherent superposition
of (electronþ atom) and (positronþ atom) scattering
processes. The authors drew on the relatively weak
(positronþ atom) interaction to explain how Ps would
interact mainly via its electron with the target [45], in turn
dominated at intermediate energies by exchange [35]. By
adding the Ps breakup cross section of Starrett et al. [46] to
their results, close agreementwith the experimentwas found
above ∼0.5 eV. Below the Ps ionization threshold, the
impulse approximation was subsequently supplemented
by a pseudopotential approach for (positroniumþ atom)
scattering, based on (electronþatom) and (positronþatom)
phase shifts [36]. The calculation indicated that a Ramsauer-
Townsend minimum should not be present for Ps scattering
from Ar. The shape and magnitude of the prediction differ
greatly from our measurements at these low energies;
however, the authors warn that the position and magnitude
of their maximum is uncertain.
Until the present work, the only experimental cross

sections available for Ps scattering below 0.5 a.u. had been
confined to indirect determinations of the momentum
transfer cross sections (QPs

m ) deduced from thermalization
measurements [24–27] where

QPs
m ¼

Z
ð1 − cos θÞ dQ

Ps
el

dΩ
dΩ; ð2Þ

with θ being the scattering angle and dQPs
el =dΩ the differ-

ential Ps elastic scattering cross section. At zero energy,
where scattering is isotropic, QPs

m is equal to the total cross
section. It was pointed out that calculations show QPs

m and
QPs

el diverging very rapidly with increasing energy and,
consequently, comparisons between the two may be mis-
leading [32].With that caution in mind, we note thatQPs

m has
been determined via measurements of the angular correla-
tion of annihilation radiation (ACAR) [25,26] and Doppler
broadening [24,27], and we make a comparison to these
results in the inset of Fig. 1. Around 0.3 a.u., at whichQPs

m is
computed [32] as 50% ofQPs

el , theQ
Ps
m of Skalsey et al. [24]

and Coleman et al. [26] have a similar magnitude to QPs
T ,

implying dominant s-wave scattering. Following the energy
dependence predicted by Peach [47], a universal expression
QPs

m ¼ ð9 − 1
2
EPsÞπa20 was extracted by Coleman and co-

workers for He, Ne, andAr [26], although the authors advise
that these results should be taken as a guide only due to the
large number of approximations made. The ACAR result of
Nagashima et al. [25], while possessing a large uncertainty,
is not inconsistent with the results of Coleman et al. at low
energies, or with the fixed-core stochastic variational
calculations of Mitroy and Ivanov [34], their three points
obtained using various target polarization potentials. The
results of Ref. [27] were obtained using the positron
annihilation age-momentum correlation technique and
assuming a constant QPs

m between EPs ¼ ð1–3.9Þ eV
(corresponding to v≃ 0.19–0.38 a:u:), whileQPs

T increases
by approximately a factor of 3 over the same range.

FIG. 2 (color). QPs
T (blue) for Xe compared with available theories and a selection of Q−

T (red) and Qþ
T (green) for the same target.

Experimental QPs
T : circles,) present results; hollow up triangles, Ref. [14]. Experimental Q−

T : circles, Ref. [37]; up triangles, Ref. [28];
squares, Ref. [29]; diamonds, Refs. [38,39]. Recommended experimental Qþ

T : down triangles, Ref. [31]. Theoretical QPs
T : (dash dotted

line) static exchange calculation [32]; (crosses) stochastic variational method [40]; (solid line) sum of static exchange and inelastic cross
sections [32,41].
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For Xe, a good agreement is found between the present
and previous [14] measurements of QPs

T . The new mea-
surements at velocities between 0.22 and 0.63 a.u.
(EPs ¼ 1.3 to 10.9 eV) indicate a decrease of the cross
section with decreasing velocity. As with Ar, a shoulder
appears around (0.4–0.5) a.u. There are fewer theories
available for Xe than for Ar. The stochastic variational
method ofMitroy and Bromley [40] at zero energy is shown
as a range of values which depend on the polarization
potential used, as in the work of Mitroy and Ivanov [34].
The static exchange calculation of Blackwood et al. [32]
was performed in the velocity range (0–1.2) a.u.
(EPs ¼ 0–40 eV). In the figure, the inelastic contributions,
calculated by Starret et al. [41] within the impulse approxi-
mation augmented by the first Born approximation, have
been added to the static exchange calculation of Blackwood
et al. [32]. The total shows a reasonable estimate of the
magnitude of the experimental cross section at velocities
(0.5–1.0) a.u. Interestingly, Coleman et al. [26] stated that a
QPs

m value for this target could not be extracted due to there
being no evidence of the Ps atom slowing down, in turn
suggesting a small cross section between the velocities of
(0–0.5) a.u., which is consistent with the result of the
present work. Skalsey et al. [24] also remarked on being
unable to extract reliable thermalization results for Xe.
In conclusion, Ps total cross sections are reported at

energies in the range ∼ð1–7Þ eV (v≃ 0.2–0.5 a:u:) for Ar
and Xe close to the region of the well-known Ramsauer-
Townsend minima for electron scattering from these
targets. The electronlike scattering of Ps observed in earlier
investigations above the Ps breakup threshold [14,16] is
discernible even at these energies, with the total cross
section decreasing for both targets in a similar way to that
for electrons. Additionally, a shoulder around EPs ∼ 5 eV
(v≃ 0.43 a:u:) is also observed for both targets.
It is pertinent at this point to speculate as to the possible

cause of this feature. Thus, we note its proximity to the first
excitation energy of Ps (5.1 eV) and that, however, theories
predict only a small contribution from this process to the
total cross section for Ps scattering from H [48], He [49],
and Ne and Ar [32,35]. In this respect, it should also be
pointed out that virtual target excitations are absent or
approximate in these descriptions [32,36,48,49]. It is also
worthwhile to remark that the interplay between the s and p
waves might also give rise to structure below 6.8 eV
[36,44,50]. Either hypothesis in relation to the experimental
results would imply a small value of the Ps s-wave elastic
scattering cross section not inconsistent with the occurrence
of a Ramsauer-Townsend minimum for Ps. It is hoped that
future theoretical and experimental investigations will
clarify the underlying physics.
The data supporting this publication are available at UCL

Discovery [51].
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