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Abstract

The positron is the antiparticle of the electron, having the
same mass but opposite charge. Positrons undergo col-
lisions with atomic and molecular systems in much the
same way as electrons do. Thus, the standard scattering
theory for electrons can also be applied to positron scatter-
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ing. However, there are a number of important differences
from electron scattering, which we outline below.

Since the positron is a distinct particle from the atomic
electrons, it cannot undergo an exchange process with the
bound electrons during a collision, as is possible with
electrons. Thus, the nonlocal exchange terms that arise
in the description of electron scattering are not present
for positrons. This leads to a simplification of the scat-
tering equations from those for electrons. However, there
are scattering channels available with positron scattering
that do not exist with electrons. These are dealt with in
Sect. 51.1.

Historically, beams of low-energy positrons were dif-
ficult to obtain and, consequently, there is considerably
less experimental data available for positrons than for
electrons. This was particularly true for quantities that re-
quired large incident positron fluxes, such as differential
scattering cross sections and coincidence parameters. The
recent development of cold trap-based positron beams
with high resolution and high brightness by the San Diego
group [1] has enabled significant progress in experimental
positron scattering, which is discussed in Sect. 51.3.

Throughout this chapter we will employ atomic units
unless otherwise noted.

Keywords
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51.1 Scattering Channels

Positrons colliding with atomic and molecular systems have
the same scattering channels available as for electrons, viz.,
elastic, excitation, ionization, and formolecules, dissociation.
However, two channels exist for positrons that do not exist for
electrons, viz., positronium formation and annihilation.
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51.1.1 Positronium Formation

Positronium, a bound state of an electron–positron pair
(Chap. 28), can be formed during the collision of a positron
with an atomic or molecular target. The positronium atom
(Ps) can escape to infinity leaving the target in an ionized
state with a positive charge of 1. Thus, this process can be
difficult to distinguish experimentally from direct ionization,
where both the incident positron and the ionized electron are
asymptotically free particles. The positronium atom can exist
in its ground state or in any one of an infinite number of ex-
cited states after the collision. These states form two series;
a singlet series (SD 0) referred to as parapositronium (p-Ps)
and a triplet series (S D 1) referred to as orthopositronium
(o-Ps). The level structure of both these series is, to order
˛2, where ˛ is the fine-structure constant, identical to that of
hydrogen, but with each level having half the energy of the
corresponding hydrogenic state.

Positronium formation is a rearrangement channel, and
thus, is a two-center problem. Because positronium is a light
particle, having a reduced mass one-half that of an electron,
the semiclassical type of approximations used in ion–atom
collisions (Chap. 53) are not applicable here. We will discuss
various theoretical approaches to this process in Sect. 51.2
and give references to experimental results in Sect. 51.3.

Positronium formation in the ground state has a thresh-
old that is 1/4 of a Hartree (6:80285 eV) below the ionization
threshold of the target. This means that it is normally the
lowest inelastic channel in positron scattering from neutral
atoms. For atoms with a small ionization potential, such
as the alkalis, this channel is always open. The energy
range between the positronium threshold and the first ex-
cited state of the atom is known as the Ore gap. In this
range, positronium formation is the only possible inelastic
process.

51.1.2 Annihilation

Annihilation is a process in which an electron–positron pair
is converted into two or more photons. It can occur either
directly with a bound atomic electron or after positronium
formation has taken place. The direct annihilation cross sec-
tion for a positron of momentum k colliding with an atomic
or molecular target can be written as [2]

�a D ˛3Zeff

k



�a20

�
; (51.1)

where Zeff can be thought of as the effective number of elec-
trons in the target with which the positron can annihilate. If
�.r1; r2; : : : ; rN ;x/ is the wave function for the system of
a positron, with coordinate x, colliding with an N -electron

target, then

Zeff D
NX

iD1

Z

dr1dr2 : : :drN
ˇ
ˇ�.r1; r2; : : : ; rN I r i /

ˇ
ˇ2 :

(51.2)
While this formula can be naively derived by assuming that
the positron can only annihilate with an electron if it is at the
identical location, it actually follows from a quantum electro-
dynamical treatment of the process [3]. If the wave function
� is approximated by the product of the undistorted tar-
get wave function times a positron scattering function F.x/,
then

Zeff D
Z

dr
.r/
ˇ
ˇF.r/

ˇ
ˇ2 ; (51.3)

where 
 is the electron number density of the target. Thus, in
the Born approximation, where F is taken as a plane wave,
Zeff simply becomes the total number of electrons Z in the
target. However, a pronounced enhancement of the annihila-
tion rate in the vicinity of the Ps formation threshold due to
virtual Ps formation was predicted [4, 5]. Subsequently, the
Born approximation was shown to be grossly inadequate by
the San Diego group, who found annihilation rates (Zeff) at
room temperature that are an order of magnitude larger for
some atoms and even up to five orders of magnitude larger
in large hydrocarbon molecules. Furthermore, there is evi-
dence that only the outer shell of electrons takes part in the
annihilation process. Two mechanisms have been proposed
in order to explain these large values for Zeff. One involves
the enhancement of the direct annihilation process below
the Ps formation threshold due to the attractive nature of
the positron–electron interaction, which increases the over-
lap of positron and electron densities in the atom ormolecule.
The second mechanism is referred to as resonant annihila-
tion, which occurs after the positron has been captured into
a Feshbach resonance, where the positron is bound to a vi-
brationally excited molecule. A summary of the above results
can be found in the review article by Gribakin et al. [6].

When a positron annihilates with an atomic electron, the
most likely result is two 511 keV photons, if the positron–
electron pair are in a singlet spin state (parapositronium). In
the center-of-mass frame of the pair, the photons are emit-
ted in opposite directions to conserve momentum. However,
in the laboratory frame, the bound electron has a momen-
tum distribution which is reflected in the photon directions
not being exactly 180 degrees apart. This slight angular de-
viation, called the angular correlation, can be measured and
gives information about the momentum distribution of the
bound electrons. This quantity is given by [3]

S.q/ D
NX

iD1

Z

dr1 : : :dr i�1 dr iC1 : : :drN (51.4)

�
Z

dr i dx eiq�x
ˇ
ˇ�.r1; r2; : : : ; rN Ix/ ı.r i � x/

ˇ
ˇ2 ;
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where q is the resultant momentum of the annihilating pair.
In evaluating this quantity, the positron is assumed to be
thermalized in the gas before undergoing annihilation. Ex-
perimentally, only one component of q is measured, so that
S.q/ is integrated over the other two components of the mo-
mentum to obtain the measured quantity. The spin triplet
component of an electron–positron pair (orthopositronium)
can only decay with the emission of three or more photons
that do not have well-defined energies. This is a much less
probable process than the two-photon decay from the singlet
component.

51.2 Theoretical Methods

The basic theoretical approaches to the calculation of
positron scattering from atoms and molecules were origi-
nally developed for electron scattering and later applied to
the positron case. Thus, we emphasize here only the differ-
ences that arise between the electron and positron cases, both
in the theoretical formulations, and in later sections, in the
nature of the results.

The lowest-order interaction between a free positron and
an atomic or molecular target is the repulsive static potential
of the target

Vs D
˝
 0

ˇ
ˇV

ˇ
ˇ 0

˛
; (51.5)

where  0 is the unperturbed target wave function, and V is
the electrostatic interaction potential between the positron
and the target. Since this interaction has the opposite sign
from that for electron scattering, the static potential also has
the opposite sign in these two cases. On the other hand, the
next higher-order of interaction is polarization, which arises
from the distortion of the atom by the incident particle. If
we represent this distortion of the target to first order by the
wave function  1, as in the polarized-orbital approximation,
for example, then the polarization interaction can be repre-
sented by the potential

Vp D
˝
 0

ˇ
ˇV

ˇ
ˇ 1

˛
: (51.6)

This potential is attractive for both positron and elec-
tron scattering and has an asymptotic form with leading
term �˛d=2r4, where ˛d is the static dipole polarizability
(Sect. 24.2.3) of the target. Thus, the static and polarization
potentials for positron scattering from ground state systems
are of opposite sign and tend to cancel one another. This
leads to very different behavior from the electron case where
they are of the same sign. In particular, the elastic scattering
cross sections for positron scattering from an atom are much
smaller than for electron scattering, and the phase shifts
(Sect. 49.1.1) have very different magnitudes and dependen-
cies on energy. This is illustrated for the case of scattering
from helium in Fig. 51.1, where the results of the highly ac-
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Fig. 51.1 Total elastic cross sections for electron (dashed line) and
positron (solid line) from helium atoms [8, 10, 11]. The higher-order
phase shifts were calculated from effective range theory (Sect. 49.1.1)

curate variational calculations for scattering by electrons and
positrons are shown. There is a corresponding difference in
sign between the electron and positron s-wave phase shifts
for very small values of the incident momentum. In fact, the
positron phase shift goes through zero, which leads to the
Ramsauer minimum in the positron total cross section, as
shown in Fig. 51.1. The large difference in magnitudes be-
tween the electron and positron s and p-wave phase shifts
leads to the large difference in the total elastic cross sections,
as shown [7–9].

Higher-order terms in the interaction potential may also
give important contributions to scattering cross sections.
For a detailed discussion, see the article by Drachman and
Temkin [12].

A simple potential scattering calculation using the sum
of the static and polarization potentials, but without the ex-
change terms that are present for the electron case, can be
applied to elastic scattering calculations for closed shell sys-
tems (Sects. 51.3.1, 51.3.2). The potentials defined above can
also be used in a distorted-wave approximation (Chap. 49),
which can be applied to excitation and ionization by positron
impact. Once again, the complicated exchange terms that
arise in electron scattering are absent here [13].

For positrons with high enough incident energies
(� 1 keV), the first Born approximation will become valid
(Chap. 49). Since the first Born approximation is indepen-
dent of the sign of the charge of the incident particles, this
indicates that as the incident energy increases, the corre-
sponding cross sections for electron and positron scattering
will eventually merge. From flux conservation arguments,
this means that the positronium formation cross section
will rapidly decrease as the incident energy increases. In

http://dx.doi.org/10.1007/978-3-030-73893-8_24
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fact, from experimental measurements, the total cross sec-
tions (summed over all possible channels) for electron and
positron scattering appear to merge at a much lower energy
than the cross sections for individual channels [14]. More
elaborate calculations for high energy scattering have been
carried out in the eikonal-Born series [15] (Chap. 49). These
approximations allow for both polarization and absorption
(i.e., inelastic processes) and yield good agreement with elas-
tic experimental measurements of differential cross sections
at energies above 100 eV. A detailed analysis [9, 15] of the
various contributions to the scattering indicates that absorp-
tion effects due to the various open inelastic channels play
a much more important role here than for electron scattering.

A more elaborate treatment of positron scattering is based
on the close-coupling approximation (Chap. 49), where the
wave function for the total system of positron plus target is
expanded using a basis set comprised of the wave functions
of the target. Once again, there are no exchange terms in-
volving the positron and, in principle, a complete expansion
including the continuum states of the target would include
the possibility of positronium formation. However, such an
expansion is not practicable if one wants to calculate ex-
plicit cross sections for positronium formation. Even in cases
where such cross sections are not required, the consider-
able effect that the positronium formation channels can have
on the other scattering cross sections is best included by
a close-coupling expansion that includes terms represent-
ing positronium states plus the residual target ion. There is
a problem of double counting of states in such an expan-
sion but, in practice, this does not appear to be a problem
if the number of states in the expansion is not large. Also, in
many cases, additional pseudo states have to be included in
the expansion in order to correctly represent the long-range
polarization interaction.

A close-coupling expansion including positronium states
is a two-center problem, i.e., it includes the centers of mass
of both the target and the positronium states. This means that
one is faced with a problem of considerable computational
complexity [16–21].

Another way to take into account the effects of open
inelastic channels without the complications of a full close-
coupling approach is to use optical potentials. These are
often based on a close-coupling formalism [9, 22] and lead to
a complex potential, the real part of which represents distor-
tions of the target (such as polarization), while the imaginary
part allows for absorption (i.e., flux into open channels not
explicitly represented). Such an approach was developed by
Chen et al. [23] and applied to the noble gases [24]. Recently,
a simple approach based upon an optical potential model,
yielded good results for the positronium formation cross sec-
tion in the noble gases [25].

Bray and Stelbovics [26] applied the convergent close-
coupling (CCC) method to the scattering of positrons from

atoms. This method includes contributions from the contin-
uum states of the target and sufficient terms in the expansion
are included to ensure numerical convergence. Positronium
states have been included via psuedostates for positron scat-
tering with helium [27]. A single-center adiabatic-nuclei
version has been used for positron scattering with molecu-
lar hydrogen [28].

The variational method (Chap. 49) uses an analytic form
of trial wave function to represent the total system. The pa-
rameters of this analytic function are determined as part of
the method. Given a trial wave function with sufficient flex-
ibility and a large enough number of parameters, essentially
exact results can be obtained in the elastic energy range and
the Ore gap. Because the complexity of the trial function in-
creases as the square of the number of electrons in the target,
only positron scattering from hydrogen, helium and lithium,
and the hydrogen molecule have been treated by this method
to date [10, 29, 30].

Many-body theory has been applied to positron scatter-
ing from the noble gases below the positronium formation
threshold. Of particular importance is the ability of many-
body theory to account for positron–atom and electron–
positron correlations, which have a large influence on both
the scattering dynamics and the annihilation rate. Many-body
theory has produced very good agreement with the most re-
cent experimental results for elastic differential scattering
[31].

In the case of direct ionization, there appears to be quite
distinct threshold behavior of the cross sections for electron
and positron collisions. For electrons, the Wannier threshold
law (Sect. 56.3.1) has an exponent of 1:127, while a sim-
ilar analysis for positrons [32] yields an exponent of 2:651.
However, the existence of the positronium formation channel
leaves in question whether this analysis will give the domi-
nant term at the threshold. For a fuller discussion, see [33]
and references therein. An experimental investigation of the
threshold ionization of helium [34] obtained a value 2:2.
This was followed by a theoretical investigation that consid-
ered anharmonic corrections to the Wannier threshold law
to explain the experimental results [35]. A recent measure-
ment within 2 eV of the ionization threshold obtained a value
of 1:1 [36].

There has been an investigation [37] of the behavior of the
elastic cross sections at the positronium formation threshold,
which predicts the occurrence of a Wigner cusp for the noble
gases using R-matrix methods. A comprehensive set of mea-
surements using a high-resolution trap-based beams of the
elastic scattering cross section about the positronium forma-
tion threshold revealed a family of Wigner cusps in the noble
gases [38]. Subsequent measurements of the elastic scatter-
ing cross section about the positronium formation threshold
in molecules that are isoelectronic with helium and neon, and
did not show a Wigner cusp [39].

http://dx.doi.org/10.1007/978-3-030-73893-8_49
http://dx.doi.org/10.1007/978-3-030-73893-8_49
http://dx.doi.org/10.1007/978-3-030-73893-8_49
http://dx.doi.org/10.1007/978-3-030-73893-8_56
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51.3 Particular Applications

51.3.1 Atomic Hydrogen

Because of the difficulty of taking measurements in atomic
hydrogen, the available experimental data has so far been re-
stricted to total cross sections, as well as to total ionization
and positronium formation cross sections. Essentially exact
variational calculations have been carried out in the elastic
energy regime and the Ore gap [10]. These calculations are
used to benchmark many-body theory [40].

Ionization cross sections have been measured by both
the Bielefeld and London groups ([41, 42] and references
therein) and have been calculated in a number of approxima-
tions [24, 26, 43–45]. However, disagreements between the
experimental measurements mean that there is at present no
reliable way of assessing the various theoretical approxima-
tions used. More elaborate calculations with asymptotically
correct wave functions have been used to determine triple
differential cross sections for ionization [46, 47]. However,
the task of integrating these to produce total cross sections is
a formidable one.

The total positron–hydrogen cross section has also
been measured by the Detroit group [48] and is in quite
good agreement with calculations based upon the coupled-
pseudostate [45] and the convergent close-coupling [49]
methods, except at very low energies where the experimental
uncertainties are the greatest.

In order to determine reliable positronium formation cross
sections, the explicit positronium states have to be included.
Several such calculations have been carried out [17–20].
These indicate the necessity of explicitly including positro-
nium formation channels in the expansion of the total wave
function in order to obtain accurate results, even for elastic
scattering. The most recent calculations [45, 49, 50] are in
quite good agreement with various experiments [41, 51] over
the majority of the energy range.

As is the case for electron scattering, positron cross sec-
tions exhibit resonances (Sect. 49.1.3). These have been
extensively studied by Ho [52], who used variational and
complex rotation methods.

51.3.2 Noble Gases

Because the noble gases are convenient experimental tar-
gets, a good deal of effort has gone into calculations for
these targets, particularly for elastic scattering, ionization,
and Ps formation. In the purely elastic energy range, i.e.,
for energies below the positronium formation threshold, the
simple potential scattering approach using the static and po-
larization potentials defined above yields quite good results.
Since the long-range behavior of the sum of the potentials

is attractive, the scattering phase shifts for positrons must
be positive for sufficiently low energies. However, as its in-
cident energy increases, the positron probes the repulsive
inner part of the potential, and the phase shifts become
negative. This behavior leads to the well-known Ramsauer
minimum in the integral elastic cross sections (Chap. 49).
The Ramsauer minimum has been observed in helium and
neon ([53, 54] and references therein). In the case of argon,
no minimum is observed given a sufficiently high-quality
beam [55]. In general, this differs from electron scattering,
where some low-energy phase shifts can be negative (mod-
ulo �) because of the existence of bound orbitals of the same
symmetry.

Another difference between positron and electron scatter-
ing is exhibited by the differential cross sections (Chap. 49).
For electrons, the shape of the cross section is determined
by a few dominant phase shifts, whereas for positrons, many
phase shifts contribute to the final shape [56]. Because of
this behavior, the differential cross sections for positron
scattering have much less overall structure than for elec-
tron scattering. However, the differential cross sections for
positrons for many of the noble gases have a single minimum
at relatively small angles, both below and above the first
inelastic channel [57, 58]. The earlier results have been re-
viewed by Kauppila et al. [59]. At intermediate energies, the
simple potential scattering approximation is no longer suffi-
cient, and the inelastic channels have to be taken into account
via, for example, the use of an optical potential [9, 15, 23, 60]
or convergent close-coupling method ([61] and references
therein). Furthermore, in the inelastic scattering regime, the
existence of open channels has a much more marked effect
on the shape of the differential cross sections for positron
scattering than that for electrons [57].

Absolute elastic differential cross sections were measured
for argon, krypton, and xenon at low energies using a magne-
tized beam of cold positrons [58, 61, 62]. Magnetized beam
measurements generally do not distinguish between forward
and backward scattered positrons (or electrons). In this case,
the reported elastic cross section is folded about 90 degrees.
As with electrostatic beams, a portion of the angular scatter
is indistinguishable from the incident beam, which plays an
important role in the comparison of experiment and theory
[55]. These results are in general agreement with a variety
of different theoretical predictions [63–65]. A method that
allows the scattering phase shifts to be extracted from the
folded elastic differential scattering cross section was devel-
oped recently [66].

There is relatively little experimental data for the ex-
citation of the noble gases. Some experimental work has
been carried out for the lighter noble gases, helium, neon,
and argon ([67] and references therein), and there is satis-
factory agreement between these measurements and close-
coupling [68], as well as distorted-wave [69] calculations.

http://dx.doi.org/10.1007/978-3-030-73893-8_49
http://dx.doi.org/10.1007/978-3-030-73893-8_49
http://dx.doi.org/10.1007/978-3-030-73893-8_49
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The first state-resolved absolute excitation cross sec-
tions for the 4s Œ1=2�o1 and 4s Œ3=2�

o
1 states of argon and the

6s Œ3=2�o1 state of xenon have been measured by the San
Diego group [6, 70]. Relativistic distorted-wave calculations
are in satisfactory agreement with the experiment for ar-
gon [71] but less so for xenon [72]. Excitation of the n D 2

states of helium was measured by the ANU group [73]. Con-
vergent close-coupling calculations are in good agreement
for both the 2 1S and 2 1P states [27].

The total ionization and positronium cross sections have
been measured extensively for all of the noble gases. In
general, there is good agreement amongst the various experi-
ments for the ionization cross section but much less so for the
positronium formation cross section, with a recent exception
[25]. A summary of the experimental work on the ionization
and positronium cross sections for neon, argon, krypton, and
xenon can be found in the article by Marler et al. ([74] and
references therein). A summary of the corresponding theo-
retical work can be found in [24, 25].

Both double and triple-differential ionization cross sec-
tions have been measured for helium [75] and argon [76, 77].
Distorted wave Born (DWBA) and three-continuum approx-
imation (3C model) have also been applied to these systems
([78, 79] and references therein).

The formation of excited-state positronium has been mea-
sured for positron scattering from helium, argon, and xenon
and has been compared to a number of theoretical re-
sults [80].

There exist some measurements of Zeff and angular cor-
relation parameters for these gases [81], mainly at room
temperature, and calculations for them have been made in the
polarized-orbital approximation [82]. Measurements have
been made at various temperatures and are in relatively good
agreement with early calculations [83].

The combination of available gas-phase scattering cross
sections for energies between 0 and 10 keV has been used to
model a single track of a positron through argon [84].

51.3.3 Other Atoms

In the case of positron scattering from the alkali atoms,
the positronium formation channel is always open, and the
simple potential scattering approach does not yield reli-
able results. The Detroit group has measured the total cross
section, as well as the upper and lower bounds to the positro-
nium formation cross section for sodium, potassium, and
rubidium [48]. Although early close-coupling calculations of
the elastic and excitation cross sections [85–87] were in sur-
prisingly good agreement with the experimental total cross
section, these calculations did not include the positronium
formation channel. Subsequently, much more sophisticated
calculations were carried out by the Belfast group using the

coupled-pseudo-state method, which included both eigen-
states of the target, as well as positronium [45, 88–90].
These calculations also showed the increasing importance
of positronium formation in excited states for the alkalis:
potassium, rubidium, and caesium. The overall agreement
between experimental results and those from the coupled-
pseudo-state method are quite good for both potassium and
rubidium; however, for sodium, the experimental positro-
nium formation cross section is significantly above these
theoretical calculations. A summary of the experimental
work on the alkalis can be found in [48], while a correspond-
ing summary of theoretical work is given in [45].

Substantial resonance features have been found in these
positron–alkali atom cross sections using close-coupling cal-
culations [91, 92]. More recently, various theoretical meth-
ods have been applied to the positron–lithium system ([93,
94] and references therein).

The positronium formation threshold for magnesium is
very low, only 0:844 eV, and hence, the elastic and positron-
ium formation cross sections will dominate in the low-energy
region. Upper and lower bounds to the Ps formation cross
section in magnesium have been determined [48, 95] and are
in agreement with both close-coupling calculations [96] and
the results of many-body theory [97].

51.3.4 Molecular Hydrogen

By its fundamental nature, molecular hydrogen has attracted
considerable attention both experimentally and theoreti-
cally. The total elastic cross section has been measured by
the Detroit group [51], the London group [98], and the
ANU group [99]. There have been several theoretical cal-
culations of this cross section by a variety of methods:
Kohn variational [100], R-matrix [101], distributed positron
model [102], a Schwinger multichannel method [101–103],
and convergent close-coupling calculations by the Curtin
group [104].

Calculations have shown the elastic cross section is
strongly influenced by the positronium formation channel
near the threshold. However, a recent measurement did not
show any feature in the integral elastic cross section about
the positronium formation threshold [39].

The vibrational .0! 1/ excitation cross section of molec-
ular hydrogen has been measured between 0:55 and 4 eV and
is in quite good agreement with theoretical calculations [105]
(and reference therein). The San Diego group has also mea-
sured the electronic excitation of the B1˙ state from the
threshold to 30 eV [70]. Their data are in reasonable agree-
ment with the Schwinger multichannel calculation of Lino
et al. [106]. The measured positron excitation cross section
appears to be larger than that measured for electron excita-
tion.
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The ionization cross section has been determined over
a wide range of energies by a number of different groups
([107–111] and references therein). Since all of the above
measurements are relative, they must be normalized to one
another at particular energies. Theoretical calculations are
in satisfactory agreement with the measurements ([112] and
references therein).

Electron capture to the continuum has been observed
in triple-differential ionization measurements [113]. Rea-
sonable agreement has been found between available ex-
perimental measurements and the distorted-wave Born ap-
proximation (with the Ward–Macek approximation; [79] and
references therein).

The positronium formation cross section has also been
measured by a number of different groups and has been com-
pared to the first Born approximation and a coupled-channels
calculation, see [99] and reference therein.

Differential elastic cross sections have been measured
by the ANU group and compared to a number of cal-
culations [99]. The shape of these measurements are in
good agreement with the complex model potential calcula-
tion [114]. More recently, a single-center adiabatic-nuclei
convergent close-coupling method [104] showed good agree-
ment between experiment and theory for the differential
elastic cross section below the positronium formation thresh-
old.

Rotational excitation cross sections have been calculated
using the Schwinger multichannel method with fixed nuclei
and the adiabatic rotational approximation ([115] and refer-
ences therein). Recent progress in cryogenic positron traps
by the San Diego group [116] will enable an experimental
investigation of the rotational excitation of molecular hydro-
gen.

51.3.5 Water

From a biological perspective, water is fundamental, and
it was recently studied experimentally and theoretically.
The total scattering cross has been measured by the ANU
group and compared to previous measurements and calcu-
lations ([117] and references therein). The ionization cross
section has been measured by the London group [118].
The total elastic cross section and total inelastic cross sec-
tion less positronium formation have been measured by the
ANU group [119]. These measurements were compared to
R-matrix and the independent atom model (IAM) meth-
ods ([119] and references therein).

Differential ionization cross sections have been measured
by the London group [120]. Triple-differential ionization has
been calculated using a second-order distorted-wave Born
approximation [121].

51.3.6 Other Molecules

For diatomic and triatomic molecules, most of the experi-
mental and theoretical work has been carried out for CO,
CO2, O2, and N2. Total cross sections for O2, N2, and CO2

have been measured from the threshold to several hundred eV
([98] and references therein). Recently, the independent atom
model (IAM) was compared to measurements for C2, N2,
and O2 [122] (and references therein). A spherical complex
optical potential was used to determine the total scattering
cross section for positron scattering from a number of simple
molecules [123].

Relative differential cross sections have been measured
for CO, CO2, O2, N2, as well as N2O, on both sides of the
positronium formation threshold [124]. At low energies, the
gases N2, O2, and CO exhibit a minimum in the DCS at small
angles, as with the heavier noble gases. This minimum grad-
ually disappears as the energy increases.

Vibrational excitation cross sections for CO and CO2 have
been measured [105] and are in excellent agreement with the
theoretical calculations of [125] for CO, and in satisfactory
agreement with theory [126] for CO2. Electron excitation
of the a1˘ and a01˙ states of N2 have been measured
from threshold to 20 eV [70]. Interestingly, the positron cross
section near the threshold is approximately double that for
electrons.

Impact ionization, positronium formation, and electronic
excitation have been measured for N2, CO, and O2 [127].
Additionally, positronium formation has been measured for
CO2 [128].

For small polyatomic molecules, the majority of experi-
mental and theoretical work was carried out for CH4. This in-
cludes the total cross section and quasi-elastic (summed over
vibration–rotational levels) differential cross sections [129].
At low energies, there is a minimum in these DCS at small
angles, as for the heavier noble gases which, in turn, also dis-
appears at higher energies [59]. The positronium formation
cross section has also been measured [130].

Recently, a large number of total scattering cross section
measurements of organic compounds were studied experi-
mentally by the Trento group ([131] and references therein).
This work has been extended to purine nucleobasis and
other biologically relevant molecules [132] (and references
therein). Additionally, a comparison of the total scattering
cross section from chiral enantiomers was also made [133].

Positronium formation has been measured for methanol
and ethanol [134]. Total and elastic differential scattering,
and positronium formation cross sections for a number of
biologically relevant molecules have been measured by the
ANU group ([135, 136] and references therein). In these
cases, the scattering cross sections are summed over rota-
tional and vibrational states. Nucleobases that are solid at



768 J. R. Machacek et al.

room temperature require a vacuum oven to produce vapor
of the molecules. In these cases, relative cross sections were
determined experimentally, and IAM calculations set the ab-
solute scale at 150 eV.

51.4 Binding of Positrons to Atoms

There have been many recent investigations of the possible
binding of positrons to a variety atoms. As was mentioned
in Sect. 48.1.2, such binding could greatly enhance the anni-
hilation cross section and help explain the large measured
values of Zeff for both atoms and molecules. It has been
shown theoretically that a positron will bind to a large num-
ber of one-electron and two-electron atomic systems ([137]
and references therein). For one-electron systems, where
the ionization potential is less than 6:80285 eV, the dom-
inant configuration is a polarized positronium (Ps) cluster
moving in the field of the residual positive ion, while for two-
electron systems, with an ionization potential greater than
6:80285 eV, the dominant configuration involves a positron
orbiting a polarized neutral atom [138]. So far, there is
no experimental evidence for these positronic atoms [139].
However, a significant amount of theoretical work has shown
that many atoms can bind a positron ([140] and references
therein).

Enhancement of the annihilation rate (Zeff) is observed in
polyatomic molecules. The mechanism has been identified
as vibrational Feshbach resonances mediating positron bind-
ing to molecules ([6] and references therein). In the case of
linear alcohols, the binding energy depends linearly upon the
molecular polarizability [141].

51.5 Positronium Scattering

There has been interest in positronium (Ps) scattering from
atomic and molecular targets for a considerable time; see the
work of Fraser and coworkers [142] and reference therein,
but only recently has this field seen much activity. This is
a two-center problem with the Ps atom being a light particle,
so semiclassical methods are not applicable. There was some
theoretical work by Drachman and Houston [143, 144], and
recently there has been close-coupling calculations for sim-
ple target systems [145]. This problem has also been studied
by a pseudo-potential method ([146] and references therein).
The long-range interactions in positron–hydrogen scattering
have recently been investigated [147]. The London group has
measured the total cross sections positronium scattering from
the noble gases and small molecules (H2, N2, O2, H2O, CO2,
SF6). Unexpectedly, the total cross sections for positronium
scattering have been found to be very similar to scattering by

electron of the same velocity [148]. This has been explained
in part by the polarization of the incident Ps [149].

The formation of the positronium negative ion, Ps�, has
been observed [150], and resonance structure has also been
observed in the photodetachment of Ps� [151, 152].

The formation of molecular positronium (Ps2) has been
observed [153] using intense positron pulses at a metal sur-
face. The scattering of positronium atoms by positronium
atoms has been investigated theoretically [154, 155] with an
investigation of exciton-like nature of positronium [156].

The positronium atom is a boson, and, thus, there is funda-
mental interest in the creation of a Bose–Einstein condensate
of an antimatter–matter composite bose. A unique feature
of a Ps-BEC is the possibility of stimulated annihilation or
the creation of a gamma-ray laser [157, 158]. More detailed
theoretical treatments have appeared more recently [159–
161].

51.6 Antihydrogen

Positron and positronium scattering play an important role in
efforts to form antihydrogen, the bound state of an antipro-
ton and a positron. This antimatter atom is an ideal system to
test CPT. In the past decade, antihydrogen has been trapped
[162] with the first spectroscopic measurements made re-
cently [163]. In addition, the formation of an antihydrogen
beam has been postulated [164]. Excited-state positronium
has been found to be extremely useful in the formation of
antihydrogen using detailed CCC calculations [165].

51.7 Reviews

For a number of years, a Positron Workshop has been held
as a satellite of the International Conference on the Physics
of Electronic and Atomic Collisions. The Proceedings [166–
182] give an excellent summary of the state of positron
scattering research, both experimental and theoretical, and
applications to astro and biophysics.

There are several review articles on positron scattering in
gases, including the early historical development [183], more
comprehensive articles [2, 184–186], as well as more recent
reviews [131, 187–191]. There are a number of reviews of the
various antihydrogen efforts [192–195] with a special issue
on antihydrogen and positronium [196]. A review on positro-
nium laser physics [197] discusses the future for positron
physics.

The book [198] discusses various aspects of both experi-
mental and theoretical positron physics.
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118. Arcidiacono, C., Beale, J., Pešić, Z.D., Kövér, Á., Laricchia, G.: J.
Phys. B 42, 065205 (2009)

119. Tattersall, W., Chiari, L., Machacek, J.R., Anderson, E., White,
R.D., Brunger, M.J., Buckman, S.J., Garcia, G., Blanco, F., Sulli-
van, J.P.: J. Chem. Phys. 140, 44320 (2014)

120. Kover, A., Murtagh, D.J., Williams, A.I., Laricchia, G.: J. Phys.
Conf. Ser. 199, 12020 (2010)

121. Singh, P., Purohit, G., Champion, C., Patidar, V.: Phys. Rev. A 89,
032714 (2014)

122. Singh, S., Dutta, S., Naghma, R., Antony, B.: J. Phys. Chem. A.
120, 5685 (2016)

123. Singh, S., Dutta, S., Naghma, R., Antony, B.: J. Phys. B. At. Mol.
Opt. Phys. 50(13), 135202 (2017)

124. Przybyla, D., Addo-Asah, W., Kauppila, W., Kwan, C., Stein, T.:
Phys. Rev. A 60, 359 (1999)

125. Gianturco, F.A., Mukherjee, T., Paioletti, P.: Phys. Rev. A 56, 3638
(1997)

126. Kimura, M., Takekawa, M., Itikawa, Y., Takaki, H., Sueoka, O.:
Phys. Rev. Lett. 80, 3936 (1998)

127. Marler, J.P., Surko, C.M.: Phys. Rev. A 72, 062713 (2005)
128. Cooke, D.A., Murtagh, D.J., Laricchia, G.: J. Phys. Conf. Ser. 199,

012006 (2010)
129. Przybyla, D.A., Kauppila, W.E., Kwan, C.K., Smith, S.J., Stein,

T.S.: Phys. Rev. A 55, 4244 (1997)
130. Kauppila, W.E., Stein, T.S., Miller, E.G., Surdutovich, F.: Nucl.

Instrum. Methods B 221, 48 (2004)
131. DuBois, R.D.: J. Phys. B 49, 112002 (2016)
132. Chiari, L., Zecca, A., Blanco, F., García, G., Brunger, M.J.: Phys.

Rev. A 91, 012711 (2015)
133. Chiari, L., Zecca, A., Girardi, S., Defant, A., Wang, F., Ma, X.G.,

Perkins, M.V., Brunger, M.J.: Phys. Rev. A 85, 052711 (2012)
134. Coleman, P.G., Culver, N.J., Dowler, B.M.W.M.: Phys. Rev. A 87,

012712 (2013)
135. Palihawadana, P., Boadle, R., Chiari, L., Anderson, E.K.,

Machacek, J.R., Brunger, M.J., Buckman, S.J., Sullivan, J.P.:
Phys. Rev. A 88, 12717 (2013)

136. Anderson, E.K., Boadle, R.A., Machacek, J.R., Chiari, L.,
Makochekanwa, C., Buckman, S.J., Brunger, M.J., Garcia, G.,
Blanco, F., Ing lfsson, O., Sullivan, J.P.: J. Chem. Phys. 141, 34306
(2014)

137. Mitroy, J., Bromley, M.W.J., Ryzhikh, G.G.: J. Phys. B 35, R81
(2002)

138. Mitroy, J.: Phys. Rev. A 66, 010501R (2002)
139. Machacek, J.R., Boadle, R., Buckman, S.J., Sullivan, J.P.: Phys.

Rev. A 86, 064702 (2012)
140. Harabati, C., Dzuba, V.A., Flambaum, V.V.: Phys. Rev. A 89,

22517 (2014)
141. Jones, A.C.L., Danielson, J.R., Gosselin, J.J., Natisin, M.R.,

Surko, C.M.: New J. Phys. 14, 15006 (2012)
142. Hara, S., Fraser, P.A.: J. Phys. B At. Mol. Phys. 8, 18 (1975)
143. Drachman, R.J., Houston, S.K.: Phys. Rev. A 12, 885 (1975)
144. Drachman, R.J., Houston, S.K.: Phys. Rev. A 14, 894 (1976)



51 Positron Collisions 771

51

145. Walters, H.R.J.: Science 330, 762 (2010)
146. Fabrikant, I.I., Wilde, R.S.: Phys. Rev. A 97, 52707 (2018)
147. Meredith, D.G., Fraser, P.A.: J. Phys. B. At. Mol. Opt. Phys. 51,

055201 (2018)
148. Brawley, S.J., Armitage, S., Beale, J., Leslie, D.E., Williams, A.I.,

Laricchia, G.: Science 330, 789 (2010)
149. Fabrikant, I.I., Gribakin, G.F.: Phys. Rev. Lett. 112, 052717 (2014)
150. Mills, A.P.: Phys. Rev. Lett. 46, 717–720 (1981)
151. Michishio, K., Tachibana, T., Terabe, H., Igarashi, A., Wada, K.,

Kuga, T., Yagishita, A., Hyodo, T., Nagashima, Y.: Phys. Rev. Lett.
106, 153401 (2011)

152. Michishio, K., Kanai, T., Kuma, S., Azuma, T., Wada, K.,
Mochizuki, I., Hyodo, T., Yagishita, A., Nagashima, Y.: Nat. Com-
mun. 7, 11060 (2016)

153. Cassidy, D.B., Deng, S.H.M., Mills, A.P.: Phys. Rev. A 76, 062511
(2007)

154. Oda, K., Miyakawa, T., Yabu, H., Suzuki, T.: J. Phys. Soc. Japan
70, 1549–1555 (2001)

155. Ivanov, I.A., Mitroy, J., Varga, K.: Phys. Rev. A 65, 022704 (2002)
156. Shumway, J., Ceperley, D.M.: Phys. Rev. B 63, 165209 (2001)
157. Platzman, P.M., Mills, A.: Phys. B Condens. Matter 165-166, 491–

492 (1990)
158. Mills, A.P.: Nucl. Instrum. Methods Phys. Res. B 192, 107–116

(2002)
159. Adhikari, S.K.: Phys. Lett. A. 294, 308–313 (2002)
160. Avetissian, H.K., Avetissian, A.K., Mkrtchian, G.F.: Phys. Rev.

Lett. 113, 023904 (2014)
161. Wang, Y.-H., Anderson, B.M., Clark, C.W.: Phys. Rev. A 89,

43624 (2014)
162. Andresen, G.B., Ashkezari, M.D., Baquero-Ruiz, M., Bertsche,

W., Bowe, P.D., Butler, E., Cesar, C.L., Chapman, S., Charlton,
M., Deller, A., Eriksson, S., Fajans, J., Friesen, T., Fujiwara, M.C.,
Gill, D.R., Gutierrez, A., Hangst, J.S., Hardy, W.N., Hayden,
M.E., Humphries, A.J., Hydomako, R., Jenkins, M.J., Jonsell, S.,
Jørgensen, L.V., Kurchaninov, L., Madsen, N., Menary, S., Nolan,
P., Olchanski, K., Olin, A., Povilus, A., Pusa, P., Robicheaux, F.,
Sarid, E., Seif el Nasr, S., Silveira, D.M., So, C., Storey, J.W.,
Thompson, R.I., van der Werf, D.P., Wurtele, J.S., Yamazaki, Y.:
Nature 468, 673 (2010)

163. Ahmadi, M., Alves, B.X.R., Baker, C.J., Bertsche, W., Capra,
A., Carruth, C., Cesar, C.L., Charlton, M., Cohen, S., Collister,
R., Eriksson, S., Evans, A., Evetts, N., Fajans, J., Friesen, T.,
Fujiwara, M.C., Gill, D.R., Hangst, J.S., Hardy, W.N., Hayden,
M.E., Isaac, C.A., Johnson, M.A., Jones, J.M., Jones, S.A., Jon-
sell, S., Khramov, A., Knapp, P., Kurchaninov, L., Madsen, N.,
Maxwell, D., McKenna, J.T.K., Menary, S., Momose, T., Munich,
J.J., Olchanski, K., Olin, A., Pusa, P., Rasmussen, C., Robicheaux,
F., Sacramento, R.L., Sameed, M., Sarid, E., Silveira, D.M., Stut-
ter, G., So, C., Tharp, T.D., Thompson, R.I., Van Der Werf, D.P.,
Wurtele, J.S.: Nature 557, 71–75 (2018)

164. Yamazaki, Y., Doser, M., Perez, P.: Antihydrogen Beams. IOP
(2018)

165. Kadyrov, A.S., Bray, I., Charlton, M., Fabrikant, I.I.: Nat. Com-
mun. 8, 1544 (2017)

166. Darewych, J.W., Humberston, J.W., McEachran, R.P., Paul,
D.A.L., Stauffer, A.D.: Can. J. Phys. 60, 461–617 (1981)

167. Humberston, J.W., McDowell, M.R.C. (eds.): Positron Scattering
in Gases. Plenum, New York (1984)

168. Kauppila, W.E., Stein, T.S., Wadehra, J.M. (eds.): Positron
(Electron)-Gas Scattering. World Scientific, Singapore (1986)

169. Humberston, J.W., Armour, E.A.G. (eds.): Atomic Physics with
Positrons. Plenum, New York (1987)

170. Drachman, R.J. (ed.): Annihilation in Gases and Galaxies. NASA
Conference Publication, Washington, p 3058 (1990)

171. Parcell, L.A.: Positron interaction with gases, Hyperfine Interact.
73, 1–232 (1992)

172. Raith, W., McEachran, R.P.: Positron interactions with atoms,
molecules and clusters, Hyperfine Interact. 89, 1–496 (1994)

173. McEachran, R.P., Stauffer, A.D.: Proceedings of the 1995 positron
workshop, Can. J. Phys. 74, 313–563 (1996)

174. Andersen, H.H., Armour, E.A.G., Humberston, J.W., Laricchia,
G.A.: Proceedings of the 1997 positron workshop, Nucl. Instrum.
Methods B 143, 1–232 (1998)

175. Hara, S., Hyodo, T., Nagashima, Y., Rehn, L.: Proceedings of the
1998 positron workshop, Nucl. Instrum. Methods B 171, 1–250
(2000)

176. Holzscheiter, M.H.: Proceedings of the 2001 positron workshop,
Nucl. Instrum. Methods B 192, 1–237 (2002)

177. Uggerhoj, U., Ichioka, T., Knudsen, H.: Proceedings of the 2003
positron workshop, Nucl. Instrum. Methods B 221, 1–242 (2004)

178. Bromley, M.W.J., Lima, M.A.P., Laricchia, G.: Phys. Scripta 74,
C37 (2006)

179. Campeanu, R.I., Darewych, J.W., Stauffer, A.D.: J. Phys. Conf.
Ser. 199, 011001 (2010)

180. Limão-Vieira, P., Campeanu, R., Hoshino, M., Ingólfsson, O., Ma-
son, N., Nagashima, Y., Tanuma, H.: Eur. Phys. J. D 68, 263
(2014). https://doi.org/10.1140/epjd/e2014-50564-9

181. Limão-Vieira, P., García, G., Krishnakumar, E., Sullivan, J.,
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