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Suppressed electron capture in slow Q + (4S, D, P ) -He collisions
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Total cross sections for single-electron capture from He by keV 0+ D and P' metastable ions
turned out to be much smaller than for 0+ S ground-state ions, despite a larger energy defect for
the latter reaction. We suggest that this unexpected behavior is caused by efficient suppression of elec-
tron capture into either metastable ion due to a competing, collisionally induced inelastic transition
into the companion metastable state.

PACS number(s): 34.70.+e, 52.20.Hv, 82.30.Fi

I. INTRODUCTION

Single-electron capture (SEC) from neutral atoms by
relatively slow singly charged ions (impact velocity small-
er than I a.u. ) generally prefers reaction channels with
the smallest available energy defects hF [1-3]. This
holds if no specific final states are excluded, which could,
e.g. , be caused by Wigner's spin conservation rule [4-6].
If primary ions in diA'erent states (i.e., in their ground
state and one or several metastable states) participate in

such collisions, reaction energy defects for SEC into given
final projectiles states will diA'er and henceforth so will the
various primary-ion state-selective SEC cross sections.

For 0+-He collisions, the following three SEC reac-
tions can be regarded as most probable:

0+( S')+He 0'( P)+He+ —10.96eV, (la)

0+( D')+He 0'( P)+He+ —7.64eV, (1b)

0+( P')+He 0'( P)+He+ —5.94eV. (Ic)

We have studied all three SEC reaction channels by
measuring the respective primary state-selective total
cross sections absolutely, and by using translational ener-

gy spectroscopy for additional related investigations. We
found that despite the comparably smaller energy defects
for (lb) and (lc) the related cross sections are much
smaller than for (la), although no known selection rule
can be held responsible for this unexpected result.

In the present Rapid Communication we analyze this
remarkable finding which may be characterized as
suppressed electron capture.

II. EXPERIMENTAL METHODS

A. Ion production

Primary 0+ ions have been produced in a Nier-type ion
source by electron impact on H20, for which the resulting
ion kinetic-energy spread was considerably smaller than
for other source feeding gases as, e.g., Oq or CO2, which
improved the achievable energy resolution of translational
energy spectra (TES).

Beside the ground-state 0+(2s 2p ) S' there exist
two long-lived excited metastable states, i.e.,
0+(2s 2p ) D' and 0+(2s p ) P' (r =3.6 h and 4.57

s [7], with excitation energies 3.32 and 5.02 eV above the
S' ground state [8], respectively).

By systematically varying the ion-source electron-
impact energy F.„the two metastable ion-beam fractions
could be changed accordingly (see below). After their ac-
celeration to a desired collision energy F and magnetical
mass analysis the primary ions were guided into the col-
lision chamber, while possible charge-exchanged neutral
atoms were removed from the beam by means of two sets
of deflection plates.

B. Measurement of metastable ion-beam fractions

For determination of the primary-ion-beam composi-
tion at various values of E„the techniques of collisionally
induced state excitation or deexcitation (cf., e.g. , [9,10])
and ion-beam attenuation (cf., e.g. [11,12]) have been
combined. The ratio of the two 0+ metastable state frac-
tions has been derived from TES for their inelastic
scattering on He. Generally, excitation or deexcitation
between two states, I and k, gives rise to TES signals
l(j k) and l(i k) displayed symmetrically on the ex-
othermic and endothermic sides of the respective elastic
peak, with their intensity ratio F(j)/F(k) given by (cf.
above references)

F(j) (2Jt+ I ) 1(j—K)
F(k) (2Jt+1) l(i ~k) (2)

0+( D')+He 0 ( P )+He+. 1.7eV. (3c)

Excitation or deexcitation between the 0+ S ground
state and either of the metastable doublet states in col-
lisions with He [i.e., reactions (3a) and (3b)] is forbidden
by Wigner's spin conservation rule and thus could not be

J; and Jg are the total angular momenta of the respective
states.

In principle, this method should lead to all ion-beam
fractions, if the above ratios can be determined for transi-
tions between pairs of all states present in the ion beam.
For 0+-He collisions, the following three excitation or
deexcitation reactions are of importance:

0+( S )+He 0+( D )+He~3.32eV, (3a)

0+( S )+He 0+( P')+He ~ 5.02 eV, (3b)
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TABLE I. 0+ ion-beam compositions for electron impact on

H20 at E, 30, 40, and 130 eV, respectively.
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FIG. I. 'D': P' metastable state ratio evaluated from YES
vs electron impact energy E,.
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observed in the TES. Figure I presents the 2D'-to- P'
metastable ion states ratio versus electron impact energy
E, as obtained from our TES measurements. For E, & 42
eV no P' fraction could be found anymore, and beyond
80 eV the D'. P' ratio reached a constant value of about
3. With 02 as target particles, for which Wigner's rule
does not strongly apply, all three ion-beam fractions in
0+ beams produced by electron impact on 02 have been
measured [10].

Unfortunately, the limited energy resolution of our
translational energy spectrometer (detailed descriptions of
the instrument have been given in [13,14]) did not permit
separation of all essential peaks in TES for such collisions,
also because of their considerable broadening due to parti-
cipation of a number of vibrational target states.

We therefore measured the total metastable ion-beam
fraction by means of the ion-beam attenuation technique,
using H2 as well as N2 as attenuation gases, since for both
molecules the SEC cross section for the 0+ ground-state
ions is much smaller than for the metastable ions [11,15].
Figure 2 shows a typical attenuation curve for 2-keV 0+
ions in N2, with E, set to 30, 35, and 130 eV, respectively.
Such measurements have been carried out for different
ion-impact energies and yielded total metastable ion-beam

fractions of zero for F., ~ 30 eV, about 33% at 40 eV and
above 50% at 130 eV. With the ratio of metastable frac-
tions already known, the ion-beam composition could then
be determined for different values of E, as listed in Table
I.

ln clear disagreement with our results, Hughes and
Tiernan [16], applying a different technique, found for
0+ ion beams produced by 60-eV electron impact on H20
a total metastable fraction of about 90%. While the
reason for this difference remains unclear, it does not con-
cern the subject of present interest (see below).

C. Measurement of primary-ion state-selective
total SEC cross sections

Such measurements have been carried out with primary
0+ ion beams of different, well-defined compositions.
Assuring single collision conditions in the He-filled col-
lision cell, immediately behind the latter the charge-
exchanged neutral atoms were separated from the remain-
ing ions and counted by equipment described in [17].
From the related signals, absolute SEC cross sections have
been derived [12,18] by calibrating the He target thick-
ness. with reference to SEC data for He+-He collisions at
2.75 keV impact energy [19]. For a mixed primary-ion
beam the resulting apparent SEC cross section a;„is re-
lated to the primary-ion state-selective SEC cross sections
of interest by

3

e;„=g F(i)a;. (4)
i I

By measuring such apparent cross sections with ion beams
of grossly different compositions (cf. Table 1), all three
state-selective SEC cross sections should thus have be-
come known.

lll. RESULTS AND DISCUSSION
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FIG. 2. Attenuation characteristics for 0+ ions in N2, with
ion beams produced by 30-, 35-, and 130-eV electron impact on
H20, respectively.

To our big surprise, no measurable SEC cross sections
for either of the two metastable 0+ states could be found.
After measuring SEC cross sections for a pure ground-
state ion beam (E, =30 eV), apparent SEC cross sections
o;„at 40- and 130-eV electron impact energy decreased
in accordance with the respective smaller ground-state ion
fractions.

Total errors for og (ground-state primary ions) are due
to the applied calibration cross sections (+' 2.5%) and the
statistical errors of our measurements (about ~ 5%).

Figure 3 shows that our ground-state-related SEC cross
sections are in fair agreement with Ref. [20], where the
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FIG. 3. Absolute SEC cross sections for 0+( 5')-He col-
lisions compared with data from Ref. [20].
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growth method has been applied for SEC determination.
In the latter reference, for a mixed-ion beam with

undefined metastable fraction higher cross sections have

been found than for a pure ground-state ion beam pro-
duced from CO2 at 21-eV electron impact energy.

We remark that SEC cross sections for H+-He col-
lisions [21] are of similar size as the data shown in Fig. 3,
which came as no surprise since for both collision systems
the SEC reaction energy defects are quite similar. Com-
parison with Ar++He collisions, which for SEC involve

an energy defect of —8.8 eV and SEC cross sections of
about 2X 10 ' cm in the appropriate impact energy re-

gion [22] let us expect at least similar cross sections for re-
actions (Ib) and (lc) because of the still smaller energy
defects involved.

SEC by the two metastable 0+ doublet state ions [i.e.,
reactions (lb) and (lc)] can be considered independently
from reaction (la), because He collisionally induced tran-
sitions between either rnetastable state and the 0+
ground state are forbidden by Wigner's spin conservation
rule (see Sec. IIB).

We believe that the unexpectedly small SEC cross sec-
tions for both metastable primary ions are caused by com-
petition from reaction channels (3c), which involve con-
siderably smaller reaction energy defects than the SEC re-
actions [1(b) and (lc)].

At small internuclear distance the collisional system
can be regarded as a quasimolecule (0-He) +. The
knowledge of (not yet available) exact molecular potential
energy curves would be helpful to assess the importance of
particular inelastic transitions. The Wigner-Witmer rules
[23] must be applied for building up the quasimolecular
states of interest from both the atomic states of the united
atom (UA) (i.e., Ne+) and the separated atoms (SA), re-
spectively.

However, to give at least a qualitative explanation of
the experimentally obtained results, rude estimates for the
involved molecular binding energies at small internuclear
distance have been indicated in Figs. 4(a) and 4(b) for the
quartet and doublet systems, respectively. Correlation be-
tween UA and SA states is achieved by simply connecting
states with the same symmetry, starting with the lowest
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FIG. 4. Correlation diagrams for (a) the quartet co(lision sys-
tem and (b) the doublet collision system. Only the lowest states
of relevance have been shown.

SA states, respectively.
In the case of the quartet system, the most probable in-

elastic reaction channel by far belongs to SEC [cf. Fig.
4(a)] and correlation of the SA initial state with UA
ground state is forbidden (cf. above). In contrast to this,
for the doublet system [cf. Fig. 4(b)] correlation of the
SA ( D', P') entrance states with the strongly bound
Ne+ ground state is possible. Ho~ever, the energy dif-
ference between these states and the one leading to 0-
He+ in the SA limit is large and henceforth SEC along
this path seems rather improbable. In addition to the
SEC channels which correlate to excited UA states simi-
lar as in the case of the quartet system, further reaction
channels corresponding in the SA limit to excitation or
deexcitation processes are open, with transitions among
them being rather likely because of the comparably small
energy diAerences involved. Therefore, transitions from
either initial doublet state into SEC final channels are in-
hibited by transitions related to excitation or deexcitation
between both rnetastable 0+ primary states.

However, the experimentally observed, rather strong
(by at least a factor of 10) suppression of the doublet SEC
channel in comparison to the quartet system cannot be ex-
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plained by these simple considerations to full satisfaction.
Detailed close coupling calculations are in progress to ex-
plain more quantitatively the observed, unexpectedly low
cross sections for SEC by the metastable 0+ ions.

In light of our observations, a total metastable 0+ ion-
beam fraction of 90% as measured by Hughes and Tier-
nan [16] seems rather unlikely, but if true would make the
present findings even more remarkable.
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