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Influence of long-lived metastable levels on the electron-impact single ionization of?C
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Ajoint theoretical and experimental investigation is made of the influence of long-lived metastable levels on
the electron-impact single ionization ofC It is expected that our electron cyclotron resonance ion source
produces a beam with 40% of thé Gons in the ¥2s? 'S ground level and 60% in thes12s2p *P, , 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 ionizatiéh isfd@nsistent
with the predicted large metastable fraction. Reasonable agreement is found between the present time-
dependent close-couplin&-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.

DOI: 10.1103/PhysRevA.71.012716 PACS nuntber34.80.Kw, 52.20.Fs

I. INTRODUCTION the ground states of ionized speciesg., Li* as studied by

The importance of ionization from metastable states ha&o!danet al.[4]), recent studies on ionization from the ions
long been recognized in collisional-radiative modeling of fi- ©f Peryllium [S] suggest that the distorted-wave approxima-

nite density plasmas; see, for example, Burgess and surfion becomes progressively worse as one ionizes from higher

mers[1]. However, the measurement and calculation of ach shells. It is only recently that nonperturbative calculations
curate ionization cross sections from metastable and excitezﬁr ionization from excited states have become tractable;

S ese include the converged-close-coupling calculations for
states has presented significant challenges to the atomic, o1 Jithium by Schweinzeet al. [6], and the time-
physics community. L

. o . dependent close-coupling ari@matrix with pseudostates
_On the (_axperlmental side, it is ofte_n not possble to deters |culations for all ion stages of Be by Colganal. [5].
mine the_ S|ze_0f the metastable fract_lon_ present in the be_am, lonization from Be-like G* has presented long-standing
making isolation of the metastable ionization cross SeCt'OrEjiscrepancies between theory and experiment. The previous
problematic. In cases where it is known that a significan{york of Falk et al.[7] measured the single-ionization cross
metastable fraction exists, such as in the2sl’S term of  section of Be-like B, C, and O ions using the crossed-beams
He-like ions, or the &p 3P term of Be-like ions, previous technique. A significant metastable fraction was found for
comparisons with theory have often encountered discrepareach ion. For &', the metastable fraction was estimated as
cies. This is true even for comparisons with the most recen5% and 90% for their low and high metastable measure-
nonperturbative ionization calculations. As an example, takenents, respectively. The differences between the low and
the comparisons of ionization cross-section measurementsgh metastable cross sections were relatively small. Cross
with theory for neutral helium in Colgast al. [2] and in  sections from the Lotz formulg8] and from distorted-wave
Fursa and Bray3], where nonperturbative calculations lie calculations by Youngel9] for the ground and metastable
significantly below the experimental measurements. states banded the experimental measurements, but were
On the theoretical side, for ionized species, distortedhigher than experiment when the estimated metastable frac-
wave methods are often employed. Although it is often cleation was used. Woodrufét al. [10] measured the ionization
that distorted-wave techniques do well for ionization fromcross section using the crossed-beams technique and the re-
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sults were found to be in good agreement with those of Fallaverage distorted-wave method, and three nonperturbative
et al.[7]. Hamdanet al.[11] measured the ionization of?C  approaches, namely the time-dependent close-coupling, the
in a concentric-electron-beam device, with the ions beingonverged-close-coupling, and the-matrix with pseu-
trapped for about 1 s. The cross-section measurements lapstates methods.
slightly below that of Fallet al.[7] and Woodruffet al.[10]. The theory for the time-independent, configuration-
A measurement of the metastable fraction in an electron cyaverage, distorted-wave meth@ADW) has been described
clotron resonancéECR) ion source for different ions was in detail previously by Pindzolaet al. [17]. The
provided by Brazuket al. [12], with measurements being configuration-average threshold energies and radial wave
taken for ¥, N?*, N%*, and &*. For C*, they measured the functions for the bound configurations are evaluated using
metastable fraction to be 0.56+0.11, and this value appeatbe Hartree-Fock relativistic atomic structure code of Cowan
to be representative of the metastable fraction in most eled-18], where the mass-velocity and Darwin terms may be in-
tron cyclotron resonancgECR) ion sources for &, cluded in the radial Schrodinger equation. The direct-

One misleading aspect of the comparison between theonpnization cross-section contributions to the total cross sec-
and experiment arises from the fact that when 100% of théion are calculated in a configuration-average distorted-wave
C?* ions are assumed to be in the ground state, numerouspproximation. This method has been very successful in
theoretical results are in reasonable agreement with experévaluating ionization cross sections, particularly for ionized
ment, despite evidence for a significant metastable fraction ispecie§19-21]. However, the method often does not do well
the beam. Salop13] used a modified binary-encounter ap- for near neutral species, as seen, for example, in the work of
proximation to calculate the ionization cross section for theColganet al. [22] on neutral lithium. Also, recent evidence
ground configuration of € as part of calculations for C, O, suggests that even for cases where distorted-wave techniques
N, Ne, and Ar ions and obtained reasonable agreement withgree with nonperturbative techniques for the ground state of
experiment. Mooregl14] calculated ionization cross sections an ion, it may produce marked disagreement for the excited
from the ground configuration of ¢ using a no-exchange states: this is true, for example, in the ionization calculations
Coulomb-Born method. The results do not match the ionizafor Be?* and Bé* by Colganet al. [5].
tion threshold, due to metastable presence in the beam, but Recently, various nonperturbative approaches have been
there is reasonable agreement from the peak of the crogfeveloped which can calculate ionization cross sections. The
sections, and above. Jakubowicz and Mod(ié calculated  time-dependent close-couplif@DCC) method is one such
distorted-wave and Coulomb-Born with exchange cross secapproach, and is described in more detail in Pindzola and
tions for the ground state of% these were in good agree- Robicheaux23]. The radial wave function at a time follow-
ment with the distorted-wave calculations of Young@rat  ing the collision is obtained by propagating the time-
the ionization threshold, but were slightly above the Youngeidependent close-coupling equations on a two-dimensional fi-
results above the peak of the cross section. Both of thesgite lattice. The two-electron wave functions fully describe
ground-state calculations are in reasonable agreement withe correlation between the ejected and scattered electrons at
experiment. However, when the correct metastable fractionsll times following the collision. The time-propagated wave
are used for the theoretical calculations, the results are corfunctions contain information on all elastic and inelastic pro-
sistently higher than experiment. This is seen in both the&esses. The various scattering probabilities are obtained by
distorted-wave calculations of Youngg®] and the plane- projecting the two-dimensional radial wave function onto ap-
wave Born calculations of McGuirgl6]. Because of the propriate products of bound and continuum radial orbitals at
persistent discrepancy between theory and experimen suitable time after the collision. The bound and continuum
McGuire suggested that the experimental measurementadial orbitals required to describe the initial target state and
have been consistently underestimated, and need to be rae- calculate projections are obtained by diagonalization of
caled. the Hamiltonian on a one-dimensional finite lattice. The di-

In this paper, we present merged-beams measurements figict and local exchange potentials are constructed as pseudo-
the ionization of G* performed at the CRYRING storage potentials in which the inner nodes of the valence Hartree-
ring in Stockholm, Sweden. We compare the new experimenFock orbitals are removed in a smooth manner, to prevent
tal measurements with the results of nonperturbative calcuwnphysical excitation of filled subshells. This method has
lations using the time-dependent close-couplinBCC), the  been very successful in calculations on H-lik8,24, Li-
converged-close-couplingCCCO), and the R-matrix with like [22], Be-like [5], and C-like systemE25]. In the TDCC
pseudostate$RMPS methods, as well as with those from calculation for G*, we used a 384 384 grid with a mesh
perturbative calculations using the distorted-w#&&V) ap-  spacing of 0.1 atomic units. We evaluated TDCC partial
proximation. The rest of this paper is structured as followswaves forL =0 throughL =7 for the 2?— 2s ionization, and
Section Il describes the theoretical methods used in the pa-=0 throughL =8 for the ?2s2p — 1s°2s and 1°2p ioniza-
per. Section |l describes the experimental apparatus angion contributions. To top up the TDCC partial-wave sums,
technique. Section IV compares our experimental and theave employed CADW higher partial-wave contributions,
retical results, and in Sec. V we conclude with a brief sum-which were found to be in good agreement with those from
mary. the TDCC calculation for the last few partial waves before
the top up started.

With the convergent-close-couplin€CC) method[26],

In the calculation of theoretical ionization cross sectionsall target states are determined from an orthogonal Laguerre
we use one perturbative approach, namely the configuratiorbasis and the close-coupling equations are solved in momen-

Il. THEORY
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tum space. This method associates ionization with excitatioproduced by an electron cyclotron resonance ion source of
of the positive-energy states and has been shown to yielthe hypernanogan type operating with a microwave input of
accurate totdl27], as well as fully differential28], electron-  14.5 GHz at a power of 180 W. The source platform was
impact ionization cross sections of atomic hydrogen. It hagperated at 36 kV and the extraction system at 10 kV, giving
been extended to quasi-one-electron tarf@# and applied  an accelerating potential of 46 kV. Upon injection into CRY-
systematically to the Li-like ionic seri¢80] and the Na-like RING, the ions were accelerated by an RF drift tube to a
series[31]. Here we are concerned with ionization of a final energy of 2.7 MeV/amu at a current of 77 nA. The ions
quasi-two-electron target. The form of CCC theory employed,ere cooled by the electron cooler coupled to CRYRING
for C*"is similar to that used for scattering from beryllium g, e that the stored ion-beam diameter was approximately 1
ngl] and is based on tfhe aﬂapé?tlon Olf this method 10 8,1 The electron cooler also doubles as the electron source
be ';g&%r%e{fﬁ;t Vgﬁedgf'?ﬁet e?ectr:)ﬁg-?sef(i:;reodn tztrggt:gz 2for electron-impact ionization measurements. The center-of-
o?/bital of C3g+ and the other is allowed to vary freely. In mass(c.m) ent_argies of interest are cregted by detuning_ the
addition, just for the &p P and'P symmetries, we add the e'e"tfo.” velocity away frpm the .ve!ocny-matched cooling
condition. Stored ions which are ionized are separated from

2p orbital to allow for ionization of the &p configuration . .
leaving the G* ion in either the 2 or 2p states. This calcu- the stored beam by the 1.2 T dipole magnet following the

lation also includes the excitation-autoionization contribu-€/€ctron cooler. The charge-changed ions are then detected

tions from the terms of theghl configurations that are above bY @ unity efficiency surface barrier detector. o

the first ionization limit. A description of the data analysis technique used in this
The R matrix with pseudostaté€lRMPS method has been Work has been previously reported in several articles on

described in detail previousl\84—36. Our implementation electron-ion recombination at CRYRING, in which the same

of this method employs a set of Laguerre radial wave fun-analysis procedure is used to derive c.m. energies and rate

tions to represent the high Rydberg states and the target coneefficients[41,42. The rate coefficient is related to the

tinuum. As with the CCC method, one determines the ion-cross section by the expression

ization cross section by summing over the excitation cross

sections to the positive-energy pseudostates as well as any a(E) =(vo(E)), 1)

doubly excited states with energies above the first ionization . . .

limit. This version of the RMPS method has been employed?herev is the mean electron velocity andE) is the cross

to calculate the ionization cross section for a variety of neuS€ction. To obtain the ionization cross section, we simply

tral and ionic speciep4,22,31,35. All radial functions em-  divide the rate coefficient by the mean velocity at each re-

ployed in this calculation were generated using the prograngPective data point in the spectrum. The results represent a

AUTOSTRUCTURE[37]. Spectroscopic orbitals were employed 100-point averaging of the final experimental data with the

for all subshells from 4 to 5g, and were determined from a total error shown by error bars. The c.m. energy resolution is

local potential using Slater-type orbitals. A set of nonor-mainly determined by the longitudinal electron temperature

thogonal Laguerre pseudo-orbitals was generated for all sulikTi,ng) in the electron cooler and is given by

shells from & to 12g; they were then orthogonalized to the

spectroscopic orbitals and to each other. The close-coupling AE = 4VEgkTgnglIn 2, (2

expansion of the target included all terms of the configura- ] . .

tions &2, 2s2p, 2p?, 2snlwith n=3 to 12 and=0to 4, and WhereEy is the c.m. detuning enerdV) andkTigng is 0.1

2pnl with n=3 to 11 and =0 to 4. This leads to a total of MeV. This yields aAE ranging from 0.1 to 0.5 eV over the
316 terms. The RMPS calculation was performed using ougnergy range investigated. The error in the cross section is
recently developed set of parall®matrix codes[36,3§.  primarily due to a determination of the number of ions stored
This parallel package includes two parts: the first was develin the ring, from ion current measurements, and the uncer-
oped from modified versions of the Breit-Pauli programstainty in the effective electron cooler interaction length, es-
with full electron exchang¢39], and the second from the timated at 80 cm. Together these yield an error of 15%,
no-exchangérk-matrix programg40]. An RMPS calculation  which includes a statistical error of 3%.
with exchange was performed for all ISpartial waves Previous studies on ECR ion sources by Bragtal.[12]
from L=0 to 11. This was then supplemented by a no-found that for G*, the metastable fraction is expected to be
exchange calculation froh=12 to L=40. The size of the 0.56+0.11. We expect our current ECR ion source to pro-
R-matrix box was 34.5 a.u., and we employed 50 basis orduce a similar metastable fraction. This is consistent with
bitals to represent théN+1)-electron continuum for each atomic structure calculations of lifetimes for Be-like?'C
value of the angular momentum. This was sufficient to carryions. Of the levels in the 2p °P term, only3P1 has a sig-
out the calculation to a maximum energy of about 150 eVnificant decay rate to the ground;zzlsb level, via an inter-
Extending it to higher energies would have required a largecombination transition that is possible through weak spin-
set of basis orbitals, and the present calculation already imerbit mixing of the3P1 level with thelP1 level. Nussbaumer
cludes (N+1)-electron Hamiltonian matrices in size up to and Storey[43] calculated amA value of 95.92s™* for the
48 000. 2s2p 3P, —2¢? ', transition, and Doerfergt al. [44] mea-
sured a value 0f102.94+0.14 s™L. The resultant lifetime of
lll. EXPERIMENTAL METHOD ~9.7 ms is significantly shorter than the 15-20 s for which
The experiment was performed at the synchrotron storag@ns circulate in our storage ring experiments. For the
ring CRYRING in Stockholm, Sweden. The?Cions were  2s2p 3P2—>252 180 magnetic quadrupole transition, Nuss-
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FIG. 1. lonization cross sections for the’?Zonfiguration. The
squares show the TDCC results for the 2senfiguration, the dot-
dashed line shows the CCC results for the %5 term, the dashed
line shows the RMPS results for the?2S term, and the solid line
gives the CADW results for the 2configuration.(1.0 Mb=1.0
X 1078 cm?.)

baumer and Storejyt3] calculated a lifetime of 192.75 s and
Glass[45] calculated a lifetime of 192.6 s, suggesting that
significant fraction should still be present in the storage-rin
experiment. The &p 3P0 level can decay to the ground only
via a hyperfine-induced transition, for which very few life-
time calculations exist. Doerfeét al. [44] calculated a life-
time of 2x 10'° s, while Bragg46] calculated a much lower

lifetime of 1106 s. In either case, there is likely to be a
significant 22p 3P0 metastable fraction present. Note that a

recent measurement of this transition in Be-liké4N] yields

a lifetime of 2.5 s, indicating thaf scaling of these transi-
tions may lead to a much smaller metastable fraction prese
in higher members of the Be isoelectronic sequence. This

consistent with recent dielectronic recombination studies o

CI'3*[48], which saw no metastable fraction in the ion beam
However, from the lifetime data for €, we see that if the
ion source populates all the states of ti# %5 and 22p P

a
g
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FIG. 2. lonization cross sections for the2p 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 th&2@ 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 2p configuration, and the solid line
shows the CADW results with excitation-autoionization included.
(1.0 Mb=1.0x 1078 cn?.)

In Fig. 2, for the ionization cross section from the2@
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 TDC®pen squargsand CADW (dot-
ted line represent the configuration-average direct-ionization
cross section from thes2p configuration. Both the RMPS
hd cCC calculations are term-resolved; however, for the
'rEurpose of comparing the different theoretical results, we

ave determined configuration-avera@®A) cross sections
from the 22p P and®P 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

terms equally, on statistical grounds, one would expect thc% Mb above theélP cross sections

2s2p 3P term to contain 60% of the beam population.

IV. RESULTS

As noted in Sec. Il, both the RMPS and CCC cross sec-
tions include the effects of excitation-autoionization. For this
reason, we have added excitation-autoionization contribu-

In Figs. 1 and 2, we show a comparison of the crosdions to both the CADW and TDCC ionization results by

sections from the various theoretical methods employed
this paper for ionization of thes? ground configuration and

ising a CADW excitation program and data from the TDCC
calculation to determine the cross sections for the transitions

the 22p excited configuration. Since there is only one termfrom the Z2p configuration to the @nl doubly excited au-
in the ground configuration, in Fig. 1 the term-resolvedtoionizing configurations. From NIST energigs0], the lev-

RMPS (dashed lingand CCC(dot-dashed lingcalculations
will be equivalent to the configuration-average CAQ¥dlid

els of the D4d configuration straddle the ionization thresh-
old, and all Dnl configurations above it are autoionizing. In

line) and TDCC(squareyresults. The TDCC and CCC re- our CADW and TDCC excitation calculations, we did not
sults are seen to be in very good agreement, while the RMPclude contributions from thep@d configuration, but we
results agree near the threshold, but are lower than the TDC@id include the contributions for excitation from the2p
and CCC results at higher energies. The CADW results areonfiguration to all configurations frompaf to 2p6f.

slightly higher than those from all of the nonperturbative

The CADW ionization results, corrected in this way for

methods, though the differences between the various theoretie contributions from excitation-autoionization, are shown

ical cross sections for thes2configuration are all relatively by the solid line, and the corrected TDCC results are shown
small. by the solid squares. In both the TDCC and CADW cases,
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FIG. 3. Theoretical ionization cross sections fat*Cassuming FIG. 4. Theoretical ionization cross sections fot*Cassuming
40-60 % mixture of the ground and excited configurations, com-40-60 % mixture of the ground and excited configurations, com-
pared with the experimental results from the CRYRING experimentpared to the low metastable experimental results from eailt.[ 7]
(diamond$. The theoretical results consist of CCC resuld®t- (triangles and the measurements of Woodrt al. [10] (open
dashed ling TDCC results(open squares for the direct ionization, circles. The theoretical results consist of CCC resittst-dashed
solid squares for the results with excitation-autoionizati®tMPS line), TDCC results(open squares for the direct ionization, solid
results (dashed ling and CADW results, including excitation- squares for the results with excitation-autoionizatidRMPS re-
autoionization(solid line). (1.0 Mb=1.0x 10718 cnm?.) sults (dashed ling and CADW results, including excitation-

autoionization(solid line). (1.0 Mb=1.0x 10718 cn?.)
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, som
of the differences may still be due to the excitation-

are about 10% above the RMPS results and the experimental
Boint at about 120 eV. The CADW results are higher than
TR I : ) experiment, and the TDCC results are within the experimen-
autoionization pontrlbutlons. First, in both t.he ccc andia| error bars, but higher than the other nonperturbative re-
RMPS calculations, some levels of the configuratigl® o ;5 The TDCC and CADW metastable calculations are of

are autoionizing a.ndh_are |nc|I(;Jded das part of the ;otal 'On_';afhe 22p configuration-average cross section, rather than the
tion cross section; this would tend to increase the contribupe 35 ¢ross section, and thus are both about 2 Mb too

tion from excitation followed by autoionization. On the other high, due to term-dependent effects. This would bring the

hand, the effects of.coupling on the expitation cross Secﬁom‘f’DCC results into much better agreement with the other
to these doubly excited Stat?s that are included in both of thﬁonperturbative calculations. The CADW results would still

CCC _and RMPS. c_alculat|on§ W.'” tend to reduce thebe higher than the experimental error bars, the remaining
excitation-autoionization contributions. As we see, thedif“ference being due to the fact that the CADW calculations

CADW results_, corrected for excitation-autoionization, areg o .ecimate both thes? and 22p cross sections. We note
above the various nonperturbative results and the RMPS re Fig. 4 that the TDCC, CCC, and RMPS results are in

sults peak before the CCC an_d corrected TDCC results. FUg o agreement with the previous experimental measure-
thermore, above 100 eV, the difference between the CCC ar}%ents of Falket al. [7] and Woodruffet al. [10]

fcorrecte% TtDCC (f[LOSS sectl?n; _:_SD%bC?Ut tgeRsﬁénse as the dif- g 5 further check on the metastable fraction, dielectronic

erence between he correcte an CIOSS S€fscombination measurements were taken simultaneously

tlor'1:§, W|th3th?1CCCt;1esults hlgher_thanttTe other two. i fwith the present CRYRING ionization cross-section mea-
lgure 5 SNOWS the new exge“me” al measurements 104, .o ments. From theoretical calculation of the peak heights
the ionization cross section of“C The new experimental ¢ ' oconances attached to both thé by +e — 2s2pnl se-
data presented here can be _downloaded fiici). The ries, and those attached ta2p 3P, ,+& — 2p?nl series, it
present CRYRING results are in close agreement with th as estimated that a metastable fraction of 60% was present
data of Falket al.[7], though they trend slightly below those in the experimental beam, in good agreement with our con-
results above about 170 eV. The current measurements 3fusions from estimations from lifetime calculations, and

3:,30 (;n ?foc:d laglrgem(ejr}'_[ W'It.h ;He yf)-rthIOLtﬁ mfﬁsuren}?ntsf ®om our ionization cross-section calculations. The results of
oodruffet al.[10] and lie slightly higher than the results o this dielectronic recombination study are to be published in a

Hamdanet al. [11].
In Figs. 3 and 4, we show the various theoretical results,separate papgb1l.

compared with the currenFig. 3) and the older(Fig. 4)

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 In this paper, we have compared experimental measure-
CRYRING measurements, although the CCC cross sectionments for the electron-impact single-ionization cross section

V. SUMMARY
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of C?* with calculations using the time-dependent close-our knowledge, this is the first time, for a light species, that
coupling, converged-close-couplingz-matrix with pseu- agreement between theory and experiment has been achieved
dostates, and distorted-wave techniques. We estimate ther the ionization cross section of species with a significant
2s2p 3P metastable fraction present in our ECR ion source tametastable fraction in the beam. In the future, we plan to
be 60%, which is consistent with atomic structure calculaextend our nonperturbative calculations from excited con-
tions of radiative rates. There is reasonable agreement b@gurations to look at ionization of all ion stages of carbon,
tween the TDCC, CCC, and RMPS ionization cross sectiongng jonization from highly excited states of helium, with a
for both the %2 and the 22p configurations. It was found e\ to improving the atomic data for elements of funda-
that _the ’&_Zp P cross section lies about 2 Mb below the antal importance to fusion modeling.

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 Work by the U.S. theoretical collaborators was supported
metastable mixture, are in reasonable agreement with expetdy a U.S. DOE grantNo. DE-FG02-96ER54348with Au-
ment. The TDCC results are within the experimental errotburn University, a U.S. DOE gran{No. DE-FGO02-
bars, but higher than the other nonperturbative results. Thi89ER54367Y with Rollins College, and a U.S. DOE SciDAC
difference is largely due to term-dependent effects not acgrant (No. DE-FG02-01ER54644through Auburn Univer-
counted for in the configuration-average TDCC calculationsity. The authors would like to thank the Manne Siegbahn
The CADW results are higher than experiment. Term depenkaboratory staff for their contributing efforts and for the op-
dence effects would bring the CADW results closer to ex-eration of CRYRING. M.F. and R.S. would like to thank the
periment, though it would remain above the experimentaSwedish Research Council for financial support. I.B. and
error bars. The remaining discrepancy is due to the distorted>.F. acknowledge the support of the Australian Research
wave calculations from thes2 ground configuration and the Council and the Australian Partnership for Advanced Com-
2s2p excited configuration both being slightly too high. To puting.
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