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Single-electron capture processes in slow collisions of He** ions with O,, NH;, N,, and CO,
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Using the translational energy-gain spectroscopy technique, we have measured the energy-gain spectra and
absolute total cross sections for single-electron capture (SEC) in collisions of He?* ions with O,, NH;3, N, and
CO, at laboratory impact energies between 25 and 400 eV/amu. The measured spectra for the He?*-N, and
CO, collision systems show that the dominant reaction channel is due to dissociative transfer ionization (i.e.,
SEC accompanied by ionization of the molecular target ion). In the case of the He?*-NH; collision system,
nondissociative single-electron capture into n=2 states of He* with production of NH;* in the ground state is
predominantly populated. These processes are observed to be the dominant reaction channels over the entire
impact energy region studied and at laboratory scattering angles between 0° and 8°. The energy dependence of
total cross sections for SEC are also measured and found to slowly increase with increasing impact energies.
The measured cross sections are also compared with the available measurements and theoretical results based

on the Demkov and Landau-Zener models.
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I. INTRODUCTION

Electron capture processes in low-energy ion-molecule
collisions are quite interesting because they are most likely
to have an impact on fields such as low- and high-
temperature laboratory plasmas, and atmospheric plasmas
[1,2]. In recent years, considerable attention has been di-
rected towards the study of interaction between doubly
charged helium ions and atmospheric molecules, since He**
ions are the second most abundant solar wind ions in the
cometary atmosphere. Observation of the He and He* ions in
an image of comet Hale-Bopp may also be considered as a
diagnostic tool in studying the interaction of the solar wind
with comets [3]. In addition, electron capture processes can
contribute significantly to our understanding of the observed
emission spectra of He™, N,*, and O," ions.

Translational energy-gain spectroscopy studies on the
single-electron capture by He?* ions from molecules such as
N,, O,, NH;3, and CO, have been performed by several
groups [4-9]. The total cross sections have also been mea-
sured by other groups [10-14]. We have recently begun a
series of experiments at low collision energies, where we
investigated the state-selective single-electron capture by
He”* ions from H,0 [15,16] and CO, [15]. We have also
reported on the competition between dissociative and nondis-
sociative single-electron capture in He?*-O, collisions [17].
In this paper, we continue our studies of the electron capture
by low-energy ions. Here we focus on the doubly differential
cross sections, in energy and angle, and absolute total cross
sections for single-electron capture in collisions of the He?*
ions with NH;, N,, O,, and CO, by using translational
energy-gain spectroscopy.

The data have been obtained on a differential energy spec-
trometer, which has been described previously by Yaltkaya et
al. [18]. Briefly, doubly charged helium ions were produced
in a recoil ion source by using 25 MeV F** ions from the
Western Michigan University tandem Van de Graaff accel-
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erator as a pump beam. An einzel lens was used to focus the
ion beam extracted from the ion source into a 180° double-
focusing magnet. After mass selection the ion beam was
again focused by two pairs of deflectors and directed into a
gas cell containing low-pressure target gas to ensure single
collision conditions. Ions scattered through a nominal angle
6 into a solid angle (AL) of about 3 X 1073 sr were energy
analyzed by means of a 90° double-focusing electrostatic
analyzer (ESA), and then detected by a one-dimensional po-
sition sensitive channel-plate detector, which is located at the
focal plane of the ESA. The scattering angle 6 is selected by
means of an aperture (1 mm diameter) in front of ESA.

II. THEORETICAL CONSIDERATIONS
A. Reaction dynamics

In the interaction of doubly charged helium ions with mo-
lecular targets, the following processes leading to single-
electron capture can be distinguished by measuring the en-
ergy balance or gain (Q) of the reaction channel.

(i) Pure single-electron capture (SEC) (nondissociative
single-electron capture):

He”*+X — He*(n=2)+ X"+ Q.

(ii) Dissociative transfer ionization (DTI) (single-electron
capture accompanied by ionization of molecular target ion):

He”*+X > Het(n=1)+X>*+e+ 0.

The energy (Q) depends on the participating electronic
states, masses of the projectile and target, and the laboratory
scattering angle of the projectile ions. In a classical two-body
collision, the translational energy of an ion undergoing in-
elastic scattering differs from the impact energy of the pro-
jectile ion E, by,
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FIG. 1. (a) Correlation diagrams of molecular
orbitals and (b) corresponding potential curves
for the He**-0, system. Single-electron transi-
tions populating the n=1, 2, and 3 states of He"
ions are denoted by 1, 2, and 3, respectively. Di-
electronic transitions populating the n=1 state
and the continuum state & are denoted as (1,g).
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Q0=E-E,=AE-AK, (1)

where AE is the energy defect of the reaction, and AK is the
translational energy given to the target and is given by [19],

AK =[(mpl(mp+ M) ](1 = cos 6p)[(2ME,)/(mp+ M) — AE]
+{[mp(AE)*]/(4ME,)}cos 6p, (2)

where mp and M are, respectively, the projectile and target
masses, and 6p is the final laboratory scattering angle of the
projectile. At low impact energies, small scattering angles,
and for light projectile ions in collision with heavy targets,
kinematic calculations based on classical two-body dynamics
have shown that the translational energy given to the target
(AK) is very small. Therefore, Eq. (1) reduces to Q=AE. In
the present measurements, the translational energy spectra
are expressed in terms of the Q values and no correction was
added to the measured energy gain.

The energy levels used in calculating the energy defect
(AE) were taken from Moore [20] and other sources [21].
The energies (AE) were calculated assuming that the mol-
ecules and their product ions are in their zeroth vibrational
levels. To identify the reaction channels involved, the
energy-gain spectrum of the He?*-Ne collision system was
used as a standard to calibrate the energy scale (i.e., Q scale)
for the molecular targets [4].

B. Model calculations

To interpret the experimental results, we used the model
by Demkov and that by Landau and Zener. Since these mod-
els have extensively been treated in the literature [22-26],
the theoretical method will only briefly be described here.
Within the Demkov model [22] the transition probability
from the initial state to the final state is given by

AE, )

av,

Pp= exp(— 3)

where v, is the radial veloc_lty of the projectile. The (veloc-
ity) parameter a=(\2I,+ \21;)/2 is obtained from the bind-

T
100

Internuclear Distance (a.u)

ing energies [; and I, of the electron in the initial and final
states labeled i and f, respectively [22]. The parameter AE,
=AE;/(R,) is the energy difference between the initial and the
final potential curves at the transition radius R.. Within the
Demkov model, transitions occur at the internuclear distance
where the energy difference AE;; is equal to twice the cou-
pling matrix element V. Thus, the transmon radius R,
obtained by solving the equation AE(R.)=2V;f(R.). The ma-
trix element, which couples the initial state representlng the
2p orbital of H,O with the final state representing the levels
n=2 and 3 of He*, may be approximated by [25]

V,r=3.60” exp(- 0.86aR), (4)

where R is the internuclear distance.

Since the transition region is passed twice in a collision,
the double passage probability is evaluated using the well-
known statistical rule [25],

szf: 2pp(1=pp). (5)

The Landau-Zener (LZ) model [23,24] treats transitions at
crossings of diabatic states at distance R,. In Fig. 1(b) the
region of crossings of the initial states He**+0O, with various
(continuum) states He*(n= 1)+022+(8) is labeled (1,&). The
LZ model evaluates the probability p;, for the transition to
remain in the initial diabatic state in a single crossing and is
given by

2
: H") ©)

=exp| -
Prz P( chp

where the “force” F, is obtained as the derivative of the
energy difference AE at R.. The dielectronic matrix element
H.=H{;(R,) is evaluated at R, and v, is the projectile veloc-
ity, as before. For dielectronic transitions, produced by the
electron-electron (ee) interaction, the matrix element may be
approximated by [26],

i =0.15a” exp(- 0.86aR), (7)

where «a is the velocity parameter already given in conjunc-
tion with the Demkov theory.
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For p;,<<1 the probability for populating the number v of
final states is obtained as P;=1- p1Y. The unknown number
of final states was set to be equal to v=20. For such a large
number the results do not change significantly with increas-
ing v. Therefore, the choice of v is uncritical for the transi-
tion probability. It should be noted that the dielectronic ma-
trix elements Hif is relatively small in comparison with the
matrix elements V;, responsible for Demkov-type transitions.
However, this smallness is compensated by the relative high
number v of final states [27].

After evaluation of the transition probability, the corre-
sponding cross section is obtained using a simple approxi-
mation. We recall that the transitions considered here take
place at a specific distance R, so that one may use a “geo-
metric” expression for the cross section

which implies that P;{R)=P;{(R.)=const for R<R, and
P;AR)=0 elsewhere.

C. Correlation diagrams and capture mechanisms

From previous measurements a general trend can clearly
be observed that the n=2 state is most effectively populated
at highest energies and DTI process becomes more populated
at low energies [16]. To understand the SEC and DTI pro-
cesses, we used the correlation diagrams of molecular orbit-
als (MO) and the corresponding potential curves [16] to vi-
sualize the different capture mechanisms and to show the
transition energies involved for the collision systems studied
here. Figures 1(a) and 1(b) show the molecular diagram and
the corresponding potential curves, respectively, for the
He?*-0, collision system.

As seen in Fig. 1(b), transitions into n=2 occur at dis-
tances near 4.4 a.u. (see the arrow labeled 2) initiated by
mechanisms treated by the Demkov model [16,22]. Simi-
larly, transitions into the n=3 level of He* occur at about
3 a.u. (arrow labeled 3). It should be emphasized that
Demkov-type transitions occur at locations where the poten-
tial energy difference is equal to twice the interaction matrix
element V;; given by Eq. (4) [16]. This indicates that the
He* (n=2) formation proceeds via a single-electron process
governed by the nucleus-electron interaction.

The population of the n=1 state of He™ occurs near R
=2.5 a.u. as a result of a two-electron (dielectronic) process,
where one electron is transferred into the MO correlated with
the n=1 level and another electron is ionized. This transfer
ionization (TT) process is produced by the electron-electron
interaction, where the potential energy, liberated by the tran-
sition into the deeply lying n=1 orbital, is used to ionize
another electron (the sum of potential energy changes is
equal to zero) thereby resulting in fragmentation of the O,
molecule. In Fig. 1(b), the dielectronic transitions, denoted
as (1,¢€), occur at the locations where the incident channel
He?*+0, crosses a series of potential curves He*+ 022+(8).
This results in the transfer of one electron of O, to the He**
ion while a second electron is transferred into the continuum
of O, with an energy e.
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FIG. 2. Translational energy-gain spectra for single-electron
capture by He?* ions from O, at collision energies of 0.15 and
1.2 keV. Smooth lines are drawn to guide the eye.

III. RESULTS AND DISCUSSION

A. He?**+0, collisions

We reported in an earlier work [17] on the competition
between DTI and nondissociative SEC by He?* ions from O,
at laboratory impact energies between 0.1 and 1.0 keV.
However, the absolute scales for the cross sections were
evaluated by normalizing the total capture cross-section mea-
surements of Ishii et al. [13]. In this work, we present new
experimental results for absolute state-selective and total
cross sections for single-electron capture and compared with
the available measurements and theoretical calculations. For
these measurements, the target gas pressure in the collision
cell was measured by a capacitance manometer (MKS Bara-
tron), and was typically <2 mTorr, to ensure single-collision
conditions. In addition, an angular acceptance of about +12°
was used after removing the angular selector in front of the
ESA. The total experimental uncertainties for absolute values
of the total cross sections were obtained by a quadratic sum
of the statistical deviations, determination of target thickness,
and counting efficiency.

Figure 2 shows translational energy-gain spectra for
single-electron capture by He’* ions from O, at collision
energies of 0.15 and 1.2 keV. At the collision energy of
0.15 keV, the observed spectrum is dominated by contribu-
tions from DTI, presumably due to single-electron capture
into n=1 states of He* with simultaneous ionization of the
target-ion product [17]. There are smaller contributions due
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TABLE 1. State-selective cross sections (107!¢ ¢cm?) for single-
electron capture by He?* ions from O, leading to He* (n=1) and
He* (n=2) formations.
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TABLE 1II. Absolute total cross sections (10719 cm?) for single-
electron capture by He?* ions from O,, CO,, N,, and NHj.

Energy
0, (keV/amu) 0, CO, N, NH;

Energy

(keV/amu) He* (n=1) He* (n=2) 0.025 1.67+£0.28 0.48+0.09 1.58+0.17 20.24+0.19
0.025 1514026 0.16+0.06 0.050 2.80+0.37 0.84+0.13 2.51+0.27 20.66+0.20
0.050 2 464033 0.3440.12 0.075 3.79+0.38 1.42+0.15 2.87+0.30 20.73+0.20
0.075 3074032 0.7240.17 0.100 478+047 1.76x0.22 3.51x0.35 21.00=0.20
0.100 3.50+0.44 12840.19 0.125 5.80+0.56 2.02+0.25 3.66x0.37 21.28+0.20
0.125 40540.52 17540.26 0.150 6.96+0.68 2.47+0.28 3.84+042 21.43+0.21
0.150 4154048 281038 0.175 7.48+0.76 3.23+0.35 3.91+x0.44 21.48+0.21
0.175 3.0340.47 3554042 0.200 7.89+0.78 3.51+£0.36 3.94+0.42 21.49+0.21
0.200 3.6540.45 4234051 0.225 7.92+0.20 3.70x0.39 3.98+0.44 21.61+0.21
0225 3.4640.49 446061 0.250 8.22+0.80 3.83+0.20 4.02+0.45 21.65+0.21
0250 3434051 4794057 0.275 8.41+0.82 3.85+0.19 4.09+047 21.78+x0.22
0275 33840.52 5032072 0.300 8.62+0.83 3.93+0.21 4.11x048 2191+0.22
0.300 33740.50 5.2420.64 0.325 9.11+0.88 3.99+0.23 4.18+0.48 2191+0.22
0325 33740.50 5.73+0.69 0.350 9.19+0.89 4.07x0.24 4.22+049 22.01+0.23
0.350 3.27+0.50 5.92+0.71 0375 4152028 4.27x0.51
0375 0.400 9.00+0.87
0.400 3.12+0.46 5.89+0.78

to nondissociative SEC into n=2 states of He" ions. At the
collision energy of 1.2 keV, capture into n=2 states of He*
ions becomes dominant and contributions from DTI channel
decrease significantly [17]. The dependence of the cross-
section ratio o(DTI)/o(SEC) on the collision energy will be
discussed later in this section in terms of LZ and Demkov
models.

We have also measured absolute state-selective and total
cross sections for single-electron capture by He?* ions from
O, at laboratory energies between 0.025 and 0.4 keV/amu.
Experimental data for absolute state-selective and total cross
sections, along with the relative uncertainties, are listed in
Tables I and II. These cross sections, together with other
experimental data and theoretical calculations obtained by
the models described in detail in Sec. II B, are depicted as a
function of energy in Fig. 3. The measured cross sections for
capture into the He* (n=1) state increase with increasing
energy, peak at a collision energy of E=0.15 keV/amu, and
show a slightly decreasing trend at larger collision energies.
On the other hand, the measured cross sections for capture
into the He* (n=2) states slowly increase with increasing
collision energy and become the dominant process at colli-
sion energies of £=0.2 keV/amu. The increase of the prob-
abilities for single-electron capture into the He* (n=2) states
with increasing projectile energy as predicted by the Demkov
model is due to the fact that the transitions are produced by
dynamic coupling effects initiated by the nucleus-electron
interaction, which requires kinetic energy from the collision
partners. On the contrary, the cross section for dielectronic
transitions leading to He* (n=1) formation decreases with
increasing projectile energy.

The energy dependence of the measured cross sections
(Fig. 2) for capture into the He* (n=1) state is fairly well

reproduced by the Landau-Zener model at energies above
0.25 keV/amu, while capture into He* (n=2) states agrees
well with the Demkov calculations. The large discrepancy
between our data and the Landau-Zener model for capture
into He* (n=1) at low energies can be partially explained by

T T T T T T TT] T T T T T T TT

He- 0O

- 2

107

Cross Section (sz)

E (keV/amu)

FIG. 3. Cross sections for single-electron capture by He?* ions
from O,. Total cross sections: @, present work; O, Ishii et al. [13].
Capture into He* (n=1) state: V, present work. Capture into
He* (n=2) state: A, present work. Theory: solid line, Demkov
model; dashed line, LZ model.
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the fact that the theory includes also double-electron capture
channel, which is known to increase strongly with decreasing
energies. Furthermore the model includes not only transfer
ionization but also transfer excitation to high Rydberg states
of He*, which is also important at low energies, since it
occurs at small distances where the dielectronic matrix ele-
ment is enhanced. In addition, the measured total cross sec-
tions slowly increase with increasing collision energy and are
lower than those of Ishii er al. [13] by a factor of 1.7. How-
ever, our results are in reasonably good agreement with the
experimental results of Ishii er al. [13], at energies
=0.125 keV/amu.

B. He?*+NH; collisions

Figure 4(a) shows the translational energy-gain spectra
obtained for single-electron capture by 100 eV He?* ions
from NH; at different scattering angles. At 0° scattering
angle, only one peak is observed that corresponds to nondis-
sociative single-electron capture into the n=2 states of He*
with production of NH;* in the ground state (X 2A1,v),
where v refers to a vibrational state of the target product. The
vertical lines on the upper part of the figure represent the
calculated energy-gain values for the reaction producing
NH,* (X ?A,,v) through the process

He? + NH5(X 'A,,0 =0) — He*(n=2) + NH," (X %A ,,v)
+(3.417-1.082 eV).

Also shown are the relative populations of each vibrational
levels of NH;* (X ?A,,v). The populations were determined
by fitting Gaussian peak shapes with fixed positions and
widths equal to the experimental energy resolution of 0.8 eV
to the measured spectra. The value of the largest population
has been normalized to the dominant peak observed in the
spectrum. Comparison with the results of Farnik et al. [7] at
70 eV shows good agreement with the present measure-
ments. However, we were unable to resolve the vibrational
states because of low-energy resolution used in our measure-
ments. It is interesting to note that the position of the peak is
centered around v=7 in agreement with the calculated popu-
lations [28]. As the scattering angle is increased, the relative
importance of the lower vibrational levels increases and the
position of the peak is relatively shifted to v=4 at 6=4.1°.
We have also measured total cross sections for single-
electron capture by He?* ions from NH; at laboratory colli-
sion energies between 0.025 and 0.35 keV/amu. Our results
are displayed as a function of collision energy in Fig. 5,
together with calculations based on Demkov model. Our ex-
perimental cross-sections exhibit weak energy dependence
and they are almost constant with increasing impact energy, a
behavior that is attributed to availability of many capture
channels, which are situated nearly at the center of the reac-
tion window. The Demkov results lie just below the experi-
mental results and show the same energy dependence. There
are no other experimental data available for comparison.
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FIG. 5. Total cross sections for single-electron capture by He?*
ions from N,, CO,, and NH;. @, present work. Theory: solid lines,
Demkov model; dashed lines, LZ model. O, Hanaki er al. [10]; (I,
Ishii et al. [13]; A, Greenwood et al. [14].

C. He?** +N, collisions

Figure 4(b) shows the translational energy-gain spectra
for the formation of He* ions from the reaction of 100 eV
He”* ions with N, at 0° scattering angles. The spectrum
shows only one broad peak at about Q=10 eV; this peak
correlates with DTI. As the scattering angle is increased, dis-
sociative transfer ionization channel remains dominant, but
the relative importance of reaction channels due to the for-
mation of N22+ ions into higher excited states with possible
dissociation into N* (3P)+N* (3P) increases [29], which
shown as a long tail at Q=<7 eV. Furthermore, the DTI pro-
cess is the dominant reaction channel observed over the en-
tire collision energy region studied, in agreement with the
other measurements [5,6].

The measured total cross sections for single-electron cap-
ture by He?* ions from N, as a function of the collision
energy are shown in Fig. 5, together with other available
measurements and cross sections calculated using the
Landau-Zener model. The present measurements are some-
what larger than the results of Hanaki et al. [10] and in good
agreement with the experimental results of Ishii er al. [13],
and show similar behavior; cross sections slowly increase
with increasing impact energies. This can be understood

PHYSICAL REVIEW A 72, 042701 (2005)

from the reaction window, which gets broader with increas-
ing impact energies and therefore capture channels with
smaller and larger Q values get an increasing probability. As
can also be seen, for impact energies E=0.1 keV/amu, our
data are in good agreement with the results of the Landau-
Zener model, but the model overestimates the cross sections
at lower energies. The calculations show that mechanism for
the formation of dissociative transfer ionization channel in-
volves an exothermic two-electron process driven by the
electron-electron interaction.

D. He**+CO, collisions

Figure 4(c) shows the translational energy-gain spectra
observed for the formation of He* from the reaction of He?*
ions with CO, at 0° scattering angle and collision energy of
200 eV. The observed spectra clearly indicate that dissocia-
tive transfer ionization, due to single-electron capture into
the n=1 state of He* ions accompanied by ionization of the
molecular target ion, is predominant over the entire impact
energy region studied via the reaction channel

He?* + CO, — He*(n=1) + CO,* + ¢ + O(=10 eV).

With an energy gain of about 10 eV, the accessible states
of C022+ may correspond to several singlet and triplet %, II,
and A states of 4o _1, 17Tg_l, and 17'ru_2 configurations
whose calculated energies lie between 42.9 and 44 eV. These
states may dissociate into O*+CO™ products [30].

As the projectile impact energy is increased, the dissocia-
tive transfer ionization channel remains dominant, but a long
tail on the lower-energy side of the dominant channel was
observed. This is attributed to the formation of CO,** ions
into higher excited states with possible dissociation into C*
+0%+0 [31]. These states were also detected at larger pro-
jectile scattering angles [15]. No other experimental data are
available for comparison.

Total cross sections for He** ions colliding with CO, in
the collision energy range 0.025-0.4 keV/amu are presented
in Fig. 5, together with the results of Greenwood et al. [14]
at higher energies and are compared with Landau-Zener cal-
culations. As can be seen, the total cross sections slowly
increase with increasing impact energies and show very little
dependence on collision energy above 0.2 keV/amu. This
can also be understood from the reaction window, which gets
broader with increasing impact energies and therefore cap-
ture channels with larger or smaller Q values increase in
probability. Our cross sections are in excellent agreement
with the results of the Landau-Zener model at high energies
but show a discrepancy below collision energies of
0.2 keV/amu. The model indicates that dissociatative trans-
fer ionization process is produced by an electron-electron
interaction. There are no previous data for single-electron
capture cross sections for He’* on CO, in this energy range.
However, the lower-energy work of Greenwood er al. [14]
appears to extrapolate well to our data.

IV. CONCLUSIONS

We have used translational energy-gain spectroscopy to
measure doubly differential cross sections for single-electron
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capture by He?* ions from NH;, N,, O,, and CO, at collision
energies between 0.025 and 0.400 keV/amu and at labora-
tory scattering angles between 0° and 8°. Translational en-
ergy gain spectra for single-electron capture by He?* ions
from NH; indicated that the populations of the intermediate
vibrational levels dominate at forward scattering angles and
the relative importance of lower vibrational levels is in-
creased with increasing impact energy. For the N, and CO,
targets, dissociative transfer ionization is the dominant chan-
nel observed over the entire collision energy region studied.
In addition, a long tail at a low-energy gain side of the peak
has been observed; this might include capture with dissocia-
tion into the single-charged ions. It is noticeable that the
peaks for dissociative transfer ionization processes are
broader than those for nondissociative single-electron cap-
ture. This is, of course, due to a much larger number of exit
channels contributing to the DTI including excited states of
the product ions.
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The energy dependence of the absolute state-selective and
total cross sections for single-electron capture by He?* ions
from O,, CO,, N,, and NHj; of the present work were com-
pared with the available data and the theoretical calculations
based on the Demkov and Landau-Zener models. Our mea-
sured state-selective cross sections for the O, target have
been shown to be in reasonable agreement with the calcu-
lated cross sections. In addition, our present total cross sec-
tions for this system show good agreement with other avail-
able data. For He?* on N, and CO, collisions, the energy
dependence of the experimental values is reproduced, at least
qualitatively, by Landau-Zener calculations and shows good
agreement with other available data. For He>* on NHj;, the
cross sections are almost independent of the collision ener-
gies and can be understood from the reaction window. Fi-
nally, the calculations show that the mechanism for DTI in-
volves two electron-transfer processes driven by electron-
electron interaction, whereas the nondissociative SEC
processes are induced by the nucleus-electron interaction.
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