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The state-selective non-dissociative single-electron capture reactions of 6 keV CO?* ions from rare gas (He, Ne, Ar, Kr, Xe)
targets are investigated by translational energy spectroscopy. Capture from CO?* (°[1) into doublet states of CO* dominates.
However, there are firm indications for the involvement of electronically excited CO** (1.7 eV above CO**(*I1)) in the projec-
tile beam, and also for the formation of quartet states of CO*. Landau-Zener reaction windows, derived specifically for atomic
ion-atom systems, are applied to this diatomic dication-atom series, giving excellent agreement with experiment.

1. Introduction

The elementary charge transfer reactions of mul-
tiply charged atomic ions and atoms have been the
subject of extensive research in recent years. A con-
siderable body of data on total cross sections for these
processes has been obtained, over a wide range of
impact energies, from thermal and sub eV collisions
[1,2] to the keV domain [3,4]. Application of single
collision methods with product energy analysis
(translational energy spectroscopy [5,6], scattering
[6,71) has offered information on total and differ-
ential cross sections for state selective processes. Be-
sides atomic targets, molecular targets have been
investigated in some instances [8,9]. Single-electron
capture by multiply charged molecular ions has at-
tracted attention lately [10,11].

The present investigation involves the non-disso-
ciative state-selective single-electron capture reac-
tions of doubly-charged diatomic ions, i.¢., processes
of the type:

AB** +CoABY +C* 1)
in the keV collision energy range using translational
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spectroscopy. Studies of this nature are of consid-
erable value:

(a) They provide relative cross section data for
state-to-state molecular processes (1), and popula-
tions of the various product electronic states; this in-
formation is equally important for atomic and
molecular systems in determining the ionised struc-
ture of highly energised species.

(b) For atomic systems, the fast product energy is
either electronic or translational. For molecular pro-
jectiles, however, part of the energy made available
by the electron transfer may be deposited in product
vibration and rotation; the overall energy balance of
process (1) (in the centre of mass frame) can be
written as

E,=E(AB*") +E(AB™)
—[E{(AB") +E(AB™) +E(C*)], (2)

where E,, is the relative translational energy of the
products and E;(AB*), E,(AB**) are the ionisation
energies for formation of the participating electronic
state (v=J=0) of AB* and AB?*, respectively, from
ground state (v=J=0) neutral AB. Similarly, E,(C*)
denotes the ionisation energy of the target atom C to
its final cationic state. E.,.(AB"), E. (AB*") are
the internal (vibrational and rotational) excitation
energies of AB* and AB?* respectively; the recom-
bination energy Eg(AB**-AB™) is thus E,,+ E;(C™).

(¢) The energy levels of reactant dications (stable
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on the mass spectrometer timescale) may be ob-
tained from their recombination energies, as re-
flected in translational energy spectra. In the present
experiments, information on energetics and spectro-
scopic assignment of molecular dications is not en-
tirely clear in some cases; their participation in
process (1), studied as described here, indicates that
their mean lifetimes are longer than ~10~° s,

In the present communication, we explore single-
electron capture by doubly charged carbon monox-
ide ions from rarc gas atoms:

CO’* +R-»CO* +R*, 3)

where R=He, Ne, Ar, Kr, Xe. The laboratory trans-
lational energy of CO?* was fixed at 6 keV.

The ionisation energy (CO-CO2*) has been
measured by several authors [12-15]. The average

Table 1
Tonisation energy data

CHEMICAL PHYSICS LETTERS

20 November 1987

value of these determinations is 41.5+0.4 eV. The-
oretical calculations [16,17] of potential energy
curves for CO**, based on the semi-empirical pro-
cedure due to Hurley [16], have been performed.
Curtis and Boyd [17] used their calculations to ex-
plain experimental results for spontaneous and col-
lision-induced dissociation of CO?*. Recently, a very
thorough theoretical treatment of CO** has been
published [18]. Data relevant to the current inves-
tigation is summarised in table 1. In particular, we
have assumed CO?**(°I1) (equilibrium internuclear
separation, R,~ 1.2 A) to be the lowest quasi-bound
state of CO?*, despite the fact that CO?**(3Z ) has
a calculated [18] minimum (at R.x~1.7A) ~4.1eV
lower than CO?*(’1). However, since the
Franck-Condon region for formation of CO** by
electron impact of CO also lies at ~ 1.2 A, then pop-

Ion State E; (eV) Equilibrium internuclear
separation (A)
co** n 41.520.4 [12-15] 1.18[18]
40.1 [17]
41.1 [18)
' 42.5[16,17] 1.15[18]
41.74 [18]
D 42.05 [18] 1.1 [18]
CO' [19]) ) O 14.01 111§
Al 16.54 1.244
BXZ* 19.68 1.168
c 21.83 1.346
DI 22.10 (1.25)
(G2 23.09)
EZX 24.82 (1.21)
F2X 27.12
He* [20] 251/2 24.59 -
Ne* [20] P, 21.56 -
Ar* [20] Py, 15.76 -
Kr* [20] P 14.00 -
P, 14.67 -
Xe' [20] 38, 27.47 -
Py, 12.13 -
P 13.44 _
8,2 23.39 -
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ulation of CO?*(3Z-) by this process is extremely
unlikely (as it leads to dissociation). Further, the fuily
allowed [18] radiative dipole CO?**(’II)-
CO?** (L) transition will also result in dissocia-
tion; that is, the CO>* (3Z ) so formed will not sur-
vive to the interaction region of our apparatus
(necessitating a lifetime on the microsecond times-
cale). Again, electron capture by CO**(°X~)
(R.~1.7 A) to low-lying CO™* states (with R.x 1.2
A (see table 1)) is improbable from consideration of
the Franck-Condon principle.

Spectroscopic information on CO™ is plentiful. The
three lowest states are firmly established, with pho-
toelectron studies providing information on higher
doublet states. We use the standard compilation of
Huber and Herzberg [19] (table 1). For complete-
ness, table 1 also gives the ionisation energies of the
rare gas target atoms [20] used in calculating ex-
othermicities for the processes under consideration.

2, Experimental

Experiments were conducted with the ZAB-2F re-
versed-geometry double-focusing mass spectrometer
[21]. The experimental procedure has been de-
scribed elsewhere [9]. Briefly, carbon monoxide di-
cations are produced by 100 eV electron impact on
CO gas, in the ionisation chamber of the conven-
tional Nier-type ion source, extracted and acceler-
ated to 6 keV translational energy. The CO** ions,
mass selected by a sector magnet, enter a collision
cell (2 cm long) located at the intermediate focal
point of the mass spectrometer, containing target gas
at a pressure of ~0.2 Pa. Translational energy spec-
tra are obtained under high-resolution conditions,
by scanning the voltage applied to the plates of the
cylindrical electrostatic analyser, located after the
collision cell. The energy resolution on the primary
beam is (.2 eV (fwhm); for product CO™* spectra,
the energy resolution, estimated from earlier studies
of atomic ion-atom systems [9], is =~ 1 eV.

Calibration of the absolute energy scale, an ¢ssen-
tial preliminary to accurate interpretation of trans-
lational energy spectra, facilitates precise
measurement of exothermicities for the observed
state-selective capture processes. This calibration was
performed by means of an internal standard: a small
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amount of argon gas was added to the carbon mon-
oxide source sample, in order that spectra for the
Ar?*—rare-gas charge transfer reactions,

ART +RoAr" +R*, (4)
could be measured repeatedly, before and after each
run of the corresponding CO?* -rare-gas system (3).
Since the translational energy spectra for processes
(4) are well known [9], a reliable procedure for en-
ergy scale calibration is established. For the spectra
herein, a correction offset of 5.5+0.2 eV was
necessary.

3. Results

Translational energy spectra for CO* ions formed
in coltisions of CO** with He, Ne, Ar and Kr, Xe are
shown in figs. 1 and 2 respectively. The abscissa scale
is given in terms of the translational exothermicity
AFE of process (3) in question, defined by

AE=E;;,(CO™) —Ejp(CO™). (3)

Under the conditions of translational energy spec-
troscopy experiments (i.e. projectile laboratory
translational energy is much greater than the exo-
thermicity of the collision process in question; scat-
tering angle approaching zero), the translational
exothermicity AE can be equated to the translational
energy release E,. (eq. (2)) of process (1). The
translational energy scale was accurately calibrated
(0.2 eV) by the technique described above. Ex-
othermicities AE, for competing capture processes
are given in figs. | and 2, and in detail in table 2; AE,
is calculated assuming no vibrational excitation of
molecular ions. Peak positions are consistent with a
value of 27.0 eV for the recombination energy
Ex(CO**-CO* (X 2Z*)); consequently, this value
was used as the ionisation energy of CO*, for cal-
culating AE, in table 2. OQur experimentally deter-
mined value of 41.0 (=27.0+14.0) eV for the
vertical double-ionisation energy of CO is in good
agreement with the data displayed in table 1 for the
energy to form the zeroth vibrational level of
CO?** ().

Designation of particular processes is greatly sim-
plified by adopting a modified version of Hasted’s
notation [22]: Greek letters o, B, v, ... indicate the
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ground and successive states of the atomic (rare gas)
ion R*, whereas Roman numerals (I, II, III, ...) and
Arabic letters (X, A, B, ...) are reserved for the fast
projectile states of CO** (i.e. I < CO?*(*II)) and
CO™ respectively. Each particular reaction channel
is detailed in table 2.
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Fig. 1. Translational energy spectra for CO™ ions produced by 6
keV collisions of CO** with (a) He, (b) Ne and (c) Ar,

3.1. CO°*-He

The translational energy spectrum for this system
(fig. 1a) is easily interpreted. The main peak cor-
responds to the process IuX (table 2). The other ob-
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Fig. 2. Translational energy spectra for CO™ ions produced by 6 keV collisions of CO** with (a) Krand (b) Xe.

servable process is the almost thermoneutral
formation of CO* (A I1), whereas the endothermic
channel IaB is barely visible. The position of the
peaks in the calibrated absolute energy scale is con-

sistent with a recombination energy Eg(CO**-
CO*(X2X*)) equal to 27.0 V. Reaction channels
involving a higher-lying excited state of CO?* are in-
dicated by peaks IIoX and, more clearly, IIaA. The
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Table 2
Exothermicities of reaction channels *
AE, (eV) Designation
CO?* (*I1) +He('Sy) = CO* (X 2L *) +He* (38,,) 2.40 TaX
-CO*(AMI)+He* (35,) -0.12 oA
-CO*(B*Z*)+He*(?S,,) -3.26 TIoB
CO2t* 4+ He('Sy) ~CO* (X 2Z*) +He™* (%S,2) 4.10 aX
—CO*(AI)+He*(3S)) 1.58 IlaA
SCO*(B2Z*)+He*(%S,2) -1.56 IloB
CO?* (*I1) +Ne('Sg) »CO* (X 2Z *)+Ne* (*P5;) 5.42 TaX
-CO* (A1) +Ne* (°Py;) 2.90 IaA
~CO*(B2X*)+Ne* (°Pyp) -0.24 ToB
CO?**+Ne('8,) »CO* (X 2Z*) +Net (?Py;) 7.12 oX
->CO*(A’[1)+Ne* (°P1n) 4.60 HeA
SCO* (B2 *)+Ne* (?Py,) 1.46 IlaB
—CO*(C3A)+Ne* (*Py,) —0.69 IToC
CO** (*T1) + Ar('Sy) »COY (X 2T ) +Ar* (°P;2) 11,23 IaX
-CO*(AT)+Ar*(?P;,) 8.70 oA
-CO* (B2 X *)+Ar*(?Py,) 5.57 IoB
—CO*(C2AY+Ar* (°Py) 3.41 IaC
—CO* (D) +Ar* (?Py,,) 3.14 - ToD
—CO* (G )+Art(*Ps,) 2.15 IoG
-CO*(E2Z)+Ar* (°P;p) 0.12 IoE
SCO*(FIZ)+Ar*(?Py,) —1.88 IaF
AE, (eV) Designation
j=32 j=12
CO?* (*I1) +Kr('Sg) »CO* (X 2Z*)+Kr* (°P)) 13.00 12.32 IaX
SCO* (AMI)+Kr* (°P) 10.47 9.80 ToA
-CO* (B2 *)+Kr*(*P) 7.34 6.67 IaB
-CO*(C?A)+Kr*(’P) 5.17 4,50 TIaC
-CO* (D) +Kr*(P) 4.90 4.23 IaD
~+C0"(G?L)+Kr* (°P) 3.91 3.24 IoG
-CO~*(E2X)+Kr*(?P) 2.18 1.51 IoE
—+CO™(F2Z)+Kr* (*P) -0.12 -0.79 IoF
CO** (1) +Xe('S,) ~COT (X 2L *) +Xe* (*P)) 14.86 13.55 TaX
—~CO*(AdI)+Xe*(?P) 12.33 11.02 TaA
-CO*(B2L*)+Xe*(*P) 9.20 7.89 IoB
~+CO*(C2A)+Xe* (*P)) 7.04 5.73 1aC
-CO* (D) +Xe*(?P)) 6.77 5.46 IoD
—~CO*(GL)+Xe*(’P) 5.78 4.47 oG
~CO*(E%Z)+Xe* (?P)) 4.05 2.74 IoE
~CO*(F2Z)+Xe*(?P)) 1.75 0.44 IoF
—SCO*(X2Z*)+Xe™*(3S)) 3.61 IBX
SCO* (AMT)+Xe**(%S,2) 1.08 IBA
SCOY (B *)+Xet*(35,,,) -2.05 IPB

@) Exothermicities of CO?** (channels ITa~) are 1.7 eV larger than the corresponding Ia~ process.
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state can be placed at ~1.7 eV above CO?* (*II), i.e.
at 42.7 eV, but its assignment is not obvious (see
section 4). Its population in the CO>* projectile
beam appears to be fairly small (only a few percent),
duc to either a low probability of formation in the
ionisation process, or dissociation prior to detection.

The overall cross section for capture by CO** from
He is several times smaller than for the other targets
examined. For this reason, the unresolved hump at
the far right-hand side of fig. 1a, caused by charge
transfer from residual background gas, possibly N,
0O,, CO or H,O [10], is observed. This feature is only
visible for helium target.

3.2. CO**-Ne

The CO* spectrum (fig. 1b) is rather similar to
that for CO?*-He, the main process being IaX, ex-
hibiting a shghtly asymmetric profile. The relative
abundance of IaA, exothermic now by 2.9 eV (table
2) is more than doubled, whereas the endothermic
IoB shows a small increase, with respect to IaX. Re-
actions of the CO?** excited state can be seen as
shoulders on the IeX, InA peaks, due to IIaX, [TaA,
shifted from the former by 1.7 eV towards higher AE,
respectively.

3.3 CO* -Ar

For this system (fig. 1¢), processes IaX and IaA
are very exothermic (with AE values of 11.23 and
8.7 eV respectively). Reaction channels, favoured by
“reaction window” considerations (se¢ section 4),
lead to the formation of highly electronically excited
CO™* (mainly in the B, C and D states). The max-
imum of the translational energy distribution occurs
at an exothermicity of ~4 eV, between the calcu-
lated locations for processes IaB and IaC, IaD. This
maximum cannot be attributed to a strong contri-
bution from reaction channels involving the excited
CO?** (namely lleC, IlaD and 1laG), since our re-
sults for He and Ne targets imply that their contri-
butions to the CO™ spectrum, for processes of
comparable AE, should be minor. Instead, it is plau-
sible to explain the maximum at AE~4 eV as being
due to the formation of quartet CO* states (‘T in
particular). The latter states have been shown
[23-25], by electron impact and collision studies, to
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lie between 20 and 21 eV above the ground state
neutral CO. Spectroscopic information on these
quartet states is sparse, however. For the single-clec-
tron capture system CO?* (°I1)-Ar, the formation
of quartet states is spin allowed, and the exother-
micities for such processes are favourable. In fig. 1c,
their expected AE locations are indicated by cross-
hatched areas.

3.4. CO**-Kr

In comparison with the CO* spectrum for
CO?*-Ar, the CO?*—Kr spectrum (fig. 2a) shows
the highly exothermic channels IoX and laA at lower
relative intensities, whereas the I[oE channel
(AE=2.2-2.8 eV) assumes greater significance.
Spin-orbit splitting for Kr* (0.66 ¢V for the
2p,,,-?P,,; states) is manifested by peak broadening.
Together with IaC and laD, processes leading to CO™
quartet states (translational energy distribution
maxima at AE=5-6 eV) are observed, as for
CO?*-Ar. No target excitation 1o Kr** is visible due
to the endothermicity of the reaction

3.5. CO**-Xe

The spectrum (fig. 2b) is quite complicated. For
the Io — series, channels leading to the CO™ states C,
D, E, F and presumably G dominate. Furthermore,
fairly large spin-orbit splittings (1.31 ¢V) may be
inferred from the structure recorded. However, the
main peaks in the spectrum relate to processes in
which electronically excited Xe**(?S) is formed
(channels IBX and IBA). Among the endothermic
processes, IBB may be identified, but further anal-
ysis of the complicated structure for AE <0 is diffi-
cult. Processes involving excited CO2* (Ila—, TIf —
series) cannot be reliably assigned.

4. Discussion

Positions of resolved peaks in the translational en-
ergy spectra for the systems examined are consistent
with a recombination energy Ep(CO?**-CO*
(X2Z*)) of 27.0 eV. Assuming population of the
ground vibrational level of CO*(X2Z *) then this
result provides a value of (27.0+14.0) 41.0 eV for

439



Volume 141, number §

the vertical double-ionisation energy of CO, only
slightly lower than the average value of 41.5+0.4 ¢V
from earlier measurements [12-15]. Therefore we
conclude that our data correspond, within experi-
mental accuracy, to the energy required for forma-
tion of the lowest quasi-bound electronic state of
CO?*, Theoretical calculations [ 16-18] provide the
spectroscopic assignment of this state as CO** (°I1).
This agrees with the present findings, in that spin-al-
lowed transitions from CO?* (*[1) to CO™ quartet
states are possible, explaining the translational en-
ergy spectra, for Kr and Xe targets in particular.

However, the most accurate recent calculation [18]
assumes that the lowest vibrational levels of the
CO?* (’II) state are predissociated by the low-lying
3% - state, so that the measured appearance energies
[12-15] for CO?* by electron impact of CO are due
to formation of quasi-bound CO?**(°II, v=2) or
possibly CO?** ('I1, »=0); consequently, the litera-
ture values will be ~0.5 eV higher than the actual
CO(X'T*+)=CO**(I1, v=0) transition energy.
However, CO?** (31, v=0) is probably exempt from
this fully allowed CO** (*IT)-»CO?*(*Z ) transi-
tion, since CO**(°I1, v=0) lies below [18] the
crossing point of the two participating potential en-
ergy curves.

The nature of the higher non-dissociative state of
CO**, contributing to our CO?**-He and CO**-Ne
spectra, lying 1.7 eV above CO** (°I1) is not clear:
Initial calculations [ 16,17] make the 'IT state a good
candidate (table 1), but Wetmore et al. [ 18] place
this state much nearer CO?* (°IT), beyond the re-
solving limit of our apparatus, in fact. For the pres-
ent experiments, energy resolution (&1 ¢V) does not
permit the detection of possible vibrational struc-
tures in our spectra (figs. 1 and 2). However,
spin-orbit splitting of the product rare gas ion is
apparent as a broadening in the Kr and Xe spectra
(fig. 2).

Assuming an interaction distance of =5 A, the
collision time for a 6 keV CO** ion with a thermal
ground state atom is almost an order of magnitude
smaller than the typical vibrational period of the
molecular ion. In the most elementary of models, we
suppose that transitions leading to cxothermic chan-
nels occur near crossings of relevant potential energy
surfaces. At the crossing point, we further assume that
the potential energy curves for CO?** and CO* are
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Fig. 3. Schematic potential energy curves, and translational en-
ergy release distributions, for CO**-Ne collisions. (a) Potential
energy curves for (CO-Ne)2* assuming fixed C-O bond length.
(b) Potential energy curves for CO?** and CO* (with Ne or Ne*)
at infinite interreactant separation. (c) Predicted translational
energy distribution of CO™ product ions.

not perturbed by the presence of the third particle.
(This will be more likely for crossings at large in-
terreactant separations.) We expect strong pertur-
bations would show as broadening and shifts of the
peaks in translational energy spectra. A schematic
example, for the CO?*-Ne system, is given in fig. 3,
consisting of the potential energy curves for
(CO-Ne)** assuming a fixed C-O bond length (fig.
3a), and the potential curves for CO** and CO* with
Ne (or Ne*) infinitely separated (fig. 3b). With ref-
erence to the right-hand side curves, it is clear that
vertical transitions from the lowest vibrational levels
of CO?*(*IT) can qualitatively account for the ob-
served processes IoX and IoA. The peak profiles for
the latter processes are drawn on the far right-hand
side (fig. 3c); both peaks are narrow and unshifted,
with IaX exhibiting a low energy tail.

An approximate rule [1] for determining relative
cross sections for atomic ion-atom capture processes
states that cross sections are large when crossings of
the diabatic potential energy curves for the incoming
and outgoing systems occur in a “reaction window”
of internuclear distance (~2-6 A). This, in turn,
corresponds to exothermicities AE for the state se-
lective processes of ~2-7 eV. Such a rough estimate
holds if the size of the cross section is determined
mainly by Landau-Zener-type transitions in the vi-
cinity of the crossing point. For molecular systems
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of type (1), the situation is, of course, far more com-
plex: in triatomic systems, crossing seams of poten-
tial energy surfaces are involved in general. It is also
possible that crossings of large families of vibration-
ally adiabatic surfaces may be significant, together,
at higher collision energies, with multisurface cross-
ings. Nevertheless, to a first approximation, an anal-
ogous rule may be observed in our results. Kimura
et al. [26] define the reaction window for atomic
ion-atom charge transfer in terms of a transmission
coefficient T derived from the semi-classical Lan-
dau-Zener analysis:

T()=6[ e~y —ew(- 201 dt (6)

For sufficiently large crossing distances, the function
7 takes the form

y=4.25x 10" (AE?y)~1f?
xexp[ —13.8(AE)'E!*(RY)], (N

where v is the impact velocity (m s~') and AE,
E,(R*) are expressed in eV. The constant f, defined
in terms of the principal quantum numbers of the
resultant electronic state of the fast product, has val-
ues 0<f<1. For the present comparison, the value
of fis taken to be unity; a smaller value (f<1) shifts
the window towards larger exothermicity. Using eqgs.
(6) and (7), reaction windows for 6 keV CO?** —rare-
gas systems were calculated. For ease of discussion,
the windows are parameterised [9] in terms of the
set (M, L-H) of exothermicity AE (e¢V) at which
T(y) maximises (M), and the range (L-H) over
which T(y)>0.2M. Results are displayed in table 3.

Table 3
Parameterised reaction windows for 6 keV CO?*-rare-gas sin-
gle-electron capture systems

Target atom Reaction window (eV)
He (5.7,4.5-6.9)
Ne {5.3.4.2-6.4)
Ar (4.4,3.5-5.2)
Kr (4.1,3.3-4.9)
Xe (3.7,3.0-4.5)
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Maxima of the experimentally measured transla-
tional energy distributions (figs. 1 and 2) are in ex-
cellent agreement with calculations (table 3) for Ne,
Ar, Kr and Xe target species. In particular, consid-
eration of the window (4.4. 3.5-5.2) for CO**-Ar
indicates that processes leading to the formation of
quartet CO* states (fig. 1¢) are favoured. For
CO?*-He, however, no accessible reaction channels
occur within the window (5.7, 4.5-6.9). Conse-
quently, as already noted, the cross section for this
system is significantly lower than for any of the other
rare gas target systems examined. Widths of calcu-
lated reaction windows (&2 eV) appear to be much
narrower than suggested by our experimental data.

We conclude that extension of the reaction win-
dow model, derived for atomic ion-atom systems, is
applicable to some degree to this diatomic di-
cation-atom single-electron capture series. Natu-
rally, other reaction mechanisms, such as multisur-
face crossings at small internuclear separations, and
Demkov transitions [27], are of considerable im-
portance in interpreting endothermic and near-res-
onant channels.
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