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Abstract. Cross sections of electron-impact detachment of negative ions and of mutual
neutralization between positive and negative ions are calculated using a model based on the
semiclassical theory for ion–atom collisions but modified to include Coulomb trajectory effects.
It is shown that the method allows us to obtain accurate results for collisions down to low
energies. The Coulomb repulsion between the electron and the negative ion accounts for the
rapid decrease of detachment cross sections at low energies, and the Coulomb attraction between
positive and negative ions accounts for the rapid increase of neutralization cross sections at low
velocities.

1. Introduction

In two recent papers, Andersenet al (1995) and Vejby-Christensenet al (1996) reported
electron-impact detachment cross sections of D− and O− ions at energies from threshold
to about 30 eV in a merged-beam experiment carried out using the ASTRID Storage Ring.
The experimental result shows that the electron detachment cross sections are nearly flat at
higher energies butdecreaserapidly when the threshold is approached. Compared to the
earlier experiments done in the 1970s (Waltonet al 1970, 1971, Peart and Dolder 1973),
the new experiments were able to measure detachment cross sections near the threshold
and refuted the existence of resonances in D2− claimed in earlier experiments (Waltonet
al 1970, 1971) and theories (Taylor and Thomas 1971, Thomas 1974). The lack of such
resonances has been addressed more recently in theR-matrix calculation (Robicheauxet al
1994) and in calculations based on the hyperspherical approach (Yanget al 1996).

The electron-impact detachment of negative ions near threshold has not been extensively
examined so far. The threshold law derived using quantum theory by Hartet al (1957)
predicted a cross section which increases exponentially with energy but its region of validity
is not known. To explain the observed energy dependence of electron-impact detachment
cross sections, Andersen and co-workers developed a simple classical reaction theory and
they were able to explain the measured cross sections with two fitted parameters. A
semiclassical theory based on the tunnelling model (Demkov and Drukarev 1965, Smirnov
and Chibisov 1966), has also been used to discuss electron-impact detachment of negative
ions. However, the latter fails to account for the experimental results. On the other hand,
both theories demonstrated the importance of accounting for the Coulomb repulsion between
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the two negative charged particles in describing electron-impact detachment processes at low
collision energies.

While a rigorous treatment of electron-impact detachment of negative ions near threshold
requires a full quantum mechanical theory, in this paper we show that a simple semiclassical
treatment including the Coulomb repulsion on the electron’s trajectory can explain the
measured total detachment cross sections over the whole range from near the threshold
up to the highest measured energy point at about 30 eV. In this approach we treat the
incident electron as a classical particle but the active target electron is treated in a quantum
mechanical description. We will show that the rapid decrease of detachment cross sections
at low energies can be accounted for primarily by the effect of Coulomb repulsion on the
classical trajectory of the incident electron. Partial justification for treating the incident
electron classically is given later.

We have also applied the semiclassical theory to study total neutralization cross sections
between positive and negative ions for centre-of-mass energy down to about 1 eV. In this
case the Coulomb attraction between the positive and negative ions is toincrease the
neutralization cross section at lower energies. Results from such calculations for He+ on
H− and Li+ on D− collisions will be shown and compared with the measured results of
Peart and Hayton (1994) which covered the centre-of-mass energy from 0.6 to about 300 eV.

The basic theoretical model is briefly described in section 2. The results from
the semiclassical calculations are compared with the measurements for electron-impact
detachment cross sections of D− and O− in section 3.1 and for neutralization cross sections
of He+ on H− and Li+ on D− in section 3.2. A brief summary concludes the paper. Atomic
units are used unless otherwise noted.

2. Theoretical model

The starting point of this model is the standard close-coupling theory for treating ion–atom
collisions using atomic orbitals as basis functions (Fritsch and Lin 1991). Calculations are
carried out within the impact parameter formalism using a one-active-electron approximation
for the target negative ion. The time-dependent Schrödinger equation describing the collision
on target ion A by a projectile B, with potentialsUA andUB , respectively, is[

−1

2
∇2

r + UA(rA) + UB(rB) − i
∂

∂t

]
9 = 0 (1)

where the distancesrA and rB are the position vectors of the active electron with respect
to the target centre A and projectile centre B, respectively. The potentialUA describing the
negative ion is taken to be a short-range Yukawa-type central potential,

UA(r) = −e−βr

r
. (2)

To describe electron-impact detachment on negative ions, we solve equation (1) by
expanding the time-dependent wavefunction as

9(b, Er, t) =
NA∑
j=1

aA
j (b, t)uA

j (3)

where the atomic basis functionsuA
j include the ground state and a set of pseudostates

approximately representing the continuum states of the detached electron. Substitution of
equation (3) into equation (1) and projecting out to the space of the basis set gives a set
of coupled first-order differential equations for the expansion coefficients. The coupled
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equations are solved with a known initial condition and given trajectory to obtain total
detachment probability for each impact parameter. In most of the applications in ion–
atom collisions the trajectory of the incident particle is taken to be a straight line. This
approximation is invalid for incident electrons in the low-energy region being considered.
The Coulomb repulsion between the incident electron and the negative ion would deflect
the electron along a curved trajectory. Instead of rewriting the computer code to include a
curved trajectory in the calculation we made the following approximation. For each impact
parameterb, the Coulomb repulsion would result in a distance of closest approachrc for
projectile with incident energyE,

rc = ± 1
2D0 +

√
( 1

2D0)2 + b2 (4)

whereD0=1/E with E being the incident energy, and the positive (negative) sign is for the
repulsive (attractive) Coulomb force.

If we assume that detachment occurs only near the distance of closest approach, then the
easiest way to account for Coulomb deflection is to interpret the probability for detachment
at impact parameterb in a straight-line trajectory calculation to be the detachment probability
at the distance of closest approach in a curved trajectory calculation. This substitution has
the effect of shifting the transition probabilities to smaller impact parameters when the
Coulomb repulsion is considered and thus to reduce the detachment cross sections at low
energies.

The above consideration implies that the cross section for neutralization between positive
and negative ions will be enhanced if the Coulomb attraction between the ions is included.
The deflection is such that the range of impact parameters is increased by the Coulomb
attraction even if the range of the distances of closest approach remains the same.

For the neutralization process the electron in the final states is on the projectile. Thus
the time-dependent wavefunction should be expanded in terms of basis functions,uA

j and
uB

j ′ , on the two collision centres,

9(b, Er, t) =
NA∑
j=1

aA
j (b, t)uA

j ηA
j +

NB∑
j ′=1

aB
j ′ (b, t)uB

j ′ η
B
j ′ (5)

whereηC
j is the plane-wave electron translational factor (ETF) for atomic states associated

with centreC = A, B.
Calculations for neutralization cross sections in(He+, Li+) + H− collisions have been

carried out by Ermolaev (1992) at energies above about 100 eV amu−1 using a straight-line
trajectory. We apply the Coulomb correction to the trajectory and extend the calculation to
energies below 1 eV.

3. Results and discussion

3.1. Detachment cross sections

We first discuss electron-impact detachment cross sections of D−. The experimental results
are shown in figure 1 as open circles. In the theoretical calculations two model potentials
were adopted for describing D−. In the first case, we use the Yukawa potential, equation (2),
adopted from the work of Ermolaev (1992) where the parameterβ = 0.8815. The binding
energy obtained from this model potential is−0.027 59 au which is to be compared to
the experimental value of−0.027 56 au. In the close-coupling calculation, besides the
ground state, a number of pseudostates are included and they are listed in table 1. The
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Figure 1. Electron impact detachment cross section of D− as a function of collision energy.
Experimental data are from Vejby-Christensenet al (1996). The broken curve is from the present
semiclassical calculation assuming straight-line trajectories and the full curve gives the results
after including the Coulomb trajectory effect, using a Yukawa model potential for D−. The
dotted curve is calculated with a screened model potential for D− including Coulomb trajectory
effect.

Table 1. The first two columns give the states and energies of the atomic basis functions in the
calculation. The last two columns give the parameters of the Slater orbitals used to diagonalize
the model Hamiltonian.

nl εn (au) nj αj

1s −0.027 59 0 2.5000
2s 0.006 96 0 1.6666
3s 0.043 34 0 0.3000
4s 0.069 96 1 0.3333
5s 0.194 23 1 1.2500

2 0.2500
2 0.7500
3 0.5000

2p 0.005 12 1 0.6666
3p 0.031 03 1 0.1250
4p 0.177 19 2 1.2500

3 0.3333

3d 0.025 34 2 0.5000
4d 0.104 44 2 1.2000
5d 0.356 64 3 0.3333

3 1.0000

total detachment cross sections from such a calculation assuming that the electron follows a
straight-line trajectory are shown in figure 1 by a broken curve. The results are in reasonable
agreement with experiment for energies above 20 eV, but at low energies the cross section
goes up with decreasing energy in contradiction with the experimental data. By accounting
for the Coulomb repulsion on the incident electron’s trajectory in the manner discussed
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in the previous section, we obtained new total detachment cross sections. The results are
shown as a full curve in figure 1, and are in excellent agreement with experimental data
over the whole range of energies shown. The Coulomb trajectory has little effect on the
cross sections at higher energies, but it clearly accounts for the decrease of total detachment
cross sections at low energies. For easier visualization we did not include results from
the classical reaction model calculation which employed two fitting parameters, nor the
results from the semiclassical tunnelling model. The detachment cross sections obtained
from the latter model are not in good agreement with data. The readers are referred to
Vejby-Christensenet al (1996) for details of these two models.

The good agreement between experiment and the above semiclassical calculation for
electron-impact detachment cross sections, as shown in figure 1, is indeed astonishing. To
make sure that this agreement is not entirely fortuitous we performed another calculation
with a somewhat different model potential for describing the D−. We have used a new
screened potentialU(r) = −(1 + ar) exp(−2ar)/r wherea = 0.6973 for describing the
D−. This potential gives a binding energy of−0.027 79 au, somewhat deeper than the
experimental value of−0.027 56 au and the value−0.027 59 au obtained from the Yukawa
potential earlier. The resulting cross sections after correcting for the Coulomb trajectory
effect are shown as a dotted curve in figure 1. The overall energy dependence is still very
good even though the actual values are 5–10% lower. Note that this new model potential
gives a more tightly bound electron for D− and thus the resulting detachment cross section
is somewhat lower. We emphasize that the general energy dependence is very insensitive
to the model potential used. The simpler Yukawa potential gives better binding energy for
D− and better detachment cross sections at higher energies. It will be used for the rest of
this paper.

To illustrate the effect of Coulomb repulsion on the calculated detachment probabilities,
we show in figure 2 the comparison of the weighted detachment probabilities versus impact
parameters at two energies, one at 15 eV and the other at 2 eV. The effect of the curved
trajectory clearly is much more significant at the lower energies.

In figure 3 we show the calculated detachment probabilities versus impact parameters
at a number of incident energies (Coulomb repulsion is included). The probabilities drop
smoothly from near zero impact parameters over a range of the order of about 15 au. The
detachment probability reaches a value of about of 0.5 or 0.6 at the higher energies, but
drops to less than 0.1 at the lower energy point of 2 eV. This is to be compared to the
classical reaction model of Vejby-Christensenet al (1996) where a uniform probability of
about 0.2 was ascribed for detachment probability for all energies.

Vejby-Christensenet al (1996) also reported electron-detachment cross sections of O−

ions from the threshold to 30 eV. They also have performed calculations based on the
classical reaction model and the tunnelling model. The classical reaction model obtained
with fitting parameters was able to describe the measured detachment cross sections above
5 eV, but gave results in disagreement with data at lower energies. The tunnelling model
fails to reproduce the data completely. We have also studied electron-detachment cross
sections of O− ions. In this case the outermost electron occupies an open-shell 2p orbital.
To approximate such a system as one active electron in a model central potential is more
precarious. Furthermore, we have found it very difficult to obtain a model potential for O−

ions where the active electron has only one bound p orbital without introducing additional
bound orbitals for other angular momentum states. We are thus forced to adopt a simpler
model where the outermost electron in O− is treated as a 1s electron in a Yukawa potential of
the form−Z

r
exp(−αr). By choosingZ = 3.2 andα = 3.3335, we were able to obtain one

single bound state with energy−0.054 02 au which is to be compared to the experimental



6180 J T Lin et al

Figure 2. Weighted detachment probabilities versus impact parameters, with (full curve) and
without (broken curve) Coulomb repulsion for electron collisions with D− at (a) 15 eV, (b) 2 eV.

Figure 3. Detachment probabilities versus impact parameters for electron–D− collisions with
Coulomb repulsion at different energies. Full cuvre, 30 eV; broken curve 10 eV; full circles,
5 eV; open squares, 2 eV.

energy of−0.0537 au. By performing close-coupling calculations and accounting for the
Coulomb trajectory effect, the resulting detachment cross sections are shown as a full curve
in figure 4. While the overall energy dependence is similar to the experimental data, the
actual values are about 10–15% higher over the whole energy range. In view of the limited
information on the model potential for this system and the fact that we treated the outermost
electron as a 1s electron, the calculated total detachment cross section can be considered to
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Figure 4. Detachment cross sections for electron–O− collisions from 1 to 30 eV. Experimental
data are from Vejby-Christensenet al (1996). Theoretical calculations: full curve, from a model
potential which gives a binding energy of−0.054 02 au for O− which is close to the experimental
value of−0.0538 au; broken curve, from a less realistic model potential which gives a binding
energy of−0.063 37 au. The latter model was chosen to fit the detachment cross sections at
higher energies.

be satisfactory. Further improvement may require treating the O− ion as a many-electron
system.

To illustrate that the energy dependence of detachment cross sections is indeed
determined mostly by the Coulomb trajectory effect, weartificially change the fitting
parameters of the above model potential until the actual calculated detachment cross sections
are in good agreement with experimental data at higher energies. The final parameters thus
obtained areZ = 3.3 andα = 3.410, and the corresponding binding energy for this model
potential is−0.063 37 au which is 18% deeper than the actual experimental value. With the
model potential parameters thus fixed we then carried out the calculations at all the energies
and the resulting cross sections, after the correction due to the Coulomb repulsion, are
shown as broken curves in figure 4. Notice that in this case the resulting cross sections are
in good agreement with experiment over the entire energy range, proving that the Coulomb
trajectory effect included in our approach indeed can account for the energy dependence.
The cross section of O− is about one-fifth of that of D− due to its higher binding energy
and its ground state is more localized than D−.

From figures 1 and 4 we can conclude that the present semiclassical model with
correction due to the Coulomb trajectory does give accurate description of the energy
dependence of the electron-impact detachment cross sections of negative ions, even down
to the threshold region. Thus if the semiclassical calculation is able to obtain correct
detachment cross sections at the higher energies, the resulting cross sections using the
present model appear to be valid for the whole energy region down to near the threshold.

One can obviously raise a number of objections to this model, including treating the
incident electron classically. This procedure probably can be partially justified in that the
range of impact parameters involved in the collision is quite large and the de Broglie
wavelength is small compared to the range of interaction even at relatively low velocities.
The small detachment energy of atomic negative ions probably also implies that the failure
of the semiclassical model will occur at smaller energies—at energies below 1 eV. The
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experimental data available so far do not explore this energy region adequately. While
a full quantum formulation of the electron-impact detachment of negative ions near the
threshold is certainly desirable, the long-range nature of atomic negative ions also implies
that a large number of partial waves is needed in a quantal calculation which further justifies
the use of the semiclassical theory.

3.2. Neutralization cross section

The result in the previous section illustrates that the Coulomb repulsion between the electron
and the negative ion is responsible for the rapid decrease of detachment cross sections at
low energies. One can immediately expect that the Coulomb attraction between positive and
negative charged particles at low energies would result in an enhancement of cross sections.
The most important process in low-energy collisions between positive and negative charged
particles is the mutual neutralization process. In this subsection we examine the effect of
Coulomb attraction on mutual neutralization cross sections.

We consider the recent measurements by Peart and Hayton (1994) where mutual
neutralization cross sections for He+ +H− and Li+ +D− collisions have been measured for
centre-of-mass energies from 0.6 to 258 eV and from 0.7 to 316 eV, respectively. Cross
sections for these two systems have been calculated using the standard semiclassical model
by Ermolaev (1992) for energies above about 100 eV amu−1 using atomic basis functions,
and by Ḿendezet al (1990) for energies above 30 eV amu−1 using molecular basis functions.

The experimental mutual detachment cross sections for He+ + H− are shown in
figure 5(a). We performed a semiclassical calculation using the same basis set and model
potentials (see table 2 of Ermolaev 1992) as employed by Ermolaev at centre-of-mass energy
0.2 keV. The mutual neutralization cross section calculated at this energy agrees with his
result. Since we have numerical difficulties in extending the calculations to lower collision
energies, we decided to take the calculated total mutual neutralization probabilities versus
impact parameters as constant, i.e. we assume that the probabilities remainthe same at
all the lower energiesin a straight-line trajectory calculation. From the relation between
the distances of closest approach and impact parameters foreachenergy we calculated the
mutual neutralization cross sections at lower energies down to about 1 eV. The results are
shown in the full curve in figure 5(a). It is clear that the increase of mutual neutralization
cross sections is nicely reproduced considering that the extrapolation has been applied from
collision energy at 200 eV down to 1 eV without any new scattering calculation. We see a
discrepancy occuring near about 10 eV. This is probably due to the assumption we made
that the probabilities remain the same for all the energies calculated. This assumption is
not entirely correct since at lower energies the neutralization process can populate different
final states. From table 3 of Ermolaev (1992), we see that the final state distributions do
change as the collision energy is varied.

We have also applied the same procedure to Li+ + D− collisions and the results are
shown in figure 5(b). The actual close-coupling calculation was performed at the centre-of-
mass energy of 375 eV. At this energy there is a 9% discrepancy from experimental data and
thus the extrapolated total mutual neutralization cross sections over the indicated energies
are somewhat lower. If we apply the same correction due to the Coulomb curved trajectory
to obtain total neutralization cross sections down to about 0.5 eV, the results are shown as
a full curve in figure 5(b). We also notice some non-eligible discrepancy at energies around
10 eV. The discrepancy is likely due to the change of the population of different final states
as the collision energy is reduced. However, the effect of attractive Coulomb force indeed
is to raise the neutralization cross sections at low energies.
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Figure 5. Mutual neutralization cross sections for (a) He+ on H−. Experimental data from Peart
and Hayton (1994). The full curve is from the present calculation carried out atE = 0.200 keV
folded with effect from the Coulomb trajectory. (b) Li+ on D−. Experimental data from Peart
and Hayton (1994). The full curve is from the present calculation carried out atE = 0.375 keV
folded with effect from the Coulomb trajectory.

4. Summary

We have illustrated that the total detachment cross sections for electrons colliding with
negative ions and total mutual neutralization cross sections between positive and negative
ions can be described using a semiclassical theory down to about 1 eV centre-of-mass
energies if the Coulomb trajectory effect is included. In this model, the transition
probabilities stay constant or nearly constant versus distances of closest approach and
the enhancement or the reduction of cross sections is attributed entirely to the Coulomb
trajectory effect. The good agreement between this model calculation and the experimental
data indicates that this is the major factor for determining the variation of total cross sections
at low energies. This model is expected to be valid for the dominant transitions or processes
occurring at large internuclear separations and offers an easy estimate of electron-impact
detachment or mutual neutralization cross sections at low energies.

Note added in proof. After this paper was submitted for publication, Ostrovsky and Taulbjerg (1996) published
a new model for electron-impact detachment of negative ions by combining the quantum tunnelling model of
Smirnov and Chibisov (1966) and the classical above-barrier transition model for field ionization. They obtained
good agreement with experimental data at low energies but not at higher energies and the results are more sensitive
to the model potentials used for describing the D− ions than what we have found.
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