
Influence of long-lived metastable levels on the electron-impact single ionization of C2+

S. D. Loch, M. Witthoeft, and M. S. Pindzola
Department of Physics, Auburn University, Auburn, Alabama 36849, USA

I. Bray and D. V. Fursa
Centre for Atomic, Molecular and Surface Physics, Physics and Energy Studies, Murdoch University, Perth 6150, Australia

M. Fogle and R. Schuch
Department of Atomic Physics, Stockholm University, SE106 91 Stockholm, Sweden

P. Glans
Department of Engineering, Physics, and Mathematics, Mid-Sweden University, SE851 70 Sundsvall, Sweden

C. P. Ballance and D. C. Griffin
Department of Physics, Rollins College, Winter Park, Florida 32789, USA

sReceived 26 March 2004; revised manuscript received 19 July 2004; published 31 January 2005d

A joint theoretical and experimental investigation is made of the influence of long-lived metastable levels on
the electron-impact single ionization of C2+. It is expected that our electron cyclotron resonance ion source
produces a beam with 40% of the C2+ ions in the 1s22s2 1S0 ground level and 60% in the 1s22s2p 3P0,2 excited
levels. The comparison of nonperturbative close-coupling calculations with previous single-pass crossed beams
and with our multiple-pass storage-ring measurements for the electron-impact ionization of C2+ is consistent
with the predicted large metastable fraction. Reasonable agreement is found between the present time-
dependent close-coupling,R-matrix with pseudostates, and converged-close-coupling ionization cross-section
calculations for the ground and first excited configuration, and experimental measurement, assuming a 60%
metastable fraction in the ion beam. Distorted-wave calculations are found to overestimate the ionization cross
section from both the ground and metastable terms, compared with nonperturbative calculations, resulting in an
overestimation of the resultant total cross section when compared with experiment. It is clear that collisional-
radiative modeling of the evolution of atomic plasmas through the Be-like ionization stage will need to take
into account the role of both ground and metastable levels.
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I. INTRODUCTION

The importance of ionization from metastable states has
long been recognized in collisional-radiative modeling of fi-
nite density plasmas; see, for example, Burgess and Sum-
mersf1g. However, the measurement and calculation of ac-
curate ionization cross sections from metastable and excited
states has presented significant challenges to the atomic
physics community.

On the experimental side, it is often not possible to deter-
mine the size of the metastable fraction present in the beam,
making isolation of the metastable ionization cross section
problematic. In cases where it is known that a significant
metastable fraction exists, such as in the 1s2s 3S term of
He-like ions, or the 2s2p 3P term of Be-like ions, previous
comparisons with theory have often encountered discrepan-
cies. This is true even for comparisons with the most recent
nonperturbative ionization calculations. As an example, take
the comparisons of ionization cross-section measurements
with theory for neutral helium in Colganet al. f2g and in
Fursa and Brayf3g, where nonperturbative calculations lie
significantly below the experimental measurements.

On the theoretical side, for ionized species, distorted-
wave methods are often employed. Although it is often clear
that distorted-wave techniques do well for ionization from

the ground states of ionized speciesse.g., Li+ as studied by
Colganet al. f4gd, recent studies on ionization from the ions
of beryllium f5g suggest that the distorted-wave approxima-
tion becomes progressively worse as one ionizes from higher
n shells. It is only recently that nonperturbative calculations
for ionization from excited states have become tractable;
these include the converged-close-coupling calculations for
neutral lithium by Schweinzeret al. f6g, and the time-
dependent close-coupling andR-matrix with pseudostates
calculations for all ion stages of Be by Colganet al. f5g.

Ionization from Be-like C2+ has presented long-standing
discrepancies between theory and experiment. The previous
work of Falk et al. f7g measured the single-ionization cross
section of Be-like B, C, and O ions using the crossed-beams
technique. A significant metastable fraction was found for
each ion. For C2+, the metastable fraction was estimated as
65% and 90% for their low and high metastable measure-
ments, respectively. The differences between the low and
high metastable cross sections were relatively small. Cross
sections from the Lotz formulaf8g and from distorted-wave
calculations by Youngerf9g for the ground and metastable
states banded the experimental measurements, but were
higher than experiment when the estimated metastable frac-
tion was used. Woodruffet al. f10g measured the ionization
cross section using the crossed-beams technique and the re-
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sults were found to be in good agreement with those of Falk
et al. f7g. Hamdanet al. f11g measured the ionization of C2+

in a concentric-electron-beam device, with the ions being
trapped for about 1 s. The cross-section measurements lay
slightly below that of Falket al. f7g and Woodruffet al. f10g.
A measurement of the metastable fraction in an electron cy-
clotron resonancesECRd ion source for different ions was
provided by Brazuket al. f12g, with measurements being
taken for C2+, N2+, N3+, and O4+. For C2+, they measured the
metastable fraction to be 0.56±0.11, and this value appears
to be representative of the metastable fraction in most elec-
tron cyclotron resonancesECRd ion sources for C2+.

One misleading aspect of the comparison between theory
and experiment arises from the fact that when 100% of the
C2+ ions are assumed to be in the ground state, numerous
theoretical results are in reasonable agreement with experi-
ment, despite evidence for a significant metastable fraction in
the beam. Salopf13g used a modified binary-encounter ap-
proximation to calculate the ionization cross section for the
ground configuration of C2+ as part of calculations for C, O,
N, Ne, and Ar ions and obtained reasonable agreement with
experiment. Mooresf14g calculated ionization cross sections
from the ground configuration of C2+ using a no-exchange
Coulomb-Born method. The results do not match the ioniza-
tion threshold, due to metastable presence in the beam, but
there is reasonable agreement from the peak of the cross
sections, and above. Jakubowicz and Mooresf15g calculated
distorted-wave and Coulomb-Born with exchange cross sec-
tions for the ground state of C2+; these were in good agree-
ment with the distorted-wave calculations of Youngerf9g at
the ionization threshold, but were slightly above the Younger
results above the peak of the cross section. Both of these
ground-state calculations are in reasonable agreement with
experiment. However, when the correct metastable fractions
are used for the theoretical calculations, the results are con-
sistently higher than experiment. This is seen in both the
distorted-wave calculations of Youngerf9g and the plane-
wave Born calculations of McGuiref16g. Because of the
persistent discrepancy between theory and experiment,
McGuire suggested that the experimental measurements
have been consistently underestimated, and need to be res-
caled.

In this paper, we present merged-beams measurements for
the ionization of C2+ performed at the CRYRING storage
ring in Stockholm, Sweden. We compare the new experimen-
tal measurements with the results of nonperturbative calcu-
lations using the time-dependent close-couplingsTDCCd, the
converged-close-couplingsCCCd, and the R-matrix with
pseudostatessRMPSd methods, as well as with those from
perturbative calculations using the distorted-wavesDWd ap-
proximation. The rest of this paper is structured as follows.
Section II describes the theoretical methods used in the pa-
per. Section III describes the experimental apparatus and
technique. Section IV compares our experimental and theo-
retical results, and in Sec. V we conclude with a brief sum-
mary.

II. THEORY

In the calculation of theoretical ionization cross sections,
we use one perturbative approach, namely the configuration-

average distorted-wave method, and three nonperturbative
approaches, namely the time-dependent close-coupling, the
converged-close-coupling, and theR-matrix with pseu-
dostates methods.

The theory for the time-independent, configuration-
average, distorted-wave methodsCADWd has been described
in detail previously by Pindzolaet al. f17g. The
configuration-average threshold energies and radial wave
functions for the bound configurations are evaluated using
the Hartree-Fock relativistic atomic structure code of Cowan
f18g, where the mass-velocity and Darwin terms may be in-
cluded in the radial Schrödinger equation. The direct-
ionization cross-section contributions to the total cross sec-
tion are calculated in a configuration-average distorted-wave
approximation. This method has been very successful in
evaluating ionization cross sections, particularly for ionized
speciesf19–21g. However, the method often does not do well
for near neutral species, as seen, for example, in the work of
Colganet al. f22g on neutral lithium. Also, recent evidence
suggests that even for cases where distorted-wave techniques
agree with nonperturbative techniques for the ground state of
an ion, it may produce marked disagreement for the excited
states; this is true, for example, in the ionization calculations
for Be2+ and Be3+ by Colganet al. f5g.

Recently, various nonperturbative approaches have been
developed which can calculate ionization cross sections. The
time-dependent close-couplingsTDCCd method is one such
approach, and is described in more detail in Pindzola and
Robicheauxf23g. The radial wave function at a time follow-
ing the collision is obtained by propagating the time-
dependent close-coupling equations on a two-dimensional fi-
nite lattice. The two-electron wave functions fully describe
the correlation between the ejected and scattered electrons at
all times following the collision. The time-propagated wave
functions contain information on all elastic and inelastic pro-
cesses. The various scattering probabilities are obtained by
projecting the two-dimensional radial wave function onto ap-
propriate products of bound and continuum radial orbitals at
a suitable time after the collision. The bound and continuum
radial orbitals required to describe the initial target state and
to calculate projections are obtained by diagonalization of
the Hamiltonian on a one-dimensional finite lattice. The di-
rect and local exchange potentials are constructed as pseudo-
potentials in which the inner nodes of the valence Hartree-
Fock orbitals are removed in a smooth manner, to prevent
unphysical excitation of filled subshells. This method has
been very successful in calculations on H-likef23,24g, Li-
like f22g, Be-like f5g, and C-like systemsf25g. In the TDCC
calculation for C2+, we used a 3843384 grid with a mesh
spacing of 0.1 atomic units. We evaluated TDCC partial
waves forL=0 throughL=7 for the 2s2→2s ionization, and
L=0 throughL=8 for the 1s22s2p→1s22s and 1s22p ioniza-
tion contributions. To top up the TDCC partial-wave sums,
we employed CADW higher partial-wave contributions,
which were found to be in good agreement with those from
the TDCC calculation for the last few partial waves before
the top up started.

With the convergent-close-couplingsCCCd methodf26g,
all target states are determined from an orthogonal Laguerre
basis and the close-coupling equations are solved in momen-
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tum space. This method associates ionization with excitation
of the positive-energy states and has been shown to yield
accurate totalf27g, as well as fully differentialf28g, electron-
impact ionization cross sections of atomic hydrogen. It has
been extended to quasi-one-electron targetsf29g and applied
systematically to the Li-like ionic seriesf30g and the Na-like
series f31g. Here we are concerned with ionization of a
quasi-two-electron target. The form of CCC theory employed
for C2+ is similar to that used for scattering from beryllium
f32g, and is based on the adaptation of this method to a
helium targetf33g. We define the C2+ two-electron structure
by assuming that one of the electrons is fixed to be the 2s
orbital of C3+, and the other is allowed to vary freely. In
addition, just for the 2s2p 3P and1P symmetries, we add the
2p orbital to allow for ionization of the 2s2p configuration
leaving the C3+ ion in either the 2s or 2p states. This calcu-
lation also includes the excitation-autoionization contribu-
tions from the terms of the 2pnl configurations that are above
the first ionization limit.

TheR matrix with pseudostatessRMPSd method has been
described in detail previouslyf34–36g. Our implementation
of this method employs a set of Laguerre radial wave fun-
tions to represent the high Rydberg states and the target con-
tinuum. As with the CCC method, one determines the ion-
ization cross section by summing over the excitation cross
sections to the positive-energy pseudostates as well as any
doubly excited states with energies above the first ionization
limit. This version of the RMPS method has been employed
to calculate the ionization cross section for a variety of neu-
tral and ionic speciesf4,22,31,35g. All radial functions em-
ployed in this calculation were generated using the program
AUTOSTRUCTUREf37g. Spectroscopic orbitals were employed
for all subshells from 1s to 5g, and were determined from a
local potential using Slater-type orbitals. A set of nonor-
thogonal Laguerre pseudo-orbitals was generated for all sub-
shells from 6s to 12g; they were then orthogonalized to the
spectroscopic orbitals and to each other. The close-coupling
expansion of the target included all terms of the configura-
tions 2s2, 2s2p, 2p2, 2snl with n=3 to 12 andl =0 to 4, and
2pnl with n=3 to 11 andl =0 to 4. This leads to a total of
316 terms. The RMPS calculation was performed using our
recently developed set of parallelR-matrix codesf36,38g.
This parallel package includes two parts: the first was devel-
oped from modified versions of the Breit-Pauli programs
with full electron exchangef39g, and the second from the
no-exchangeR-matrix programsf40g. An RMPS calculation
with exchange was performed for all LSP partial waves
from L=0 to 11. This was then supplemented by a no-
exchange calculation fromL=12 to L=40. The size of the
R-matrix box was 34.5 a.u., and we employed 50 basis or-
bitals to represent thesN+1d-electron continuum for each
value of the angular momentum. This was sufficient to carry
out the calculation to a maximum energy of about 150 eV.
Extending it to higher energies would have required a larger
set of basis orbitals, and the present calculation already in-
cludes sN+1d-electron Hamiltonian matrices in size up to
48 000.

III. EXPERIMENTAL METHOD

The experiment was performed at the synchrotron storage
ring CRYRING in Stockholm, Sweden. The C2+ ions were

produced by an electron cyclotron resonance ion source of
the hypernanogan type operating with a microwave input of
14.5 GHz at a power of 180 W. The source platform was
operated at 36 kV and the extraction system at 10 kV, giving
an accelerating potential of 46 kV. Upon injection into CRY-
RING, the ions were accelerated by an RF drift tube to a
final energy of 2.7 MeV/amu at a current of 77 nA. The ions
were cooled by the electron cooler coupled to CRYRING
such that the stored ion-beam diameter was approximately 1
mm. The electron cooler also doubles as the electron source
for electron-impact ionization measurements. The center-of-
masssc.m.d energies of interest are created by detuning the
electron velocity away from the velocity-matched cooling
condition. Stored ions which are ionized are separated from
the stored beam by the 1.2 T dipole magnet following the
electron cooler. The charge-changed ions are then detected
by a unity efficiency surface barrier detector.

A description of the data analysis technique used in this
work has been previously reported in several articles on
electron-ion recombination at CRYRING, in which the same
analysis procedure is used to derive c.m. energies and rate
coefficients f41,42g. The rate coefficient is related to the
cross section by the expression

asEd = kvssEdl, s1d

wherev is the mean electron velocity andssEd is the cross
section. To obtain the ionization cross section, we simply
divide the rate coefficient by the mean velocity at each re-
spective data point in the spectrum. The results represent a
100-point averaging of the final experimental data with the
total error shown by error bars. The c.m. energy resolution is
mainly determined by the longitudinal electron temperature
skTlongd in the electron cooler and is given by

DE = 4ÎEdkTlong ln 2, s2d

whereEd is the c.m. detuning energyseVd andkTlong is 0.1
meV. This yields aDE ranging from 0.1 to 0.5 eV over the
energy range investigated. The error in the cross section is
primarily due to a determination of the number of ions stored
in the ring, from ion current measurements, and the uncer-
tainty in the effective electron cooler interaction length, es-
timated at 80 cm. Together these yield an error of 15%,
which includes a statistical error of 3%.

Previous studies on ECR ion sources by Brazuket al. f12g
found that for C2+, the metastable fraction is expected to be
0.56±0.11. We expect our current ECR ion source to pro-
duce a similar metastable fraction. This is consistent with
atomic structure calculations of lifetimes for Be-like C2+

ions. Of the levels in the 2s2p 3P term, only3P1 has a sig-
nificant decay rate to the ground 2s2 1S0 level, via an inter-
combination transition that is possible through weak spin-
orbit mixing of the3P1 level with the1P1 level. Nussbaumer
and Storeyf43g calculated anA value of 95.92s−1 for the
2s2p 3P1→2s2 1S0 transition, and Doerfertet al. f44g mea-
sured a value ofs102.94±0.14d s−1. The resultant lifetime of
,9.7 ms is significantly shorter than the 15–20 s for which
ions circulate in our storage ring experiments. For the
2s2p 3P2→2s2 1S0 magnetic quadrupole transition, Nuss-
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baumer and Storeyf43g calculated a lifetime of 192.75 s and
Glassf45g calculated a lifetime of 192.6 s, suggesting that a
significant fraction should still be present in the storage-ring
experiment. The 2s2p 3P0 level can decay to the ground only
via a hyperfine-induced transition, for which very few life-
time calculations exist. Doerfertet al. f44g calculated a life-
time of 231010 s, while Bragef46g calculated a much lower
lifetime of 1106 s. In either case, there is likely to be a
significant 2s2p 3P0 metastable fraction present. Note that a
recent measurement of this transition in Be-like Nf47g yields
a lifetime of 2.5 s, indicating thatZ scaling of these transi-
tions may lead to a much smaller metastable fraction present
in higher members of the Be isoelectronic sequence. This is
consistent with recent dielectronic recombination studies on
Cl13+ f48g, which saw no metastable fraction in the ion beam.
However, from the lifetime data for C2+, we see that if the
ion source populates all the states of the 2s2 1S and 2s2p 3P
terms equally, on statistical grounds, one would expect the
2s2p 3P term to contain 60% of the beam population.

IV. RESULTS

In Figs. 1 and 2, we show a comparison of the cross
sections from the various theoretical methods employed in
this paper for ionization of the 2s2 ground configuration and
the 2s2p excited configuration. Since there is only one term
in the ground configuration, in Fig. 1 the term-resolved
RMPSsdashed lined and CCCsdot-dashed lined calculations
will be equivalent to the configuration-average CADWssolid
lined and TDCCssquaresd results. The TDCC and CCC re-
sults are seen to be in very good agreement, while the RMPS
results agree near the threshold, but are lower than the TDCC
and CCC results at higher energies. The CADW results are
slightly higher than those from all of the nonperturbative
methods, though the differences between the various theoret-
ical cross sections for the 2s2 configuration are all relatively
small.

In Fig. 2, for the ionization cross section from the 2s2p
excited configuration, the RMPS and CCC cross sections
agree well up to about 75 eV and the DW cross section is
only slightly larger. Above this energy, there are some differ-
ences in the results of all the various calculations which must
be considered. The TDCCsopen squaresd and CADW sdot-
ted lined represent the configuration-average direct-ionization
cross section from the 2s2p configuration. Both the RMPS
and CCC calculations are term-resolved; however, for the
purpose of comparing the different theoretical results, we
have determined configuration-averagesCAd cross sections
from the 2s2p 1P and3P results. These are shown by a dot-
dashed line for the CCC results and by a dashed line for the
RMPS results. In both cases, the CA cross sections are about
2 Mb above the3P cross sections.

As noted in Sec. II, both the RMPS and CCC cross sec-
tions include the effects of excitation-autoionization. For this
reason, we have added excitation-autoionization contribu-
tions to both the CADW and TDCC ionization results by
using a CADW excitation program and data from the TDCC
calculation to determine the cross sections for the transitions
from the 2s2p configuration to the 2pnl doubly excited au-
toionizing configurations. From NIST energiesf50g, the lev-
els of the 2p4d configuration straddle the ionization thresh-
old, and all 2pnl configurations above it are autoionizing. In
our CADW and TDCC excitation calculations, we did not
include contributions from the 2p4d configuration, but we
did include the contributions for excitation from the 2s2p
configuration to all configurations from 2p4f to 2p6f.

The CADW ionization results, corrected in this way for
the contributions from excitation-autoionization, are shown
by the solid line, and the corrected TDCC results are shown
by the solid squares. In both the TDCC and CADW cases,

FIG. 1. Ionization cross sections for the 2s2 configuration. The
squares show the TDCC results for the 2s2 configuration, the dot-
dashed line shows the CCC results for the 2s2 1S term, the dashed
line shows the RMPS results for the 2s2 1S term, and the solid line
gives the CADW results for the 2s2 configuration.s1.0 Mb=1.0
310−18 cm2.d

FIG. 2. Ionization cross sections for the 2s2p configuration. The
open squares show the TDCC results for the direct ionization of the
2s2p configuration; the closed squares are the TDCC results with
excitation-autoionization included. The dot-dashed line shows the
configuration-average CCC results for the 2s2p configuration; the
dashed line shows the configuration-average RMPS results for the
2s2p configuration. The dotted line shows the CADW results for
the direct ionization of the 2s2p configuration, and the solid line
shows the CADW results with excitation-autoionization included.
s1.0 Mb=1.0310−18 cm2.d
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excitation-autoionization adds about 10% to the cross sec-
tion. However, in comparing the corrected CADW and
TDCC results with the RMPS and CCC cross sections, some
of the differences may still be due to the excitation-
autoionization contributions. First, in both the CCC and
RMPS calculations, some levels of the configuration 2p4d
are autoionizing and are included as part of the total ioniza-
tion cross section; this would tend to increase the contribu-
tion from excitation followed by autoionization. On the other
hand, the effects of coupling on the excitation cross sections
to these doubly excited states that are included in both of the
CCC and RMPS calculations will tend to reduce the
excitation-autoionization contributions. As we see, the
CADW results, corrected for excitation-autoionization, are
above the various nonperturbative results and the RMPS re-
sults peak before the CCC and corrected TDCC results. Fur-
thermore, above 100 eV, the difference between the CCC and
corrected TDCC cross sections is about the same as the dif-
ference between the corrected TDCC and RMPS cross sec-
tions, with the CCC results higher than the other two.

Figure 3 shows the new experimental measurements for
the ionization cross section of C2+. The new experimental
data presented here can be downloaded fromf49g. The
present CRYRING results are in close agreement with the
data of Falket al. f7g, though they trend slightly below those
results above about 170 eV. The current measurements are
also in good agreement with the previous measurements of
Woodruff et al. f10g and lie slightly higher than the results of
Hamdanet al. f11g.

In Figs. 3 and 4, we show the various theoretical results,
compared with the currentsFig. 3d and the oldersFig. 4d
experimental results, assuming a 40–60 % fraction of the
beam in the ground and metastable terms. Both the CCC and
RMPS cross sections are within the error bars of the present
CRYRING measurements, although the CCC cross sections

are about 10% above the RMPS results and the experimental
point at about 120 eV. The CADW results are higher than
experiment, and the TDCC results are within the experimen-
tal error bars, but higher than the other nonperturbative re-
sults. The TDCC and CADW metastable calculations are of
the 2s2p configuration-average cross section, rather than the
2s2p 3P cross section, and thus are both about 2 Mb too
high, due to term-dependent effects. This would bring the
TDCC results into much better agreement with the other
nonperturbative calculations. The CADW results would still
be higher than the experimental error bars, the remaining
difference being due to the fact that the CADW calculations
overestimate both the 2s2 and 2s2p cross sections. We note
in Fig. 4 that the TDCC, CCC, and RMPS results are in
similar agreement with the previous experimental measure-
ments of Falket al. f7g and Woodruffet al. f10g.

As a further check on the metastable fraction, dielectronic
recombination measurements were taken simultaneously
with the present CRYRING ionization cross-section mea-
surements. From theoretical calculation of the peak heights
of resonances attached to both the 2s2 1S0+e−→2s2pnl se-
ries, and those attached to 2s2p 3P0,2+e−→2p2nl series, it
was estimated that a metastable fraction of 60% was present
in the experimental beam, in good agreement with our con-
clusions from estimations from lifetime calculations, and
from our ionization cross-section calculations. The results of
this dielectronic recombination study are to be published in a
separate paperf51g.

V. SUMMARY

In this paper, we have compared experimental measure-
ments for the electron-impact single-ionization cross section

FIG. 3. Theoretical ionization cross sections for C2+, assuming
40–60 % mixture of the ground and excited configurations, com-
pared with the experimental results from the CRYRING experiment
sdiamondsd. The theoretical results consist of CCC resultssdot-
dashed lined, TDCC resultssopen squares for the direct ionization,
solid squares for the results with excitation-autoionizationd, RMPS
results sdashed lined, and CADW results, including excitation-
autoionizationssolid lined. s1.0 Mb=1.0310−18 cm2.d

FIG. 4. Theoretical ionization cross sections for C2+, assuming
40–60 % mixture of the ground and excited configurations, com-
pared to the low metastable experimental results from Falket al. f7g
strianglesd and the measurements of Woodruffet al. f10g sopen
circlesd. The theoretical results consist of CCC resultssdot-dashed
lined, TDCC resultssopen squares for the direct ionization, solid
squares for the results with excitation-autoionizationd, RMPS re-
sults sdashed lined, and CADW results, including excitation-
autoionizationssolid lined. s1.0 Mb=1.0310−18 cm2.d
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of C2+ with calculations using the time-dependent close-
coupling, converged-close-coupling,R-matrix with pseu-
dostates, and distorted-wave techniques. We estimate the
2s2p 3P metastable fraction present in our ECR ion source to
be 60%, which is consistent with atomic structure calcula-
tions of radiative rates. There is reasonable agreement be-
tween the TDCC, CCC, and RMPS ionization cross sections
for both the 2s2 and the 2s2p configurations. It was found
that the 2s2p 3P cross section lies about 2 Mb below the
configuration-average result, due to term-dependent effects.
Also, excitation-autoionization is likely to add about 10% to
the direct-ionization cross section. The converged-close-
coupling andR-matrix with pseudostates calculations for the
ionization cross section, assuming a 40–60 % ground and
metastable mixture, are in reasonable agreement with experi-
ment. The TDCC results are within the experimental error
bars, but higher than the other nonperturbative results. This
difference is largely due to term-dependent effects not ac-
counted for in the configuration-average TDCC calculation.
The CADW results are higher than experiment. Term depen-
dence effects would bring the CADW results closer to ex-
periment, though it would remain above the experimental
error bars. The remaining discrepancy is due to the distorted-
wave calculations from the 2s2 ground configuration and the
2s2p excited configuration both being slightly too high. To

our knowledge, this is the first time, for a light species, that
agreement between theory and experiment has been achieved
for the ionization cross section of species with a significant
metastable fraction in the beam. In the future, we plan to
extend our nonperturbative calculations from excited con-
figurations to look at ionization of all ion stages of carbon,
and ionization from highly excited states of helium, with a
view to improving the atomic data for elements of funda-
mental importance to fusion modeling.
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