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Abstract. A cross section set is reported for positron scattering from krypton and xenon over the energy
range from zero to 1 keV using the relativistic optical potential method. This set includes elastic, positro-
nium formation, excitation, direct ionization, and grand total cross sections. They are compared to the
recommended results of Ratnavelu et al. (J Phys Chem Ref Data 48:023102, 2019). The positronium for-
mation cross section reported is represented by the sum obtained by successively lowering the ionization
threshold to coincide with those for formation into the four lowest energy levels of positronium.

1 Introduction

Positron scattering from atomic targets has been stud-
ied for many years both experimentally and theoreti-
cally with the noble gases being of particular interest
[11]. The only open channel at low energies is that for
elastic scattering. Consequently, early theoretical cal-
culations were generally confined to this region. Above
this region, the positronium formation channel is open
in the Ore gap (the region between the positronium
threshold and the first excitation threshold of the tar-
get).

With the advent of more intense positron beams,
there has been renewed interest in these processes with
new measurements and calculations of many different
cross sections being carried out with the noble gases
being of particular interest. Primarily for this reason,
we have only shown here, the most recent measurements
and theoretical calculations. Similarly, more sophisti-
cated theoretical methods have been developed for the
determination of both elastic and inelastic cross sec-
tions, including positronium formation, for the noble
gases [13], [7] and [5] as well as for group IT atoms ([3]
and [12]). In this paper, we have applied the relativistic
optical potential (ROP) method ([4]), hereafter referred
to as I, to the scattering of positrons from krypton and
xenon from threshold to 1 keV. We have calculated elas-
tic, momentum transfer, viscosity, positronium forma-
tion, excitation, direct and total ionization cross sec-
tions as well as the grand total cross section. We have
used the technique given in McEachran and Stauffer [6]
to account for positronium formation in both its ground
as well as excited states. We compare these krypton and
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xenon cross sections to the recommended cross sections
presented in Ratnavelu et al. [11] which were deter-
mined using all existing experimental and theoretical
results.

2 Theory

The theoretical procedures used in this paper to
describe the elastic and inelastic scattering of positrons
from krypton and xenon atoms were based upon the
relativistic optical potential (ROP) method of Chen et
al. [4]. Since this ROP method has previously been
described in the literature only a brief discussion of
the overall method will be given here and the reader
is referred to ref. I as well as McEachran and Stauffer
[6], hereafter referred to as II, for the details.

In the ROP method, the scattering of the incident
positrons by closed-shell atoms is described by the inte-
gral equation formulation of the partial wave Dirac—
Fock scattering equations (see Eq. (1) of II). Here, the
local scattering potential is given by the sum of the
static and a local polarization potential. Once again,
we have followed the procedure outlined by Bartschat
et al. [1,2] and have replaced the real part of the optical
potential by a local polarization potential based upon
the polarized-orbital method of McEachran et al. [8,9].
The static potentials were determined in the usual man-
ner from the ground state Dirac—Fock orbitals of kryp-
ton and xenon while the polarization potential Upe(r)
comprised the sum of the first six multipoles for kryp-
ton and the first eight multipoles for xenon. The inclu-
sion of two additional multipoles for xenon is due to
its larger atomic polarizabilities. The imaginary and
non-local optical potential describes the absorption of
the incident flux into the inelastic channels and thereby
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describes both excitation and ionization processes. This
potential is given by a sum and integration over the
bound and continuum states of the atom (see §2.1 below
as well as Eq. (21b) of ref. I for details).

The complex scattering phase shifts are determined
from the asymptotic form of the large component of
the scattering wavefunction. These phase shifts are then
used to determine the various elastic and inelastic cross
sections (see Egs. (5)—(9) of II).

2.1 The optical potential

For krypton the following 15 bound excited states,
in intermediate coupling notation, 5s[3/2]1, 5s[1/2]1,
4d[3/2]1, 4d[3/2]1, 4d[7/2]3, 4d[5/2]3, 4d[5/2]5, 6s[3/2
and 6s[1/2]; were included in Ugpe(r), in order to sim
ulate excitation processes. Similarly, for xenon, the
following 15 bound excited states, 6s[3/2]1, 6s[1/2],
and 7s[1/2]; were included in Uy (), in order to sim-
ulate excitation processes.

Also included in Ugpi(r) were all continuum states
with orbital angular momentum given by [, = 0,1,2,3
and 4 in order to simulate ionization processes (includ-
ing Ps formation). The integration over the continuum
states in the absorption potential was approximated
by using Gauss-Legendre integration usually with 16
points. In a relativistic close coupling expansion, it is
necessary to couple the total angular momentum of the
electron in the excited state (bound or continuum) to
the total angular momentum of the incident positron in
order to obtain the total angular momentum J of the
positron-atom system. This total angular momentum
J is then conserved during the collision process. Under
the above circumstances this gave rise to a maximum
of 59 excitation channels and 34 ionization channels in
Usopt () for both krypton and xenon.

[y

)

—

2.2 Positronium formation

Positronium formation was simulated using the method
given in McEachran and Stauffer [6]. Here, the Ps for-
mation cross section in the ground state is determined
by first calculating the direct ionization cross section
and then the comparable cross section when the ioniza-
tion threshold is reduced by 6.8 eV, the binding energy
of positronium. The Ps formation cross section is then
taken to be the difference between these two results.
Similarly, Ps formation in an excited state with prin-
ciple quantum number n is simulated by reducing the
ionization thresholds by 6.8/n? eV. For further details
of this method, the reader is referred to reference II.
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Fig. 1 Elastic scattering (blue curve), momentum trans-
fer (red curve), and viscosity (black curve) cross section for
positron scattering from krypton

3 Krypton results

In this section, we show our krypton results and com-
pare with other current calculations and measurements.

3.1 Elastic scattering

For krypton, the energy range where only elastic scat-
tering can occur is from zero to 7.20 eV (the first ion-
ization threshold minus the binding energy of positro-
nium). Since the positron is distinguishable from the
constituents of the target, all the phase shifts must be
zero at zero energy although the scattering length is
nonzero giving rise to a finite nonzero cross section at
zero energy. In Fig. 1, we show our present results along
with the momentum transfer and viscosity cross sec-
tions. The latter two cross sections are useful in the
determination of transport properties in gases.

3.2 Positronium formation

In the Ore gap (7.20—10.03 eV), positronium formation
is the only inelastic channel open but at higher ener-
gies excitation and eventually direct ionization of kryp-
ton can occur. We present two sets of cross sections for
Ps formation, one where the threshold for ionization is
lowered to coincide with the threshold for Ps formation
in the ground state (Fig.2) and the second which is the
sum of cross sections calculated when the threshold for
ionization is successively lowered to coincide with Ps
formation into the first three exited states (Fig. 3). Our
calculations are compared with the recommended total
positronium formation cross section from Ratnavelu et
al. [11] in Fig. 2 The calculation does not rise from
threshold as quickly as the recommended curve, which
is typical of this method. The peak magnitude and posi-
tion do not agree. However, the high-energy dependence
is very similar. The discrepancy is larger than the typi-
cal experimental uncertainty by approximately a factor
of two. Our calculations for the excited-state positro-
nium formation for the first three excited states are
shown in Fig. 3.
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Fig. 2 Total positronium formation cross section for
positron scattering from krypton: red curve, present work;
blue curve, recommended cross section from review [11]

0.8

— Ps(n=2)
— Ps(n=3)
—— Ps(n=4)

Cross Section (42)
o o o o o o
R S S

o
a

0.0

0 20 40 60 100 120 140

80
Energy (eV)
Fig. 3 Excited-state positronium formation cross section
for positron scattering from krypton: blue curve, present
work for Ps (n = 2); black curve, present work for Ps (n =
3); red curve, present work for Ps (n = 4)

3.3 Electronic excitation

Here, the excitation cross section refers to the sum of
the individual excitation cross sections of the 15 excited
states, listed above, from the ground state. Thus, either
a 4p or 4p electron from the outermost subshells of the
krypton ground state is excited to one of these excited
states. Figure4 shows our results for the total elec-
tronic excitation cross sections over the energy range
from threshold to 100 eV.

3.4 Direct ionization

The direct ionization cross section refers to the process
where both the incident positron and ejected electron
are free. Figure 5 shows our results for the direct ioniza-
tion cross sections over the energy range from threshold
to 1 keV. The 4s state is also included above 27.5 eV.
Our direct ionization cross section is compared to the
recommended cross section of Ratnavelu et al. [11].
These results are consistent to the level of the quoted
uncertainty.

Page 3 of 6 17

I o o = = =
Y o © =) [N} kY

Excitation Cross Section (42)

o
N

o
o

20 40 60 80 100
Energy (eV)

Fig. 4 Excitation cross section for positron scattering from

krypton: red curve, present work for the total excitation
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Fig. 5 Direct ionization cross section for positron scatter-

ing from krypton: red curve, present work; blue curve, rec-

ommended cross section from review [11]

3.5 Grand total cross section

This term refers to the total scattering cross section
and is the sum of cross sections for all allowed processes,
elastic and inelastic. Figure 6 compares our results with
the measurements of Ratnavelu et al. [11]. There is gen-
eral agreement between the recommended values and
the present results except in the near threshold region
for positronium formation.

4 Xenon results

In this section, we show our xenon results and compare
with more current calculations and measurements.

4.1 Elastic scattering
For xenon, the elastic energy regime is from zero to
5.33 eV. In Fig. 7, we show our present results for

the elastic scattering, momentum transfer, and viscos-
ity cross sections.
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Fig. 6 Grand total cross section for positron scattering
from krypton: solid black curve, present work; blue curve,
recommended grand total cross section [11]
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Fig. 7 Elastic scattering (blue curve), momentum trans-
fer (red curve), and viscosity (black curve) cross section for
positron scattering from xenon

4.2 Positronium formation

Here, the Ore gap for positronium formation is from
5.33 to 8.44 eV. Once again, we present two sets of cross
sections for Ps formation, one corresponding to Ps for-
mation in the ground state (n = 1) only and the other
corresponding to Ps formation in the first four states
(n = 1 —4). Our calculations are compared with the
recommended total positronium formation cross section
from Ratnavelu et al. [11] in Fig. 8 The calculation does
not rise from threshold as quickly as the recommended
curve, which is typical of this method. In this case,
the peak magnitude agrees but the position is about
5 eV higher. However, the high-energy dependence is
very similar with a discrepancy which is larger than
the typical experimental uncertainty. Our calculations
for the excited-state positronium formation for the first
three excited states are shown in Fig. 9. The Ps(n = 2)
experimental and theoretical results are presented in
Murtagh et al. [10]. Our results are nearly a factor
of two larger than the previously reported theoretical
results. However, the relatively large uncertainties from
the pioneering experimental results limit a detailed dis-
cussion.
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Fig. 8 Total positronium formation cross section for
positron scattering from xenon: red curve, present work;
blue curve, recommended cross section from review 4 [11]
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Fig. 9 Excited-state positronium formation cross section
for positron scattering from xenon: blue curve, present work
for Ps (n = 2); blue circles, experimental results from
Murtagh et al.; blue dashed curve, theoretical results pre-
sented in Murtagh et al.; black curve, present work for
Ps(n = 3); red curve, present work for Ps (n = 4)
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Fig. 10 Excitation cross section for positron scattering
from xenon: red curve, present work for the total excitation
cross section

4.3 Electronic excitation

Here, the excitation cross section refers to the sum of
the individual excitation cross sections of the 15 excited
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Fig. 11 Direct ionization cross section for positron scat-
tering from xenon: red curve, present work; blue curve, rec-
ommended cross section from review [11]
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Fig. 12 Grand total cross section for positron scattering

from xenon: black curve, present work; red curve, present
work for the elastic scattering cross section; blue curve, rec-
ommended cross section from review [11]

states of xenon, listed above, from the ground state.
Thus, either a 5p or 5p electron from the outermost
subshells of the xenon ground state is excited to one
of these excited states. Figure 10 shows our results for
these electronic excitation cross sections over the energy
range from threshold to 100 eV.

4.4 Direct ionization

The direct ionization cross section refers to the process
where both the incident positron and ejected electron
are free. Figure 11 shows our results for direct ioniza-
tion cross sections over the energy range from threshold
to 1 keV. Above 23.3 eV the 5s state is also included
in this calculation. Our direct ionization cross section
is compared to the recommended cross section of Rat-
navelu et al. [11]. These results are consistent to the
level of the quoted uncertainty up to about 200 eV.
However, as the collision energy increases above 200
eV, a systematic difference is evident.
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4.5 Grand total cross section

Once again, this term refers to the total scattering cross
section and theoretically is the sum of cross sections
for all allowed processes, elastic and inelastic. Figure 12
compares our results with the recommended cross sec-
tion of Ratnavelu et al. [11]. The low and high energy
regions are in reasonable agreement. However, from the
positronium formation threshold until the peak in the
direct ionization, the cross section has largely different
dependence.

5 Conclusions

We have presented positron scattering cross sections
for collisions with the heavier noble gases krypton and
xenon. Over all there is reasonable agreement between
the present calculations and the corresponding recom-
mended cross sections found in the literature. The dis-
crepancies present are typically found at, or near, the
opening of a new scattering or production channel. In
the case of excited-state positronium formation, the
large experimental uncertainties limit a detailed dis-
cussion. This work highlights the need for more exper-
imental determinations of state-specific cross sections.
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