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Departamento de Qúımica, módulo 13, Universidad Autónoma de Madrid, 28049-Madrid,

Spain.

‡Current address: Department of Physics and Astronomy, York University, Toronto,

Ontario, M3J 1P3, Canada

E-mail: l.mendez@uam.es

1



Abstract

Total cross sections for formation of H and H−, and electron production, in H++Ar

collisions have been calculated at energies between 100 eV and 200 keV employing

two methods: for E < 10 keV, a semiclassical treatment with an expansion in a ba-

sis of electronic wave functions of the ArH+ quasimolecule and, for E > 10 keV, the

switching-Classical-Trajectory-Monte-Carlo method (s-CTMC). The semiclassical cal-

culation involves transitions to molecular autoionizing states, calculated by applying a

block-diagonalization technique. The s-CTMC method is adept to treat two-electron

processes and yields total cross sections for H− formation in reasonably good agreement

with the experimental data. Cross sections for electron- and H-production processes,

which are dominated by one-electron transitions, are in good agreement with the ex-

perimental data.

1. Introduction

Negative ions play a significant role in astrophysics (see e.g. Refs. 1,2); specifically, the

formation of H2 in first protogalaxies takes place by associative detachment in collisions of

H− with H.3 Anions are also important in the chemistry of planetary atmospheres4 and in

low-temperature plasmas.5 The efficient production of H is a critical issue in the design of

neutral beam injection systems of fusion devices (Ref. 6 and references therein). Negative

ions are also formed in ion or photon interaction with living tissue that takes place in cancer

therapy, which has motivated the study of anion-molecule collisions.7,8 The formation of

negative ions in collisions of positive ions with atoms and molecules has been studied in

several works.9–23 In particular, collisions of protons with atoms can lead to the formation

of H− via two-electron capture, but even for these relatively simple atomic systems the

theoretical description of H− formation is difficult since the double capture probability is

two orders of magnitude smaller than those of one-electron processes like single electron

capture or single ionization.10–14,17,21,23
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In this paper we consider proton–argon collisions at energies between 0.1 and 200 keV.

At E < 25 keV, the most important process is the single-electron capture (SC)

H+ + Ar→ H + Ar+. (1)

The single ionization (SI):

H+ + Ar→ H+ + Ar+ + e, (2)

which involves the removal of one-electron from the target, becomes dominant at E > 25 keV.

Two-electron processes also take place, and specifically H− can be produced in the double-

electron-capture (DC) reaction:

H+ + Ar→ H− + Ar2+. (3)

Cross sections for production of H have been measured in Refs. 24–32, where H is formed

in the SC reaction (1), but also via the transfer ionization (TI) process

H+ + Ar→ H + Ar2+ + e . (4)

The total cross section for production of H− was measured in several experiments;9–11,13,17

this anion is formed in the DC reaction, but also in three-electron processes such as

H+ + Ar→ H− + Ar3+ + e, (5)

which is expected to be less relevant than (3). Ar2+ can also be formed in the double

ionization (DI) process:

H+ + Ar→ H+ + Ar2+ + 2e. (6)

Total cross sections for formation of Arq+ were measured by Dubois et al.33 The experiments

show that the total cross section for formation of H− is about two orders of magnitude smaller
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than those of the SC and SI reactions and it exhibits two maxima at E ≈ 5 and 25 keV.

Differential cross sections for production of H− in the energy range 1 ≤ E ≤ 5 keV were

measured by Martinez et al.17

H++Ar collisions were studied theoretically by Kirchner and coworkers34–36 employing a

one-electron method with a target model potential that includes dynamical screening effects;

the ensuing one-electron time-dependent Schrödinger equation was solved by using the so-

called Basis Generator method (BGM). The application of the Independent Particle Model

(IPM) yielded cross sections for q-fold electron-loss. They found general good agreement

with the experiments for net ionization and electron capture for E & 10 keV. However, this

method, which does not include explicitly the electron-electron interaction, cannot accurately

calculate the cross section for DC. Amaya-Tapia et al.37 calculated SC total and partial

cross sections by employing a one-electron wavefunction expanded in a basis set of atomic

orbital with the IPM (CCAO-IPM). Martinez et al.17 calculated the DC total cross section

by applying a two-center atomic basis set. Cabrera-Trujillo et al.38 applied the electron-

nuclear dynamics (END) method and a CCAO-IPM treatment to calculate differential and

total cross sections for SC. More recently, Wang et al.21 have calculated total cross sections

for reactions (1) and (3) by applying a time-dependent-density-functional model. Their

results for SC agree with the experiments in a wide energy range 1 < E < 400 keV, but

the calculated DC cross sections overestimate the experimental ones by about one order of

magnitude. Fremont23 has employed the Classical Trajectory Monte Carlo (CTMC)39 with

the active electron moving in a model potential. The calculated SC cross section agree with

the experiments, but the use of the IPM leads to the overestimation of the DC total cross

section. Juháshz40 has developed a statistical model to estimate differential cross sections

for H− production that has been applied to production of H− in several systems and in

particular to DC in H++Ar collisions.

In this paper we carry out a theoretical study of H++Ar collisions by applying two

methods. We apply a semiclassical method with a close-coupling expansion in terms of many-
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electron molecular wave functions (MFCC) with eight active electrons, and the switching

Classical Trajectory Monte Carlo (s-CTMC) method, recently proposed by Jorge et al.41 In

the classical calculations we have considered the motion of two electrons in a model potential.

Both methods employ effective potentials to describe the n = 1 − 2 shells that do not play

a significant role at energies below 500 keV, as indicated by the negligible contribution of

Auger electron emission.42,43 One can note that the use of effective potentials for two-electron

collisions was already considered in the pioneering works of Mó et al.44,45 and Errea et al.46

The expansion in terms of molecular functions (see, e.g. 47) has been widely applied to

collisions at low energies, but it presents important limitations at collision energies above

a few keV/u (see Errea et al.48 and references therein), where the ionizing processes are

competitive with the electron-capture reactions. Since the expansion in terms of L2 integrable

functions cannot describe the transitions to the electronic continuum, the electronic flux that

should yield ionization remains in the molecular states that correlate to the electron capture

channels, which in practice are overpopulated, and the SC cross section is overestimated. It

is found that the molecular expansion provides the electron-loss cross section (the sum of

ionization and capture cross sections) when the ionization starts to be significant. On the

other hand, since the MFCC method employs many-electron functions, it does not require to

employ the IPM approximation. For the particular case of H++Ar collisions, the calculation

of SC cross sections involves only a few molecular states; however, the DC process occurs

through transitions to infinitely excited states, which lie in the continuum above one Rydberg

series. The description of the DC reaction is carried out by using a block-diagonalization

(BD) technique to calculate the potential energy curves (PECs) of the molecular states that

lie above the ionization threshold.

The s-CTMC is based on the CTMC39 method, where the electron motion is described

by a classical distribution, and it has been successfully applied to calculate ionization and

capture cross sections for collisions in one-electron systems.49 Nevertheless, the extension

of the CTMC method to many-electron systems is not straightforward because a classical
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two- (or many-) electron system is unstable. It is well-known that the electron-electron

repulsion term is responsible for the unphysical autoionization of the classical He atom,

where one electron loses energy moving to a trajectory with smaller radius and the other

electron is ejected. In order to circumvent this limitation, the s-CTMC method describes

a two-electron collision system by means of the two-electron hamiltonian, including the

electron-electron repulsion term, when the electrons are bound to different nuclei and the

unphysical autoionization does not take place. However, when both electrons are bound to

the same nucleus, a model-potential description is applied for both electrons. The method

has been successfully applied H+H and H++H− collisions,41 yielding total cross sections

in good agreement with the experimental ones. The present work is the extension of the

method to systems with several electron pairs.

The paper is organized as follows. In section 2 we summarize the methods, MFCC and

s-CTMC, employed in our calculations. The calculated PECs of the ArH+ quasimolecule are

presented in section 3.1, where we discuss the application of the BD method. We present in

section 3.2 the dynamical results of the application of the MFCC method, and in sections

3.3 and 3.4 the results of the s-CTMC calculation. Our results are summarized in section 4.

Atomic units are employed unless otherwise stated.

2. Theoretical methods.

2.1 Semiclassical MFCC method

In the semiclassical calculation we employ the impact parameter approximation in which

the nuclei follow straight-line trajectories R =b + vt, where R is the internuclear vector, b

the impact parameter vector, and v the relative velocity. The electronic degrees of freedom

are described quantum-mechanically by the wave function Ψ(r, t; b, v), where r is the set of
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electron coordinates. Ψ is a solution of the semiclassical equation:

HelΨ = i
∂Ψ

∂t
, (7)

where Hel is the clamped-nuclei Born-Oppenheimer electronic hamiltonian. We apply an

effective potential approach that assumes that the valence electrons move in the average

potential created by nucleus and the core electrons. Accordingly Hel for H++Ar collisions

has the form:

Hel(r;R) =

Nel∑
i=1

[
−∇

2
i

2
+ V sp(ri)−

ZH

rHi

]
+

Nel∑
i>j

1

rij
+
ZArZH

R
(8)

In this expression, ZAr = 18 and ZH = 1 are the nuclear charges and Nel = 8 the number

of active electrons electrons; ri are the electron position vectors with respect to the Ar

nucleus and rHi are the electron position vectors with respect to the H nucleus. V sp(ri) is

a pseudopotential. In the calculations we have employed the relativistic pseudopotential of

Pacios and Christiansen.50

The collision wave function is expanded in a set of molecular functions, φk(r;R) which

are approximate eigenfunctions of Hel:

Ψ(r, t; b, v) = D(r, t)
∑
k

ak(t; b, v)φk(r;R) exp

[
−i
∫ t

0

dtεk(R)

]
, (9)

where D is a common translation factor51 and εk are the electronic energies that are the

approximate eigenvalues of Hel

Hel(r;R)φk(r;R) = εk(R)φk(r;R). (10)

The substitution of the expansion (9) into the semiclassical equation (7) leads to a set of

first-order differential equations for the coefficients ak(t). If the system is initially described
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by the molecular function φi, the system of differential equations is solved with the initial

condition

lim
t→−∞

ak(t) = δik. (11)

The transitions are driven by the non-adiabatic (also called dynamical) couplings, which

are proportional to the matrix elements of the nuclear gradient. The probability, Pj(b, E)

for the transition from φi to φj is:

Pj(b, E) = lim
t→+∞

|aj(t)− δij|2, (12)

and the total cross section for this transition is:

σj(E) = 2π

∫ ∞
0

bPj(b, E). (13)

The differential cross section can be calculated, in the impact parameter approximation,

from the coefficient ak, as explained by Piacentini and Salin.52 However, in this work we

have employed the simple expression:53,54

dσj(θ, E)

dΩ
=

[
dσ(θ)

dΩ

]
classical

Pj(b, E), (14)

which is obtained53 by applying the stationary phase approximation to the partial wave

expression of the differential cross section, and the substitution of the stationary phase

momentum by the classical momentum that corresponds to the classical scattering angle. In

the simple formula (14), the inelastic differential cross section is given by the product of the

elastic classical differential cross section and the semiclassical transition probability. The

application of this expression requires the correspondence between the scattering angle (in

the laboratory frame) and the impact parameter. Previous work for He2++H collisions of

Winter et al.55 used this expression with Coulomb trajectories. They found that the results

for electron-capture cross sections agreed with those obtained without using the stationary
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phase approximation with about 10–20% errors for energies between 1 and 70 keV. The

equation (14) was also employed by Errea et al.56 to discuss the shape of the elastic cross

section in He++H collisions for 1.5 < E < 5 keV. This latter work pointed out that, the use

of Coulomb trajectories, defined by the nuclear repulsion interaction, yields results that agree

with those obtained from the use of the energy of the entrance channels for E ≥ 10 keV,

which is more accurate at lower energies. Since we have applied the approximation (14)

at 1 < E < 5 keV, we have calculated the classical deflection function and the ensuing

differential cross section with the energy ε1(R) of the ground electronic state of ArH+.

2.2 s-CTMC method

As in the semiclassical method of subsection 2.1, we assume in the CTMC calculations recti-

linear nuclear trajectories.57 For a one-electron system, the electronic motion is represented,

for each nuclear trajectory, by a classical distribution function ρ(r,p, t; b, E), where r and p

are, respectively, the electron position and momentum vectors. The electron distribution is

a solution of the Liouville equation:

∂ρ

∂t
= −[ρ,H], (15)

where H(r,p, t) is the classical hamiltonian for the electron motion. The discretization of

the distribution leads to the Hamilton equations that define a set of N electron trajectories

{rk(t),pk(t)}k=1,...,N . In the present application, we consider two independent electrons that

are initially bound to the Ar atom. The interaction of the active electrons with the Ar+ core

is described by the central model potential:58

VAr+(r) = −Z −Nc

r
− Ae−Br + (Nc − A)e−Cr

r
(16)

With Z = 18, Nc = 17; the parameters A = 5.4, B = 1, C = 3.682 have been obtained by

fitting the Ar ionization energies.59 This model potential has been previously employed in
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CTMC calculations by Labaigt et al.60 The total classical hamiltonian for each electron pair

is:

H(r1, r2,p1,p2, t) = h(r1,p1, t) + h(r2,p2, t), (17)

with

h(ri,pi, t) =
p2i
2

+ VAr+(ri)−
1

rHi

. (18)

Initially, both electrons are bound to the Ar nucleus and we have:

h(ri,pi, t→ −∞) = hini(ri,pi) =
p2i
2

+ VAr+(ri), (19)

and the system is described by products of two independent microcanonical distributions:

ρ(r1, r2,p1,p2, t→ −∞; b, v) = K−1δ[hini(r1,p1)− εlAr]δ[h
ini(r2,p2)− εlAr], (20)

where K−1 is a normalization constant and εlAr (with l = 0, 1) are, respectively, the energies

of the orbitals 3s and 3p. The distributions have been generated as explained in Ref. 61.

When the collision starts, the two electrons remain bound to the Ar nucleus and the two

one-electron hamiltonians,

hAr(ri,pi, t) =
p2i
2

+ VAr+ with i = 1, 2, (21)

are negative, while the corresponding ones with respect to the H reference frame,

hH(ri,pi, t) =
(pi − v)2

2
− 1

rHi

with i = 1, 2, (22)

are positive.

During the collision, the electron i can be captured, yielding hAr(ri,pi, t) > 0 and

hH(ri,pi, t) < 0. In this case, each electron is bound to different nuclei and the classi-

cal two-electron system is stable. Therefore, the electron-electron repulsion is explicitly
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included, and then we switch to the hamiltonian:

H =
p21
2

+
p22
2

+ VAr2+(r1) + VAr2+(r2)−
1

rH1

− 1

rH2

+
1

r12
(23)

The new hamiltonian includes a model potential VAr2+ to describe the electron interaction

with the Ar2+ core. This model potential is of the form of Eq. (16) and with Z = 18, N =

16, A = 7.704, B = 5.796, C = 1.413, obtained using the Talman’s code.62

If both electrons are captured, the classical system is unstable when including the electron-

electron repulsion term. Accordingly, we switch to the model-potential description, as in

Jorge et al.41

H(r1, r2,p1,p2, t) = h(r1,p1, t) + h(r2,p2, t), (24)

where

h(ri,pi, t) =
p2i
2

+ VH(ri) + VAr2+(ri) (25)

and

VH(ri) = −1 + αrHi

rHi

exp (−2αrHi) (26)

with α = 0.65 (see Ref. 41). In this case, we have for both electrons:

εAr(i) =
p2i
2

+ VAr2+(ri) > 0 (Ar reference frame) (27)

εH(i) =
(pi − v)2

2
+ VH(|ri −R|) < 0 (H reference frame) (28)

In the limit t→∞, the trajectories are classified according to the electronic energies of

both electrons in the two reference frames εAr(i) and εH(i):

• Elastic collision or electronic excitation (E): εAr(1) < 0 and εAr(2) < 0.

• Single electron capture (SC): εAr(i) < 0 and εH(j) < 0.

• Single ionization (SI): εAr(i) < 0 and both εAr(j) > 0 εH(j) > 0.
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• Transfer ionization (TI): εH(i) < 0 and both εAr(j) > 0 εH(j) > 0.

• Double ionization (DI): εAr(i) > 0 and εH(i) > 0 for both electrons.

• Double electron capture (DC): εH(i) < 0 for both electrons with εAr(i) > 0 for both

electrons.

In the calculations, the two-electron trajectories are integrated from an initial nuclei

position Zin = vtin up to Zf = vtf (in our calculation Zin = −50 bohr; Zf = 500 bohr), and

the probability of each process, for a given collision with impact parameter b and energy E,

pr(b, E), is the fraction of trajectories yielding this particular process:

pr(b, E) =
Nr

N
, with r=E, SC, SI, TI, DI, DC. (29)

In the present calculation we have employed N = 106 trajectories for E ≤ 100 keV and

N = 4.84 × 106 trajectories for E > 100 keV, where the calculation of small probabilities

requires a larger statistics.

For a given electron pair, the probabilities fulfill:

1 = pE + pSC + pSI + pTI + pDI + pDC . (30)

Assuming that the four valence electron pairs are independent, we can obtain the proba-

bilities, Pr for the eight-electron system from the corresponding two electron probabilities

of (29). Explicitly, if we call pssr the probabilities for the process r starting from a pair of

electrons in the 3s orbital, pmm
r the corresponding probability for a pair of electrons in the

3p orbital with a value m of the magnetic quantum number, we can express the probability

for H formation in the form:

PH = (pssSC + pssTI)
∏

mi
(1− pmimi

SC − pmimi
TI − pmimi

DC ) +∑
mi

(pmimi
SC + pmimi

TI ) (1− pssSC − pssTI − pssDC)
∏

mj 6=mi

(
1− pmjmj

SC − pmjmj

TI − pmjmj

DC

)
. (31)
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This expression corresponds to an inclusive probability, where one electron is captured but

the other electrons can be ionized. Likewise, using pE, an exclusive probability for SC can

be defined, in which the other electrons are neither captured nor released:

PSC = pssSC
∏

mi
pmimi
E +

∑
mi

pmimi
SC pssE

∏
mj 6=mi

p
mjmj

E , (32)

but there are not an experimental counterpart of this expression.

The calculations have been carried out by including in the initial distribution (20) for

the 3p orbital trajectories with all possible values of `z. This distribution is an average of

the three initial distributions considered in (31). Substituting the pair-electron probabilities

by the corresponding values from the average distribution (pmimi
r = pppr ), one obtains:

P IP2
H = (pssSC + pssTI) (1− pppSC − p

pp
TI − p

pp
DC)3 +

3 (pppSC + pppTI) (1− pssSC − pssTI − pssDC) (1− pppSC − p
pp
TI − p

pp
DC)2 . (33)

This formula yields the inclusive SC probability within the independent-pair treatment (IP2).

As in the standard IPM treatment, it considers that the one-electron exchange from the 3s

orbital, first term of (33), does not modify the probabilities for one-electron removal from the

3p subshell. Nevertheless, it can be argued that the removal of the second electron takes place

from an orbital of the cation Ar+ with a significantly smaller probability. Similarly, in the

second term of (33), the probabilities for the removal of the 3s electrons are not modified by

the exchange from the 3p subshell. This is the basis of the so-called independent event model

(IEVM).63 In previous calculations64,65 for ion-H2O collisions, we have applied this approach

by neglecting the probabilities for the removal of the second electron from a different subshell,

which leads to:

P IEV
H = (pssSC + pssTI) + 3 (pppSC + pppTI) (1− pppSC − p

pp
TI − p

pp
DC)2 . (34)
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The double-capture process can take place by the capture of electrons either from the

same orbital or from two different orbitals. The DC from the same orbital is:

P
(1)
DC = pssDC

∏
mi

(1− pmimi
SC − pmimi

TI − pmimi
DC ) +∑

mi
pmimi
DC (1− pssSC − pssTI − pssDC)

∏
mj 6=mi

(
1− pmjmj

SC − pmjmj

TI − pmjmj

DC

)
. (35)

The DC from two p orbitals is:

P
(2)
DC =

∑
mi

∑
mj<mi

p
mimj

DC (1− pssSC − pssTI − pssDC) (1− pmimk
SC − pmimk

TI − pmimk
DC )(

1− pmjmk

SC − pmjmk

TI − pmjmk

DC

)
(k 6= i and k 6= j). (36)

Finally, it is possible to capture one electron from the 3s and one electron from the 3p orbital,

which leads to:

P
(3)
DC =

∑
mi

psmi
DC (1− psmi

SC − p
smi
TI − p

smi
DC )

∏
mj 6=mi

(
1− pmjmj

SC − pmjmj

TI − pmjmj

DC

)
. (37)

In order to evaluate the probabilities P smi
r , we have calculated the transition probabilities

with an initial distribution of the form:

ρ(r1, r2,p1,p2, t→ −∞; b, v) = K−1δ[hini(r1,R)− εsAr]δ[h
ini(r2,R)− εpAr] (38)

As in (33) and (41), we have employed in the calculations of the DC probability a single

p distribution that includes all projections of the angular momentum on the Z axis, which

yields the approximate expression:

P IP2
DC = pssDC (1− pppSC − p

pp
TI − p

pp
DC)3 +

6pppDC (1− pssSC − pssTI − pssDC) (1− pppSC − p
pp
TI − p

pp
DC)2 +

3pspDC (1− pspSC − p
sp
TI − p

sp
DC) (1− pppSC − p

pp
TI − p

pp
DC)2 . (39)
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The IEVM version of this formula has the form:

P IEV
DC = pssDC + 6pppDC (1− pppSC − p

pp
TI − p

pp
DC)2 +

3pspDC (1− pspSC − p
sp
TI − p

sp
DC) . (40)

Using this formalism, one can also evaluate the inclusive probability P IP2
1ee for the one-

electron emission process, in which the single ionization takes place either without electron

transfer or together with one- or two-electron transfer:

P IP2
1ee = (pssSI + pssTI) (1− pppSI − p

pp
TI − p

pp
DI)

3 +

3 (pppSI + pppTI) (1− pssSI − pssTI − pssDI) (1− pppSI − p
pp
TI − p

pp
DI)

2 . (41)

and in the IEVM:

P IEV
1ee = (pssSI + pssTI) + 3 (pppSI + pppTI) (1− pppSI − p

pp
TI − p

pp
DI)

2 . (42)

The probability for two-electron emission is the inclusive probability for double ionization

and can be obtained with formulae similar to (39) and (40):

P IP2
2ee = pssDI (1− pppSI − p

pp
TI − p

pp
DI)

3 +

6pppDI (1− pssSI − pssTI − pssDI) (1− pppSI − p
pp
TI − p

pp
DI)

2 +

3pspDI (1− pspSI − p
sp
TI − p

sp
DI) (1− pppSI − p

pp
TI − p

pp
DI)

2 , (43)

and

P IEV
2ee = pssDI + 6pppDI (1− pppSI − p

pp
TI − p

pp
DI)

2 +

3pspDI (1− pspSI − p
sp
TI − p

sp
DI) . (44)
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In order to compare the results with the standard one-electron IPM treatment, we have

also calculated the probabilities for SI and SC (psSI, p
p
SI, p

s
SC, p

p
SC) for the single-electron pro-

cesses with the active electron moving in the potential created by the proton and the Ar+

core, described by the model potential (16). The probability for H formation is now:

PIPMH = 2psSC(1− psSC)(1− p
p
SC)6 + 6ppSC(1− psSC)2(1− p

p
SC)5 (45)

and, neglecting the simultaneous capture from different shells:

PIEVH = 2psSC(1− psSC) + 6ppSC(1− p
p
SC)5. (46)

Similarly, the one-electron emission probabilities are:

PIPM1ee = 2psSI(1− psSI)(1− p
p
SI)

6 + 6ppSI(1− psSI)
2(1− p

p
SI)

5; (47)

PIEV1ee = 2psSI(1− psSI) + 6ppSI(1− p
p
SI)

5. (48)

For comparison purposes, we have evaluated the probabilities for electron production (EP)

(also called net ionization) in the form:

PEP = 2psSI + 6ppSI, (49)

which includes all electron emission in the IPM approximation.66 Assuming that only emis-

sion of one or two electrons are relevant, the results from this expression can be compared

with the s-CTMC results:

P IP2
EP = P IP2

1ee + 2P IP2
2ee (50)
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and

P IEV
EP = P IEV

1ee + 2P IEV
2ee . (51)

3. Results and discussion

3.1. Molecular calculations

The molecular wave functions φk and the PECs, εk, have been obtained in a Multi-Reference-

Configuration-Interaction (MRCI) calculation with the program MELDF (see e.g. Ref. 67),

modified to calculate numerically the dynamical couplings.68 We have employed the Ar

Gaussian basis set of McLean and Chandler69 and the (13s, 8p, 5d) contracted to [5s, 4p, 2d]

basis or Errea et al.70 for H. Within the non-relativistic model, transitions between states

with different multiplicities are not allowed and, since the entrance channel is a singlet state,

we have computed the PECs and couplings in the singlet subsystem. Besides, in order to

calculate the dynamical couplings, it is useful to work in the Cs subgroup. Given that

the coupling operators have A′ symmetry and the entrance channel also belongs to the A′

irreducible representation, we have only considered 1A′ states, whose energies are displayed

in Figure 1, and the ground-state energy is compared with the self-consistent-field (SCF)

one calculated by Sidis.71 These energies (and the corresponding wave functions) have been

obtained by diagonalizing the system hamiltonian in the 3604 spin-adapted configurations

generated by considering single and double excitations from the reference configurations,

that correlate to Ar(3s23p6), Ar+(3s23p5)+H(1s) and Ar2+(3s23p4)+H−(1s2), subject to the

following rules:

• The molecular orbital correlating to Ar 3s orbital is always doubly occupied.

• The molecular orbitals correlating to Ar 3p hold between 3 and 6 electrons.

• The set of molecular orbitals correlating to H(n =1, 2 and 3) can hold up to 2 electrons.

• The molecular orbitals correlating to Ar 4s and 4p orbitals can hold up to 1 electron.
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These rules aim at producing a relatively small number of configurations that have the lowest

possible energies while they do not allow more than two electrons in the set of molecular or-

bitals that correlate to Hydrogen atomic orbitals. The molecular orbitals have been obtained

in a previous restricted-Hartree-Fock calculation.

The most conspicuous fact of this diagram is that the energies of the DC channels

H−+Ar2+ lie above the ionization threshold H++Ar+(2P o);59 i.e., the molecular states above

this limit correspond to a discretization of the molecular ionization continuum in the L2-

integrable basis.
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Figure 1: Potential energy curves of the 1A′ electronic states of the ArH+ quasimolecule.
The thick full-line is the energy of the collision entrance channel, while the circles are the
data calculated by Sidis;71 the dashed lines are the energies of the states dissociating into
H+Ar+. The thin solid lines are other states correlating to excitation, single or double
electron capture. The energies of the H++Ar+(2P o) ionization threshold and the channel
H−+Ar2+(1S) are also indicated in the figure.

From inspection of the PECs, one expects that the probabilities for populating the SC

states, which are the first excited states, will be relatively high in comparison to that of

populating the DC states, which are very excited and are found above a series of excitation
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and SC states. The first step in the SC mechanism is the transition, at R ' 6 bohr, from the

ground state to the first and second excited states that dissociate into H(n = 1)+Ar+(2P o).

Part of the population of these two states is then transferred to other molecular states at

shorter distances, leading to SC into hydrogen excited states.
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Figure 2: Potential energy curves of the 1A′ electronic states of the ArH+ quasimolecule,
calculated using the block-diagonalization method (thick solid– and dashed–lines). The thin
solid-lines are those of Figure 1. The shaded area indicates the energies above the ArH+

ionization threshold.

Assuming that the collision characteristic time is large compared to the autoionization

lifetime, it is possible to calculate the DC cross section with the molecular basis of Figure 1.

However, it requires to identify the molecular states dissociating into H−(1S)+Ar2+(1D),

whose energies show many avoided crossings with that of the continuum and Rydberg states.

To overcome this difficulty, we have considered an alternative basis of states by using a BD

technique similar to that employed in collisions of multicharged ions with H2.
72–74 In this

technique, we diagonalize the Hamiltonian matrix in the subspace that does not include the

molecular Rydberg series dissociating into H∗+Ar+(2P o). In practice, our CI basis excludes
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configurations where the molecular orbitals that correlate to H(n ≥ 3) are singly occupied.

As before, we consider a set of reference configurations that describe the entrance channel,

the SC channel to H(n = 1, 2), and the DC channel, and generate a list of additional

configurations subject to the rules:

• The molecular orbital correlating to Ar 3s orbital has a minimum of 1 electron.

• The molecular orbitals correlating to Ar 3p hold between 3 and 6 electrons.

• The set of molecular orbitals correlating to H orbitals with n =1, 2 and 3 always hold

2 electrons, in order to exclude the Rydberg molecular states.

• The molecular orbital correlating to Ar 4s and 4p orbitals can hold up to 1 electron.

The final CI space has 4366 spin-adapted configurations. We have obtained the lowest

30 adiabatic roots of the corresponding hamiltonian. These states have been diabatized

following Errea et al.74 to remove only very narrow avoided crossings and 10 states, out

of the initial 30, have been selected to carry out the eikonal calculation. The 10 selected

states are plotted with solid and dashed thick lines in Figure 2. In that figure, the thin lines

correspond to the energies of the excited states calculated without using the BD restriction.

It must be noted that our calculation yields three molecular states (thick-dashed lines in

Figure 2) that correlate to the bound state of H− and several excited channels, (thick-full

lines) that correlate to states of H− above the ionization threshold; they are discretized

representations of H− continuum, but we have kept them in the scattering CI basis set

because their PECs exhibit avoided crossings with those of the asymptotically bound states.

3.2. MFCC calculations

At low collision energies, the target ionization is unimportant and the experimental cross

sections of H formation can be compared to the calculations of SC. As the impact energy

increases, SI and TI become relevant and the MFCC method cannot be applied. We compare
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in Figure 3 our total SC cross sections calculated with the 10 molecular wave functions

described above. This basis includes only two states to account for the electron capture to

H(n = 1), but we have checked that including the channels that dissociate into Ar++H(n =

2) and Ar++H(n = 3) does not change the total SC cross section in more than 2%. This

feature is also found in calculations performed with molecular wave functions including SC

channels up to H(n = 3), obtained without the BD procedure. We find good agreement

between the MFCC cross section and the experiments for E . 8 keV. At these energies, our

calculations clearly show better agreement with the experiment than that of Kirchner et al.35

and Fremont,23 but it overestimates some experimental values for 8 < E < 10 keV, where

ionization starts to be sizable (see Figure 7). Only the END calculation of Cabrera-Trujillo

et al.38 has provided total SC cross sections for E < 1 keV, but their values lie below the

experiments and our curve for E > 200 eV.

In Figure 4 we plot the total cross section for H− formation. At low energies, the H−

is formed in the DC process (3), and it is expected that the contribution of three-electron

processes as (5) is very small, as was pointed out in the pioneering work of Williams.11

The semiclassical calculation has been carried out with the 10-states basis set that includes

the ground state, the two states leading to SC into Ar++H(n = 1), and seven states that

asymptotically dissociate into Ar2++H−; three of them dissociate into the lowest (bound)

electronic state of H− (see Figure 2), while the others lead to excited H−, which will eventually

autoionize.

The inspection of the time evolution of the populations |ak|2 from (9) poins out that the

DC states are populated through a two-step mechanism via a first transition to the SC states.

In fact, the total cross section calculated without SC states is an order of magnitude smaller

than the one shown in Figure 4. As the energy increases, the transitions to other SC and

excitation channels become relevant and the BD basis is not appropriate. In the illustration

of Figure 4 we have limited the energy range to E ≤ 5 keV, since at E = 5 keV our cross

section is clearly higher than the experimental values.10,11,13,17 The first maximum of the
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Figure 3: Total cross section as function of the collision energy for H formation in H++Ar
collisions. (a) Present calculations: Full line, MFCC calculation; dashed line, s-CTMC
calculation [Eq. (34)], compared to experimental results: ◦;75 J;24 •;25 ×;10 /;76 �;26 (· · ·);27
+;77 ∗;78 �;28 N;30 H;31M.32 (b) Present results compared to previous calculations: (−·−∗−·),
BGM-IPM;36 (−·− I −·), AOCC-IPM;37 (−·−N−·), END;38 (−·−×−·), AOCC-IPM;38

•, TDDFT;21 (- - + - -), CTMC.23
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experimental cross sections at E ≈ 5 keV is not reproduced by our MFCC calculation since

the above-mentioned transitions to states not included in the basis produce an overpopulation

of the DC channels. For E ≤ 3 keV, we obtain good agreement with the experiments

of Morgan and Eriksen13 and Martinez et al.,17 and our results are higher than that of

Williams.11
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Figure 4: Total cross section as function of the collision energy for H− formation in H++Ar
collisions. Present results: dashed line, MFCC calculation; full line, s-CTMC calculation
[Eq. (40)]. Experimental results: I;10 �;11 ♦;12 O;13 N;14 ◦.17 Previous calculations: (· · · ×
· · ·);17 (· · · ∗ · · ·);21 (· · ·+ · · ·).23

A stringent test of the MFCC calculation is provided by the comparison of the calculated

differential cross sections for DC with the measured values of Martinez et al.17 (see Figure 5).

In the calculation we have applied the stationary phase expression (14) with the transition

probabilities for population of the DC channels obtained with the BD basis set. Considering

that the total cross section deviates from the experiment at E ≥ 5 keV, we present the

calculations at E = 1 and E = 3 keV. Since the PEC of the ground molecular state has

a minimum, the classical deflection function exhibits a rainbow at θr ≤ 0.37◦ for these
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energies. Given that the expression (14) does not take into account the interference between

the trajectories leading to the same scattering angle, the calculation is limited to θ > θr.

We have checked that our elastic deflection function at E = 1 keV is practically identical to

that of Sidis,71 in accordance with the good comparison of the corresponding ground-state

potentials plotted in Figure 1. On the other hand, the calculation of transition probabilities

for large scattering angles (small impact parameters) involves PECs and couplings at small

internuclear distances. At these short distances, the presence of many avoided crossings

precludes the identification of the molecular states and the truncation of the basis. Besides,

the BD technique is based on the asymptotic character of the molecular orbitals, which has no

meaning at short internuclear distances. Our calculation has considered impact parameters

larger than b = 0.7 bohr, leading to the differential cross sections for θ < 2◦ of Figure 5. In

this respect, it must be noted that the calculation of differential cross sections at E > 5 keV

would involve smaller distances.

From inspection of Figure 5, one can note that, in spite of the simple method employed,

the estimate of the differential cross sections at E = 1 keV correctly reproduces the order

of magnitude and the angle dependence of the measurements, while the statistical model

of Juhász40 systematically overestimates the experimental cross section. The shape of the

cross section is determined by that of the classical elastic cross section, with some structures,

due to the oscillations of the transition probabilities. These structures might be smeared

out by increasing the basis size, and are difficult to observe in the experiment that has a

resolution of 0.1 degree. At E = 3 keV the calculation overestimates the experimental cross

section for θ > 0.5◦ probably because of the lack of molecular states which are populated

at low internuclear distances, removing part of the population of the DC states. Although

this difficulty is not relevant in the calculation of the total cross section, it indicates the

main limitation of our model, in particular in order to extent the calculation to high impact

energies.
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Figure 5: Differential cross section for double electron capture as function of the scattering
angle in H++Ar collisions for E = 1 and 3 keV. Full lines, present results. N, results of
Juhász40 for E = 1 keV. •, experimental results of Martinez et al.17

3.3. CTMC calculations for H and H− formation

The total cross sections for H production, calculated with the s-CTMC and the IEVM inter-

pretation (34) are plotted in Figure 3. The present calculations agree with the experimental

results of Refs. 75, 24, 78, 28 and 31 for E & 25 keV, which supports our method at these en-

ergies. Our results also agree with the calculations of Refs. 36 and 21 for 25 . E . 100 keV.

Although our MFCC and s-CTMC calculations cover a wide energy range, the two calcula-

tions do not merge because of the limitations of the MFCC at energies where ionization is

relevant, as well as the difficulties of the classical methods at low energies. In one-electron

systems, the CCAO methods are appropriate to cover the energies near the maximum of

the SC total cross section (see Ref. 79). For H+ + Ar collisions, the main limitation of

the CCAO methods is the use of the IPM approximation. However, the good agreement of

the results of Amaya-Tapia et al. (CCAO-IPM)37 and Kirchner et al.36 (BGM-IPM) with

the 8-electron MFCC calculation and with the experiment of Rudd et al.31 at E = 10 keV,
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indicates that these CCAO calculations are reliable at E ' 10 keV (see also the low-energy

range of Figure 6). At E = 10keV, the TDDFT cross section of Wang et al.21 is below the

the CCAO results36,37 and it is close to the s-CTMC value.
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Figure 6: Total cross section for H formation as function of the collision energy in H++Ar
collisions. Present calculations: (—�—), s-CTMC with IEVM interpretation [Eq. (34)];
(—J—), s-CTMC with IP2 interpretation [Eq. (33)]; (− − ♦ − −), one-electron CTMC
with IEVM interpretation [Eq. (46)]; (- -/ - -), one-electron CTMC with IPM interpreta-
tion [Eq. (45)]; (—I—), MFCC calculation. The experimental results of Rudd et al.31(H)
are included for comparison. Other experimental data are shown in Figure 3. Previous
calculations of Refs. 36 (−−−) and 21 are also included.

In order to further explore the workings of the s-CTMC calculations, we compare in

Figure 6 the cross sections for H production obtained with the s-CTMC and with the standard

one-electron-CTMC calculation, both with the same model potentials. In the s-CTMC

we consider the two interpretations given by Eqs. (33) and (34), and the corresponding

expressions (45) and (46), in terms of the one-electron probabilities for single capture and

ionization. The results displayed in Figure 6 show that s-CTMC and one-electron-CTMC

calculations agree for 10 < E < 200 keV when using the same many-electron interpretation,
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which support both calculations. For E < 50 keV, we find differences between the two

interpretations, and the IEVM shows better agreement with the experiments than the IPM

one.

The s-CTMC total cross section for H− formation is plotted in Figure 4. As in Figure

3, we only plot the IEVM result of Eq. (40). Our cross sections agree with the high-energy

experiments12,14 for E ≥ 100 keV. Since previous calculations of the cross section for H−

formation are unsatisfactory, our s-CTMC represents a significant improvement. However,

our calculation is not able to reproduce the two maxima structure of the experimental cross

sections. The first maximum at E ' 5 keV is not reproduced because of the difficulties of

the MFCC calculation explained in subsection 3.2 . With respect to the second maximum,

at E ≈ 30 keV, we find that the s-CTMC results underestimate the experimental ones10–13

by a about a factor of two. The pioneering work of Williams11 explained the maximum at

E ≈ 25 keV as due to the three-electron process (5). One can note that our formulae (39),

(40) include the probability for this process; for instance, the second term of (40) is:

6pppDC (1− pppSC − p
pp
TI − p

pp
DC)2 = 6pppDC (pppE + pppSI + pppDI − p

pp
DC)2 (52)

The leading term is 6pppDCp
pp
E , but it contains the product pppDCp

pp
E p

pp
SI that correspond to the re-

action where two electrons are exchanged and a third electron is emitted. This description is

probably not accurate, taking into account that our method explicitly considers two-electron

processes, and the probabilities for three-electron reactions are obtained by multiplying the

probabilities from the two-electron calculation. This limitation is similar to that found in the

one-electron CTMC in calculating the probabilities for two-electron processes by multiplying

one-electron probabilities.
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3.4. CTMC calculations for electron production

The EP is the dominant process for E > 25 keV, and the large probabilities allow us to

extend the CTMC calculations up to E = 400 keV with the same statistics employed for E ≤

200 keV. In general, the CTMC calculations with initial microcanonical distributions yield

accurate ionization cross sections with the exception of the ionization threshold, where the

transitions from the classically forbidden region of the quantal distribution are particularly

relevant, although this problem is much less important for processes starting from excited

shells.80,81 In order to discuss the accuracy of the microcanonical calculations, we compare in

Figure 7 the results from Eq. (49) with previous calculations and experiments. Note that a

linear scale has been used in Figure 7 to ease the comparisons. The one-electron CTMC cross

section is lower than the experimental one for E = 30 keV, probably because of the use of

the microcanonical distribution, but the effect is not large, and the total cross section agrees

with the one-electron calculation of Ref. 35. For E > 30 keV, the standard one-electron

CTMC calculation [Eq. (49)] overestimates the experimental values although the discrepancy

near the maximum is relatively small compared to the uncertainties (± 10−16 cm2) of the

experimental values, indicating that the difficulties in representing DI and TI processes are

not very important in this calculation. The cross section from the CTMC calculation agrees

with that of Kirchner et al.35 using the so-called response approximation. Kirchner et al.35

discussed that their calculation, and also the present one, does not include the autoionization

contribution to the EP. They estimated this contribution by considering the probabilities of

excitation to doubly-excited states in the IPM, which leads to large cross sections that are

probably overestimated.

The results of applying the s-CTMC with the IP2 interpretation (50) agree with the

experiment for E > 20 keV, which indicates that the contribution from two-electron processes

is improved in the s-CTMC treatment. However, the use of the IEVM interpretation (51)

leads to a large total cross section that suggests that the complete neglect of simultaneous

electron removal from different subshells is too restrictive for the EP process.

28



In order to understand the different behavior of the IEVM (34), (42), and IP2 (33), (41)

formulae of H and electron production we start by considering the first term of (33):

(pssSC + pssTI) (1− pppSC − p
pp
TI − p

pp
DC)3 .

The IP2 approximation is based on the assumption that the removal of the second electron

(a p electron in this example) is not influenced by that of the first one (the s electron). The

calculations at E . 30 yield pssSC ≈ pppSC and these probabilities reach values larger than 0.25,

with small probabilities for the other capture and ionization processes. Accordingly, at the

lowest energies of Figure 6, the factor (1− pppSC − p
pp
TI − p

pp
DC)3 leads to an important reduction

of P IP2
H . The alternative IEVM formula (34) assumes that the probability of removing the

second electron from a different subshell is not physical, since it corresponds to extract an

electron from a singly-charged cation. The equation (34) takes pppSC = 0 in (53), which

corresponds to a limit situation applicable when the capture probabilities are large, as found

in Figure 6. Similarly, in the standard one-electron treatment, the IEVM approach (46) is

more appropriate than the IPM one (45).

On the other hand, the first term of the IP2 probability for one-electron production (41)

is

(pssSI + pssTI) (1− pppSI − p
pp
TI − p

pp
DI)

3 .

In this case, the calculations lead to pssSI ≈ pppSI/2 for E ≤ 100 keV. The relatively small

ionization probability from the 3s subshell (. 0.15) will be of little significance to avoid

ionization from the 3p subshell, which explains that the IEVM is too stringent to calculate

the one-electron production probability.
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Figure 7: Total cross section for electron production as function of the collision energy
in H++Ar collisions. Present calculations: (—•—), s-CTMC with IEVM interpretation
[Eq. (51)]; (—J—); s-CTMC with IP2 interpretation [Eq. (50)]; (− C −), one-electron
CTMC [Eq. (49)]. Recommended data: H.82 Previous calculations: (– N –);35 (– + –).23
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4. Summary

We have reported calculations of cross sections for capture and ionization processes in pro-

ton+Ar collisions. This collision system has been studied in several experimental works, but

the calculations are not able to accurately represent two-electron processes. We have applied

two methods. At low energy (100 eV< E < 10 keV), the ionization is not competitive with

the electron capture process, and we have employed an expansion in a molecular basis set,

which leads to cross sections for H formation in good agreement with the experiments for

these energies. Indeed, the difference between the cross section for H-formation and the

experimental data at E ≈ 20 keV is close to the experimental EP cross section, which points

out that the MFCC yields the cross section for Ar electron-loss. The two-electron capture

has been described by applying a block-diagonalization method to calculate the molecular

autoionizing functions that dissociate into H−+ Ar2+(1D). Although the total cross sections

are very small (of the order of 10−18 cm2), our semiclassical values present reasonably good

agreement with the experimental ones. The differential cross sections for double electron cap-

ture have been estimated using a stationary-phase approximation. The calculation shows

that the shape of the experimental cross section as function of the scattering angle is given by

the classical dispersion in the potential of the ground electronic state of the ArH+ molecule.

The non-adiabatic transitions introduce some narrow structures. The main limitation of this

calculation is the difficulty of describing the transitions at large scattering angles.

The calculation at intermediate energies has been carried out by applying the s-CTMC

method, which has been successfully implemented for two-electron systems in Ref. 41. We

have checked that the s-CTMC yields cross sections for H formation very close to that

obtained in the standard, one-electron CTMC treatment with the same model potential, but

the method improves the results for H− formation, which in the standard one-electron CTMC

are overestimated by almost one order of magnitude. The main limitation of the technique is

the uncertainty in the calculation of many-electron probabilities involving several (sub)shells.

This difficulty is relevant at relatively low collision energies, and also limits the application
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of the conventional one-electron CTMC method. Our results for H++Ar collisions show that

the IEVM formulae are preferable for H−- and H-formation reactions for 10 . E . 50 keV,

while IP2 and IEVM interpretations agree for E & 50 keV. The electron-production process

is in general better described by the IP2 interpretation.
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