PHYSICAL REVIEW A 110, 012803 (2024)

Full electron description of antiproton collisions with neon and argon atoms in the keV energy range
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We investigate keV collisions between antiprotons and the rare-gas atoms neon and argon. We use a correlated
approach in which the eight electrons from the L shell of neon and M shell of argon are active and up to
two-electron processes are included, going thus beyond the approximate theoretical approaches used so far.
Our results show that the electronic correlation plays a major role in the single- and double-ionization processes.
Furthermore, we show that two-electron processes contribute significantly to the electronic stopping power.
These results apply to both target atoms studied in this paper and we therefore conclude that a correlated approach
is in general necessary to obtain accurate antiproton electronic stopping-power cross sections. Our paper paves
the way to a better understanding and knowledge of antiproton collision physics.
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I. INTRODUCTION

Deceleration and transmission of antiprotons with keV-
scale kinetic energies have recently attracted considerable
attention (see, e.g., [1-3] and references therein) due to the
development of the ELENA facility at CERN [4] and the
associated experiments like the ALPHA, AEgIS, ASACUSA,
BASE, and GBAR ones [5]. These experiments aim at test-
ing fundamental symmetries to explain why antimatter is so
scarce in our universe. Antiproton beams are also considered
to treat cancer cells [6].

The energy-loss cross sections for a single collision be-
tween antiprotons and atoms and molecules are therefore
relevant and important quantities. However, they are difficult
to measure [3]. From a theoretical point of view, antiproton
collisions with atomic and molecular hydrogen and helium
have been widely investigated (see, e.g., [7,8] and references
therein). Theoretical studies on larger collision systems are,
however, scarce.

Antiproton collisions with neon and argon atoms represent
the first step to go beyond the simple systems cited above.
However, for neon the two most recent calculations disagree
significantly. In both cases, the employed theoretical approach
is only approximate: in [9], only single-electron transitions
from the 2p shells are included. In [2], 2s and 2p shells
are considered. Electronic correlation and many-electron
processes are, however, only treated at a time-dependent
density-functional theory level. To extend our understanding
and knowledge of antiproton physics it is crucial to resolve
these disagreements.

In this paper, we treat the collisions between antiprotons
and neon and argon atoms using a correlated approach, going
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thus beyond the approximate theoretical approaches used so
far. The eight electrons from the L shell of neon and M
shell of argon are active and up to two-electron processes are
included in our simulations. Moreover, we compare the results
of this correlated method to those of an uncorrelated approach.
Our results indicate that the electronic correlation electrons
play a major role in computing accurately the single- and
double-ionization cross sections. Furthermore, we show that
two-electron processes contribute significantly to the stopping
power. These results apply to neon and argon target atoms,
therefore a correlated approach is in general necessary to
obtain accurate antiproton stopping-power cross sections.

II. METHODS AND COMPUTATIONAL DETAILS

In the present paper, the cross sections of the electronic
processes are calculated using a full-active-electron semiclas-
sical asymptotic-states close-coupling approach which has
been previously described in, e.g., [10-13]. Here we only
outline the main features of the approach. The time-dependent
Schrodinger equation is written as

0 T 3o
[H - 15i|\1l(r, R(t)) =0, (1)

with electronic Hamiltonian

H= Z [—1V2+VT(;~,)+VP ]+ZZ

i=l j>i

’

l_r]
2)

where 7, 7 =7 — ﬁ(t) are the position vectors of the N
electrons with respect to the center of mass of the target and
projectile, respectively. The relative projectile-target position
I_é(t) defines the trajectory, with ﬁ(t) = b+ ¢ in the usual
straight-line, constant velocity approximation: b and T are
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the impact parameter and velocity, respectively. The term Vr
(Vp) defines the electron-target (-projectile) nucleus potential.
The Schrodinger equation [Eq. (1)] is solved by expanding
the wave function onto a basis set composed of states of the
isolated target partner as in [8], for a set of initial conditions
(i.e., initial electronic state i, velocity v, impact parameter b).
The probability of a transition i — f is given by the square of
expansion coefficients c as

Pri(v, b) = lim e (1)), (3)

The corresponding cross sections can be calculated from these
probabilities as follows:

O'f,'(v) =2 / dbbei(v, b) (4)

We use the aug-cc-pVDZ basis set [14], augmented with
three Kaufmann functions [15] in order to describe the con-
tinuum. The eight electrons in the L shell of neon (M shell of
argon) are active but only up to two electrons can be excited
or ionized. About 17 900 configurations for neon (12 200 con-
figurations for argon) are used to describe the pseudostates.
Pseudostates with energy up to —122.1 a.u. for neon (—522.5
a.u. for argon) are kept in our calculations. These singly and
doubly excited configuration interaction calculations are la-
beled CISD-2s2p for neon (CISD-3s3p for argon) hereafter.
We checked the convergence of our results by comparison
with that obtained with a larger basis set. Details of the two
basis sets are given in Supplemental Material [16]. The dif-
ference between the SI cross sections obtained with the two
basis sets employed in this paper is at most 10%. The DI
cross sections, being smaller and in general more difficult
to compute accurately, change by about 50% on average.
Furthermore, to demonstrate the importance of the electronic
correlation we compare the results of our correlated approach
with an uncorrelated one for which only one electron can be
excited or ionized (labeled CIS-2s2p for neon and CIS-3s3p
for argon below). For the uncorrelated approach we use the
same basis set as for the correlated one. Finally, we investigate
the importance of the 2s shell in the case of antiproton-
neon collisions by performing further calculations for which
the corresponding electrons are frozen (labeled CISD-2p and
CIS-2p hereafter).

The single- and double-ionization cross sections are com-
puted using the approach reported in detail in [8]. We only
briefly summarize the methods and computational details
here.

The total single-ionization (SI) cross sections ogy are com-
puted as

Nip Noip
osi=Y 0j+ Y [2xD;(1-Dj)+Dioj. (5)
J J

where D; represents the probability that one electron in the
pseudostate j is in a bound orbital of the cation. The latter are
calculated using the Dyson model developed in [8]. Similarly,
the total double-ionization cross sections opy are computed as

Noip

op1 =Y (1-D))’0;. (6)
J

In the above equations, o; is the cross section of the pseudo-
continuum state j. Np and Npjp are, respectively, the number
of pseudocontinuum states in the energy range between the
ionization potential (IP) and double-ionization potential (DIP)
and above the DIP. Note that we have added the contribution
of the autoionization states to the og;.

Based on the Dyson model above, we compute the total
electronic stopping cross section as

5 =8+ 5+ 8 (7
where SSE, SI, and SP! are computed as
Nsg
SE = (e; — €)ay, (®)
J
Np Npp

SH=) (ej — €0)oy +Z[2 x D;(1 =D +Dj]

J J

X (Gj — GO)Uj, (9)
Nopip
SP =" (1 —=Dy)*(e; — €)o;. (10)
J

In the above equations, SE stands for single excitation. Nsg
is the number of pseudostates with energy lower than the
ionization potential.

III. RESULTS AND DISCUSSION

A. Antiproton-neon collisions

We compare the present CISD results for total SI and
DI cross sections with the experimental data of Paludan
etal. [17] and Andersen et al. [18]. CIS results and other
theoretical data of Liidde er al. [2] (basis generator method,
labeled BGM), Abdurakhmanov efal. [9] (semiclassical
time-dependent convergent close-coupling approach, labeled
CCC), and Montanari and Miraglia [19] (continuum distorted-
wave eikonal initial-state approximation, labeled CDW-EIS,
including postcollisional effects) are also shown in Fig. 1.

We first discuss the SI cross sections: our CISD results are
close to the experimental data and the CCC cross sections.
In contrast to the CISD and CCC results, our CIS calcula-
tions are comparable to the BGM ones (net and response).
Both models predict larger SI cross sections than the other
approaches. The BGM model includes electronic correlation
only approximately in the framework of a DFT approach, CIS
is an uncorrelated approach, while in the CISD model the
correlation is better described by single and double excited
configurations. That causes the differences and shows how
important the electronic correlation is. Therefore, based on
the comparison with CISD results we conclude that electronic
correlation is crucial to obtain accurate cross sections. Note
that the CCC calculations neglect completely the electronic
correlation. The good agreement with CISD may be accidental
or due to error cancellation. It should also be noted that in [9]
(CCC) and in [19] (CDW-EIS) the authors use potentials for
neon determined from Hartree-Fock wave functions. In the
BGM calculations [2], the target potentials were described
within the optimized potential method. In our paper, we use
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FIG. 1. Total cross sections for single ionization (left) and double ionization (right) of neon by antiproton impact plotted as functions of

impact energy.

the true potentials. The use of different potentials might ex-
plain the observed differences.

The DI cross sections are shown in the right panel of Fig. 1.
Our CISD results agree reasonably well with the experimen-
tal cross sections and the CDW-EIS calculations. Given the
difficult task of describing multiple ionization processes the
agreement between our results and previous data can be con-
sidered satisfactory. Conversely and similarly to the SI cross
sections, the uncorrelated (CIS) approach overestimates the
DI cross sections. It is also interesting to note that the CIS
and CISD results accounting for the 2s electrons are larger
in magnitude than those accounting only for the 2p electrons,
except in the case of the CISD-2p and CISD-2s2p calculations
at impact energies from 100 keV to 1 MeV. This suggests that
the electronic correlation between the 2s and 2 p electrons hin-
ders the double ionization of neon at high collision energies. It
should be noted that the difference between the CISD-2p and
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FIG. 2. Fano plot for antiproton-neon collisions. The stopping-
power cross sections are computed with different models (see text).
The Bethe cross sections were computed with a mean excitation
energy of 137.2 eV [20].

CISD-2s2p cross sections is much larger than the difference
between the cross sections obtained with the two Gaussian
basis sets. Therefore, despite the lower convergence of the
DI cross sections, the impact of the electronic correlation is
clearly observed.

‘We now turn our attention to the electronic stopping power.
Figures 2 and 3 show the electronic stopping-power cross
section computed by Eqgs. (7)—(10) for the neon target case.
Figure 2 is a Fano plot and we have included the Bethe cross
sections [21] for comparison. The CISD results are compared
to the BGM results of Ludde ef al. [2] and the CCC results
(semiclassical time-dependent convergent close-coupling ap-
proach) of Bailey et al. [22]. Our correlated approach predicts
cross sections much lower than the BGM one and closer to the
CCC method. In [2], it was argued that the difference between
the BGM and the CCC results could be due to the effects of
the 2s electrons, that are kept frozen in the CCC calculations.
However, the comparison between CISD-2s2p and CISD-2p
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FIG. 3. Contribution of the different processes to the electronic
stopping-power cross section as functions of impact energy.
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FIG. 4. Total cross sections for single ionization (left) and double ionization (right) of argon by antiproton impact plotted as functions of

impact energy.

indicates that the contribution of 2s electrons cannot explain
the difference.

In Fig. 3, we show the contribution of the different pro-
cesses to the electronic stopping power. It is seen that the
SI and DI contribute the most. Since the CCC calculations
only consider SI their cross sections should be much lower.
However, the lack of electronic correlation in the CCC model
may overestimate the SI processes and therefore leads to error
cancellation.

We conclude from these comparisons that the 2s electrons
can be kept frozen but to obtain an accurate description of
the stopping power the electronic correlation between the 2p
electrons must be explicitly accounted for.

B. Antiproton-argon collisions

We also investigate the antiproton-argon collision system
to determine if the conclusions drawn from the neon case
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FIG. 5. Fano plot for antiproton-argon collisions. The stopping-
power cross sections are computed with different models (see text).
The Bethe cross sections were computed with a mean excitation
energy of 188.5 eV [20].

are general. We compare the present CISD and CIS results
(3s and 3p electrons, aug-cc-pVDZ-3kbj [14,15]) for total SI
and DI ionization cross sections with the experimental data
of Paludan et al. [17], Andersen et al. [18], and Knudsen
et al. [23] and theoretical data of Kirchner et al. [24] (BGM),
Abdurakhmanov et al. [9] (CCC), and Montanari and Mi-
raglia [19] (CDW-EIS, including post collisional effects), as
reported in Fig. 4. The electronic stopping power is shown in
Figs. 5 (Fano plot) and 6 in which the CCC results are from
Bailey et al. [22].

The SI cross sections from the CISD calculations are sim-
ilar to those of the experiments. Similarly to the antiproton-
neon collisions, the CIS cross sections are much larger than
the CISD results, illustrating again the importance of the elec-
tronic correlation.

The electronic stopping-power cross sections computed
with the different models are reported in Fig. 5. The four
models predict the same cross sections within 20%. Compared
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FIG. 6. Contribution of the different processes to the electronic
stopping-power cross section as functions of impact energy.
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to the CCC results, the cross sections exhibit a similar bell
shape but our cross sections peak at slightly lower energy.

The contributions of the different processes to the elec-
tronic stopping-power cross sections are shown in Fig. 6.
Similarly to the neon case, SI contributes the most. However,
the DI contribution is relatively larger for argon than for neon
for collision energies above 10 keV /u.

IV. CONCLUSIONS

In conclusion, we studied collisions between antipro-
tons and the rare-gas atoms neon and argon in the keV
energy range. Our theoretical approach employs a corre-
lated approach in which the eight electrons from the L
shell of neon and M shell of argon are active and up to
two-electron processes are explicitly taken into account. We
showed that the electronic correlation plays a major role for an

accurate description of single- and double-ionization pro-
cesses. Furthermore, our results demonstrated that two-
electron processes contribute significantly to the electronic
stopping power. These results apply to neon and argon target
atoms and we therefore conclude that a correlated approach is
in general necessary to investigate antiproton collisions. Our
paper paves the way to a more accurate description, and thus
understanding, of antiproton physics.
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