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Autoionizing resonances in electron-impact ionization of O* ions
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We report on a detailed experimental and theoretical study of electron-impact ionizatioh” dbigs. A
high-resolution scan measurement of Kxghell excitation threshold region has been performed with statistical
uncertainties as low as 0.03%. At this level of precision a wealth of features in the cross section arising from
indirect ionization processes becomes visible, and even interference of direct ionization with resonant-
excitation/auto-double-ionizatiofREADI) is clearly observed. The experimental results are compared with
R-matrix calculations that include both direct and indirect processes in a unified way. Radiative damping of
autoionizing Li-like states is found to be about 10—15 %. The calculations almost perfectly reproduce most of
the experimental resonance features found in the present measurement including READI. They also agree with
the direct-ionization converged close-coupling results of I. Bdayhys. B28, L247 (1995] and the absolute
total ionization cross section measurement of K. Rétral. [Phys. Rev. A36, 595 (1987)].

PACS numbes): 34.80.Dp, 34.80.Kw

[. INTRODUCTION radiative damping have to be considered in this case. Special
attention was directed to resonance features in the energy
Atomic data needs for ionization cross sections and rateange just below and above tieshell excitation threshold.
coefficients relevant to laboratory and astrophysical plasma&utoionizing resonances were measured with high precision
have stimulated extensive theoretical and experimental efand high energy resolution and calculated using the unified
forts to investigate and understand the direct and indirecR-matrix method. Many of the dominant features seen in this
ionization mechanisms in electron-impact ionization ofwork had already been observed previously, although with
atomic iong[1,2]. Experimental techniques have been develjess precision in the experimer] and with certain deficien-
oped to observe fine detail in ionization cross sections and tgjes in the theoretical descriptigd8—20. In particular, no
study especially the physics of indirect ionization mecha-satisfactory theoretical treatment had been available for reso-
nisms. High-quality results for autoionizing resonances havgance contributions proceeding via radiationless capture of
been obtained, particularly in measurements with ions of thgyg proiectile electron by the target ion and subsequent si-
!lth|um and sodium |so_electron|c sgquenﬁﬁle]. T_heoret- multaneous emission of two target electrons in a double Au-
ical attempts to describe the dominant features in the me Jer process. It has been shown previously that this process,

sured i_oniz_ation Cross _sections by the i_ndependent-proce Srmed resonant-excitation/auto-double-ionizati®EADI)
approximation were quite successful. Stimulated by the ex-

perimental results and also by the interest in quasi—on)é[—see E.q(‘.‘) b_elovv] c_:ontributes to the_ Cross seciion for net
electron systems, detailed calculations have also conceﬁlngle _|on|zat_|on of lons by_electron |mpa[_(3,4]_.
trated on the lithium and sodium isoelectronic sequences. BY IMProving the experimental precision in the present
Most of this work has been reviewed by Moores and Reedvork’ a numbgr of additional featgres cou_ld be detected and
[2]; some of the later results have been described in combir€sh observations made. In particular, with the present ex-
nation with subsequent experimental wasiee, e.g.[7—9)). perimental and theoretical study we are able to establish the
So far, theory has suffered from being unable to treat alPresence of interference between direct ionization and com-
relevant indirect processes in a unified way. It was not untiPlex resonant multielectron interaction channéssich as
recently that this problem was partly solved by Berringgdn READI) visible in the total single-ionization cross section of
al. [11] using a unifiedR-matrix method and by Scoétal. ~ O°' ions.
[12] using a unified RMPS R matrix with pseudostatgs For electron-impact ionization of 0, in addition to the
method in which both direct and indirect ionization mecha-direct ionization(DI)
nisms as well as interference between them are consistently
included. Variations of this method have been applied to
several ions in low charge states already:"Hd1], C3* 05+ (182 + 26~
[13], Mg* [14], AI2* [15], and Li* [16,17. Whenever com- e+ 0% (1s225) (1s)+2e
parisons with experiments could be made, a high degree of O°*(1s2s)+2e”
agreement was found.

In this paper we report detailed experimental and theoret-
ical results for electron-impact ionization of°® ions.
Within the sequence of theoretical studies using the unifiedf either aK-shell orL-shell electron, three important indi-
R-matrix approach this is the highest charge state of all iongect processes can contribute to the total ionization cross sec-
investigated so far. Unlike previous calculations, effects oftion. These are nonresonant excitation/autoionization)

D
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The resonant ionization channels involve dielectronic cap- "1 é é

ture of the incident electron in a first step which is then
followed by the emission of two electrons from the interme-

diate highly excited state. This emission happens in tWo FG. 1. Energy level diagram with some of the states relevant to
separate steps in the case of the REDA mechaf8m(3)]  the ionization of 3" ions. Direct ionizatior(DI, solid arrow) leads
and in one single event, a double Auger process, in the casgm the 1s?2s 2S ground state of ® (q=5) to the 12 'S ground
of the READI procesdEq. (4)]. Apart from the inherent state of G* (q=6). Excitation/autoionizationEA, long-dashed
complexity of such multistep correlated processes involvingarrow lines populates multiply excited states with configurations
interactions of several electrons at a time, an additional comts2snl of the &* ion, which then decay to the ground state of
plication is introduced by the fact that different ionization O°*. Resonant-excitation/double-autoionizatiofREDA, short-
channels may be open at a given energy and cannot be digdashed arrow lingspopulates multiply excited resonant states of
tinguished experimentally. This can lead to interference efO*" (q=4) with configurations $2snin’l’, which can decay in
fects whose theoretical description requires a unified treatwo steps via an intermediate doubly excited state df @nally
ment of all possible reaction channels. into the ground state of ©. Resonant-excitation/auto-double-

An overview of the energetics of electron-impact ioniza_iqnization(READl, dotted arrow linesalso populates multiply ex-
tion of O°* ions is provided in Fig. 1. In addition to the Cited resonant states of “O(q=4) with configurations
energy levels of the lithiumlike ion target, those of the heli- 1s2snin’l ,+wh|ch then decay in one smg_le step into the ground
umlike (ionized target system, and resonances in the berylState of G". Energies were calculated within the framework of
liumlike (recombinedl target system are also relevant. R—matr!x calculat_lons. In _par_tlcular, all ba_15|s states of the pre§ent

. . R-matrix calculations are indicated. The five pseudostates are iden-
Samples for the reaction pathways described by Efs. .. .
. . . tified by the short level bars. For more details see Sec. lIl.

through (4) are shown by arrows in the figure, which con-
tains all energy levels of the lithiumlike states that were in-[cf. Eq.(4)]. This in turn stimulated the subsequent measure-
cluded in the preserR-matrix theory plus several additional ments of Rinnet al.[23], who were able to reduce the rela-
levels in the Be-like and He-like system that were explicitly tive uncertainties of closely spaced data poifstep width
determined and identified on the basis of Renatrix wave  approximately 1.2 eYto the level of 0.4% by using the well
function constructed in this work. Figure 1 also shows theestablished ORNL crossed-beam arrangement. Around the
energies of pseudostates used in the present calculation. Fexpected READI resonances the density of points was even
more details, see Sec. Il of this paper. enhanced to about 3 per eV. However, the energy scan mea-

Experimental work on © started with a cross section surement did not provide real evidence for the observation of
measurement by Crandat al. in 1979[21], which already READI.
showed the presence of EA in the total net single-ionization A year later, Miier et al. introduced an energy scanning
cross section but had quite big uncertainties due to the diffitechnique to their experiments using a high-current electron
culty of producing sufficiently high currents of°0 ions at  gun, which allowed them to identify REDA and also READI
that time. Crandalkt al. repeated the experiment latg2?2] mechanisms in a number of iofn3,24]. Hofmannet al. [4]
when a newly installed electron-cyclotron-resonaie€ER) carried out a scan measurement of the electron-impact single
ion source became available at Oak Ridge National Laboraonization of @* ions using an energy step width of less
tory (ORNL). The data set of22] is shown by the open than 0.04 eV. By combining packets of five of these data
squares in Fig. 2. An apparent excursion of the cross sectiggoints, effectively going to 0.2 eV step width, Hofmann
at electron energies above 400 eV was interpreted as a post al. reduced their statistical uncertainties to the level of
sible consequence of contributions of the READI mechanisn®.1% and by that found clear evidence for the presence of

Charge state q
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' ' ' ' ' The 17-statdR-matrix close-coupling calculation of Tayal
f and Henry[19] produced detailed results on indirect ioniza-
tion of O°* ions. The processes described by E8sand(3)
were included in the calculation. However, Tayal and Henry
were unable to deal with the more complex mechanism,
READI, represented by Ed4). In their calculation the total
ionization cross section was obtained by adding their calcu-
lated contributions of indirect processes to distorted-wave
results for direct ionization. Interference between direct and
indirect processes was thus neglected. Reed and {Z8n
calculated the total ionization cross section in an
oled ] independent-process relativistic distorted-wave approxima-
0 w0 o w0 1000 tion where DI, EA, and REDAcf. Egs.(1)—(3)] were con-
Electron energy (eV) sidered to be independent. READI could also not be treated
by these authors either. Nevertheless, overall Rmatrix
FIG. 2. Overview of ionization cross sections fof'O Previous  and relativistic distorted-wave calculations were in quite
experimental data of Crandakt al. [22] are shown by open good agreement with the EA and REDA features observed in
squares. The asterisks are separate absolute cross section data fri¢rs experiments of Hofmanet al. [4].
the previous measurement series of Hofmatral. [4]. For the While the above calculations concentrated on the indirect
present display, the latter were multiplied by a constant factor ofgnization mechanisms and understanding of the numerous
0.77. The present gxperimental scan data are shown by small soligtoss section features found in the scan experiment, a theo-
dots (not resolved in the present reduced figure siZthey were  yaticagl attempt is presently being made to understand direct
normalized to the absolute measurement of Rinal. [23] whichis  j5nization better and to produce reliable cross sections for DI
represented by the open circles. The error bars displayed in th8f a wide range of ions in different charge states. Recent
figure are representative for the absolute quoted uncertainties of t%ork on this topic has been published by Badrelal. [25]
different experiments. Theoretical results for the DI contributionlvIitnik etal. [26], and Scottet al. [12]. Among the rece'nt

[excluding all indirect ionization mechanisms; see BEq] are dis- . :
played by lines: presef®-matrix calculation of DI onlysolid line), theoretical efforts only a converged close-couplitteCC)

. . : g
Bray's CCC (converged close-couplingcalculation[27] (dashed calculatlon of Bray| 27] is avalla_lble_fo_r DI .Of G ions. As
line), Younger's DWE(distorted-wave with exchangealculation F'_g' 2 shows,_the C_CC calculation is in quite good agreement
[28] (dotted ling. with the previous distorted-wave exchan@®VE) result of

Younger[28]. Both theoretical cross sections agree well with

READI and numerous REDA and EA features in the ioniza-the experimental DI data of Crandadt al. [22] and Rinn
tion of O°*. The scan measurement of Hofmaenal. was €t al. [23], i.e., with measured cross sections below the EA
complemented by a separate absolute measurement of tH&eshold at 550 eV.
total single-ionization cross section which served as a nor- A complete calculation including DI, EA, REDA, and
malization of the relative scan measurement. The cross seREADI processes for electron-impact single ionization of
tions obtained in that experiment were close to 10°" did not exist prior to the present work to our knowledge.
X 10718 cn? at the cross section maximum and thus differ!n the present study, experiments considerably improved
from the ORNL data by an amount slightly beyond the sumWith respect to our previous work are accompanied by a
of the total absolute error bars of the two experiments. Thainified R-matrix calculation for O* ions in the energy range
reason for this discrepancy is presently not understood an@elow and above the EA threshold, where resonances asso-
merits further attention. ciated with the processes described by E§s.and(4) can

On the theory side, an attempt to calculate resonant corflCCuUr.
tributions to the ionization of Li-like ions was made by Pin-
dzola and Griffin[18], who estimated the resonance strength
S= [oreap((E)dE of a single READI resonance with cross
sectionoreap(E). The selected resonance was associated The experiment was carried out using the crossed-beam
with the intermediate 42s?2p 3P Be-like K-shell-excited  setup described by Tinschet al.[29] augmented with a 10
state. The upper and lower limits provided fBrby that GHz ECR ion sourcg30]. Experimental techniques and pro-
theoretical approach were %80 ?’cm? eV and 1.2 cedures have been discussed in some detail previously by
X 10?1 cn? eV, respectively, i.e., the uncertainty of at  Mdller et al.[31] and again by Hofmanat al.[4]. Therefore
the peak of the 42s°2p 2P resonance was more than a fac- the description of the present measurements can be kept
tor 8. This large uncertainty factor reflects the great difficultycomparatively short.
of determining decay rates for processes with three directly A collimated 50 keV O ion beam of typically 4 mm
interacting electrons and simultaneous emission of two ofliameter with an electrical current of up to(BA was
them. Such simultaneous two-electron emission, or doublerossed with an intense ribbon shaped electron beam extend-
Auger decay, is the only mechanism by which a resonantlyng 6 cm in the ion beam direction. The height of the electron
excited 1s2s%2p 3P Be-like state can end up as?He-like ~ beam(the ribbon thicknegssomewhat depends on the elec-
and thus contribute to the ionization channel. tron energy and in the range of the present measurements it

Cross section (10" cm®)

II. EXPERIMENT

062720-3



MULLER, TENG, HOFMANN, PHANEUF, AND SALZBORN PHYSICAL REVIEW A62 062720

is of the order of 2.5 mnj32]. The electron beam can be tive ions. The trap depth, i.e., the voltage between the central
mechanically moved out of the way of the ion beam during aplane of the electron beam and the grounded electrode sur-
measurement, which allows for the determination of bothrounding the beam, is as much as 4% of the cathode voltage,
beam overlap factors and detector background. Electron cuie., 29.2 V at 730 V. Our measurements indicate that this
rents are as high as 125 mA at 420 eV and 290 mA at 73@rap is almost completely filled and already compensated by
eV, corresponding to densities 430° cm 3 and 7.6 positive ions at the low base pressure. With gas introduced to
x 108 cm™3, respectively. Thus, counting rates of ionized the collision region cross section features shift in energy by
O°®* ions of the order of 100 to 500 kHz were available.  only a few eV (instead of possibly 29.2 eV in the example
The detector for the ionized ions was of the type de-given abové The energy resolution is almost uninfluenced
scribed previously by Rinet al. [33]. It has a detection ef- by the pressure in the interaction region, indicating that the
ficiency of (97=3)% for ions in the energy range of tens of ion beam probes a region of the electron beam that has a
keV. The fast channel electron multiplier used in this detectather flat(already partially compensatedpace charge po-
tor had a dark count rate of only about 0.1*sThe detector tential distribution at all accessible background gas pres-
together with the subsequent electronic devices had a deadires.
time of about 0.4us resulting in efficiency losses of up to At pressures beyond about<1L0~’ mbar cross sections
20% at the highest counting rates. Absolute measurements ahd resonance positions do not change any more, indicating
cross sections are therefore restricted to maximum countingaturation of space charge compensation. This saturation in-
rates of 30 to 50 kHz, which can always be accomplished byolves a substantial target of slow krypton ions for the ion
reducing the ion current. For relative cross section measurdseam in addition to the electron beam. By measurements of
ments partial loss of signal can be tolerated as long as thapparent electron-impact ionization cross sections with the
variations in the counting rates are small within one se<lectron energy reduced to values below the ionization
quence of cross section measurements. Typical detectdhreshold one can test the possible effect of the ion target
backgroundwith the electron beam switched off or, alterna- [31]. In almost all our ionization experiments negligible sig-
tively, with no overlap of the electron and ion beameas nal rates, potentially originating from ion-ion collisions
below 20 kHz. The electron beam itself did not produce dewithin the electron beam, were observed below the ioniza-
tector counts, nor did the ion collection in a Faraday cuption threshold of the parent ions. Also, collisions of fast'oO
located inside the vacuum chamber of the analyzing magnewith slow trapped Kr ions would not produce any sharp cross
The background was determined only by stripping of thesection feature¢dielectronic capture resonances and abrupt
parent ions in the residual gas of the interaction chamber. excitation stepswhen the electron energy is changed. They
The base pressure in the collision chamber was less thamould rather produce a smooth background in the total cross
10" ° mbar; however, Kr gas was introduced into the inter-section.
action region with a pressure of typically 10mbar in order For the observation of fine detail, the ionization cross sec-
to offset the space charge of the electron beam by slow iongon was measured in the energy range 420 to 740 eV using
produced by the electron beam interacting with the gas. Evethe energy scanning technique introduced byllstuet al.
with the Kr gas present in the interaction region, detectof24]. With optimized overlap of the intersecting beams the
backgrounds(see the numbers given aboveere almost electron energy was ramped over preset ranges of typically
negligible since the stripping cross sections for multiply40 eV in 1024 steps of 0.039 eV each and a dwell time of
charged ions at low velocities are small. In the present casenly about 3 ms at each energy. The number of counts col-
the ion velocity was only about one-tenth of the averagdected on the ®" detector during the electronically gated
orbital velocity of the outermost electron in theeOion.  dwell time on each given electron energy was recorded to-
Under such conditions stripping of this electron is an un-gether with the related electron and ion beam currgnésd
likely process. I;, respectively, averaged over the identical gate time inter-
The space charge potential depression in an infinitelyals. The true gate time for each energy was also measured
wide (ribbon shapedelectron beam of particle density, ~ and recorded. Including the voltage-set and scaler-read-out
and heighth is time intervals of 0.3 ms, one complete energy scan took little
over 3 s. The scans were automatically repeated until the
AU=h%en./8e,, (5)  counting statistics had reached a desired level.

The background measured with the electron beam dis-
whereeis the charge of an electron ang is the permittivity ~ Placed such that there was no overlap with the ion beam was
of vacuum. Inserting into Eq5) the numbers given above Measured in the same fashion. This background depends
for an electron energy of 730 eV results in a potential differ-Only very slightly on the electron energy because of increas-
ence between the center plane and the surface of the electr8if) outgassing of surfaces in the collision region as the elec-
beam ofAU=10.7 V. The resulting space charge fields cantron beam power increases. After subtraction of the back-
lead to a(slight) deflection of the ion beam and, worselJ ground, _the energy depen_dent true signal Riis obtained,
directly determines the energy resolution possible with such’om which the cross section can be calculated:
an electron beam.

In the present geometry, trajectory and field calculations R qévv
that include the effects of electron space charge show the o(E)= Wz—lzel/z . (6)
presence of a potential distribution that is able to trap posi- eli (vgtvi)
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Here,q (=5) is the charge state of the parenf(Qion,eis  resonance and step features arising from indirect ionization
the electron charge;; anduv, are the velocities of ions and mechanisms become more easily visible.
electrons, respectivelf is the center-of-mass energy in the  The measurement of Rinet al. [23] has a quoted total
electron-ion system, anl is the form factor describing the relative uncertainty at the peak of the cross sectiort 826
overlap of the two beams. This form factor cannot be meaat the 90% confidence level. Consequently, this is also the
sured explicitly for each energy during a scan measurementincertainty of the present overall cross section function.
Comparisons of absolute cross sections obtained in measur@elative uncertainties of the indirect cross section contribu-
ments following the technique of Mer et al. [31] with  tions are considerably higher because of the possible error in
cross section energy dependences measured by the scanndegermining the true DI contribution and due to the fact that
technique show that in the case of optimum overlap the fornthere is also uncertainty in the energy dependent form factor
factor can be approximated over a wide energy range by described by Eq(7). The related error bars are of the order
of up to 30%. However, the relative sizes of closely spaced
F~h~{—0.44+1.39 logJE (eV)]} ! cm. (7) cross section features have very small uncertainties. In fact,
relative errors in resonance strengths of REDA peaks adja-
With this approximation a relative cross sectio(E) was cent to each other can be assumed to be_ less than 1%. This
determined for each energy scan by inserfi{@) from Eq. strong s_taltement can be made on_the baS|§ of the low relative
(7) into Eq. (6). Numerous individual overlapping energy Uncertainties of the present point-to-point measurements
scans were then combined. For this purpose an arbitrary scéﬁ‘ith their _excell_ent statistics and the fact that all normaliza-
was selected forming the nucleus of a “master data set.’tion functions like the form factoF (E) are very slowly
Then the neighboring scans were multiplied by constant fac¥@rying with the electron energy compared to the energeti-
tors such as to bring the cross sections into relative agre&@lly narrow features observed in the present experiment.
ment with the master set in the overlap region. Subsequently AS IN the previous WQFK of Hofmanet al. packets of f|ye .
the scans were added with the overlapping cross sectiorfi@ita points were combined to get one cross section with im-
averaged. By repeating the procedure with the growing scarfroved statistics. Still, the resultmg_data points cover an en-
data master set the final relative scan measurement was o9y range from 420 eV to 740 eV in more than 1600 steps.
tained. Since the resulting data sets are not normalized to df (t)h|36+context it may be interesting to note that some
absolute scale, separate absolute cross section measuremerfts O product ions were counted in the present experi-
are necessary to provide the scale for the scan data. Since tREeNt: The data analysis shows that the energy spread in the
present measurement was focused on the detection of crog%Periment was close tAE=2.5 eV in the energy range
section details that had not been accessible previously, gvestigated, i.e., the energy resolution &t=600 eV
Separate abso'ute measurement was deferred. amounts tOE/AE%24O WIthOUt the use Of an energy flltel’
As mentioned above, the previous absolute measuremef_ﬁr the electron beam. The uncertainty of the energy calibra-
by Hofmannet al.[4] that served for the normalization of the tion depends on the degree of electron space charge compen-
associated scan data is higher than the different data se¥§tion by slow residual gas ions. In a detailed analysis Hof-
obtained at ORNL. The reason for this discrepancy is presannet al.[4] have shown that level energies inferred from
ently not known. Further experiments will be necessary tPUr scan measurements are almost always withineV of
clarify the existing differences between different experimen-SPectroscopic data in the literature. This general observation
tal setups and techniques. For the present study we chose ioagdain supported by the present measurement.
normalize our scan data to the absolute cross sections mea- Under the experimental conditions briefly outlined above,
sured by Rinnet al. [23] at ORNL. The normalization in- the counting statistics of the present results could be consid-
volved a constant fact((lof 1.2 in the present Casmr the erably improved over the preViOUS measurement of Hofmann
whole spectrum. This factor was determined by comparingt al.[4]. By reducing relative uncertainties of the cross sec-
the heights of the EA step at 550—580 eV in the relative scaion scan in the range of the dominant READI featu(20—
and the absolute measurement. In addition, it was necessaf0 €V to less than 1/3, i.e., 0.03%, while keeping the en-
to subtract a straight line from the energy dependent scafif9y density of data points the same, additional unexpected
cross section to match the energy dependence of the data §@tures in the cross section became visible, and other fea-
Rinn et al. As Fig. 2 reveals, the cross section of Rietnal.  tures that had already been observed previously have now
shows an unusually flat energy dependence below the gRecome more clear and allow for an interpretation without
threshold. All other data sets, including the theoretical re2mbiguity. In general, the structures observed in the experi-
sults, suggest a decreasing DI cross section at energies abdWent of Hofmanret al. are perfectly well reproduced, sup-
about 400 eV. The differences are relatively small on thePorting the confidence we have in the relative precision of
scale of the absolute total cross section and are included iPur scan measurements. The additional features detected by
the total error bars of the different experiments. On the scaléhe present experiment with its much increased quality will
of the indirect contributions to the ionization cross section,0e discussed in more detail below.
however, these small differences become rather big and
would make a detailed comparison of theory with experi- Ill. THEORY
ment difficult. Therefore, in the context of the fine detail of
the ionization cross section the comparisons in this paper are A complete theoretical description of both direct and in-
made after subtracting the smooth DI contribution so that thelirect ionization processes demands a unified total wave
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function. The R-matrix method uses a close-coupling ap-
proach, in which the totalN +1)-electron wave function is { = — 1s2s3
400 |

1s2s3I n'l'

expanded in terms of aN-electron target basis, which con-
tains the required initial and final states and other states that
are strongly coupled to these. However, such an expansion — ——— 15252p
over target bound states is not complete if the probability of — 1525
ionization is significant. In that case, the calculation should
include an integral over the continuum, represented by a
product of the final state wave function of tielectron
system and the electron scattering function.

A convenient way of representing this integral while re-
taining the simplicity of the close-coupling expansion is to 56 | |
use a pseudostate discretization to approximate the integra-
tion [34]. Such an approach has been shown to give good pseudostates €
convergence over a wide range of enerdese, e.g.[26]), = ,

. . 1s” 5l
but can involve large sets of pseudostates; at present it would oy
be computationally difficult to include inner-shell autoioniz-
ing states also in these expansions. However, Berrington
et al.[11] suggested that at a giveéhigh) energyE the open
channel part of the integral, which is continuous in the en- — 12
ergy range belowE, can be formally approximated by a of Tifos .
mean value in the range. They therefore examined the pos-

sibility of introducing energetically allowed pseudostaiés FIG. 3. Schematic energy level diagram for(&*1)-electron

for each target angular momentunto approximate the di- system as treated by the pres&amatrix approach. Singly excited
rect cross section into the continuum, and found for Bed bound levels of a Li-like ion are indicated above th&#4s ground

Li* that suitable pseudostates could be constructed from optate extending up to the ionization threshold. The continuum above
bitals optimized on the inner-shell states. Thus, the total ionthat threshold is represented by the shaded area. Embedded in the
ization cross section becomes a sum of partial cross sectioff§ntinuum, a few doubly excited states are indicated. Although the

for excitation to all Li-like basis states embedded in the first¥matrix calculation comprises many more physical stées Fig.
ionization continuurisee Fig. 3 1), including the completénfinite) Rydberg series of Be-like levels

attached to each of those Li-like states, the present basis set is
restricted in that all Li-like states with principal quantum numbers
Tionizatiorl E)”Z 0ni + Tautoionization (8 n'=4 are excluded. The missing states are indicated by the light
nl horizontal bars. They are represented by introducing pseudostates
situated below the ionization threshold. The continuum above this

This approximation is energy dependent. However, in a refhreshold is represented by a number of other pseudostates. Reso-

gion Wh_ere the direct |0n|zat|pn cross section varies Onlynant contributions to ionization are represented by their contribu-
slowly with energy, the approximation ca_n be exp.ected to b(?’lons to excitation of these unbound pseudostéRESADI) and the
good over a reasonable range_ of.en(_arg|es. BerrlngFCHI. doubly excited autoionizing stated)REDA). Examples of such
[,11]’ however, found that Fhe '_On'zat'on Cross section Waannels are indicated by the two solid arrows starting from an
likely to be overestimated in this approach unless a furthefermediate £2s2151" level. The loss of ionization strength by

pseudostate, optimized on the dipole polarizability of thegjngle Auger transitions to a bound?bl” state is indicated by the
ground state, was included in the bound state spectrum t@ashed arrow.

allow for loss of flux into the infinity of dipole-coupled

bound states. .
In a recent publication, Scoet al. applied this theoretical orbitals. The real target states and the pseudostates are de-

. ) . e
technique to the electron-impact ionization ot'Cions and ~ finéd on the basis of these orbitals. Fot'Oons, we used

found very good agreement with the results of the most adfivé physical bound statess12s?S, 1s*2p?P, 1s’3s°S,

vanced theoretical representations of[D2,26 and with the ~ 15°3p°P, and 1s°3d°D, five pseudostates of the type

detailed results of a recent cross section measurefd8ht  1s?4s2S, 1s?4p 2P, 1s?4d?D, 1s?4f %F, and 1s5p ?P,

In the present work as well as in the calculation f6f Gons,  as well as 16 $2121’, 1s2s3l’ autoionizing states, i.e., a

we adopted the procedure that is briefly outlined above. Untotal of 26 spectroscopic states and pseudostates. The ener-

like the work of Berringtoret al. [11], the present calcula- gies calculated for these states are shown in Fig. 1 and listed

tions additionally comprise a reap3orbital and a  polar-  in Table I. They are in excellent agreement with other calcu-

ized orbital for better representation of the total unified wavdations and with the available experimental data.

function. This allows us to obtain valid theoretical results for  The target states and pseudostates are then included in the

an extended energy range. R-matrix calculation to represent the DI, EA, REDA, and
As mentioned above, the unifie@-matrix method de- READI channels. Since th&matrix method is a close-

scribes both direct and indirect ionization processes with @oupling technique, the possibility for interference between

unified total wave function constructed with a set of commondirect and indirect processes as well as between different

1s2s2l n'l'

Energy (arb. units)

1s° 3r
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TABLE I. Energies of the 26 lowest states and pseudostates ofip to total angular momentuin=20 were needed to obtain

O°" included in theR-matrix calculation. The ionization potential converged results for the ionization cross sections. A top-up
of O°" is 138.116 eVE;, present calculatiorEr, calculation of

Tayal and Hennf{19]; Eyst, experimental data taken from the

NIST Atomic Databasd39]; Ergg, experiment of Rdbro et al.

[43].

States Ei Etn Enist Erss
1s22s2s° 0.0 0.0 0.0 0.0
1s%2p 2p° 11.95 11.99

1s?3s28° 79.26 79.35

1s23p 2P° 82.50 82.60

1s%3d 2D¢ 83.51 83.65

]_SZZp 2P° 119.60

1s24d 2p* 163.93

]_SZZS 2ge 204.19

1524f 2E° 243.23

1s?5p 2p° 324.67

1s2s? 25° 550.44  551.45 550.7
1s2s(3S)2p *P° 553.60  555.23 554.24 554.1
1s2s(1S)2p 2P° 563.26  563.30 563.64 563.1
1s2p24pe 566.73  567.81 567.2

1s2s(3S)2p °P° 567.58  569.07 567.86 568.1
1s2p??D® 572.25  573.70 572.49

1s2p? 2Pe 57457  574.29 574.43

1s2p? 2s° 581.14  582.62 581.22
152s(3S)3s43° 635.58  637.19 635.90
1s52s(3S)3s2S° 638.37  639.36

1s2s(3S)3p *P° 639.46  640.76

1s2s(3S)3p 2P° 639.92  642.36

1s2s(3S)3d 2D*® 643.57

1s2s(1S)3s23° 644.90

1s2s(1S)3p 2P° 646.98

1s2s(*S)3d D¢ 650.28

AWe suppose there are misidentifications for ts&s(*)2p 2P° and

1s2s(3S)2p 2P° states in the table of NIST Atomic Spectra Data-

base for O". The lower energy level should besds(S)2p 2P°
rather than $2s(3S)2p 2P°.

®The number given in the papéRef.[19]) is 676.81 eV, which we

consider to be a misprint.

indirect ionization channels is automatically incorporated in

all orders.

All target states and pseudostates were represented l?
configuration interaction wave functions. Eleven orbitals

were used. The q, 2s, 2p, 3s, 3p, and 3 orbitals were

taken from the table given by Wei§35]; these orbitals give

good excited state wave functions. Ths, 4ip, 4d, and &
orbitals were optimized on thes2s?, 1s2p?, and 1s2s2p

inner-shell excited states, using the/3 package of Hibbert

procedure was used to check for possible contributions of
higher partial waves and they were found to be negligible.

Finally, the total cross section for ionization from the ground

state was calculated by summing the excitation cross sec-
tions for transitions into all the autoionizing states and

pseudostates lying above the ionization threshold of the
ground state, i.e., 138.119 €29].

It should be pointed out that the result of this summation
partly overestimates the ionization cross section because
there are two loss mechanisms that cannot be directly ac-
counted for in theR-matrix calculation described above. The
first is radiation damping, which can reduce the contribution
of the EA, REDA, and READI processes to the total ioniza-
tion cross section by radiative decay; and this effect in-
creases with the ion charge state. In the present work, the
effect of radiation damping on the EA process has been
treated by separately determining the branching ratios for
autoionization and radiative decay of all doubly excited Li-
like states included in ouR-matrix calculation, using the
same wave functions and orbitals. The effect of radiation
damping on the resonafREDA and READ) contributions
could not be determined in the framework of the present
unified R-matrix theory. However, the work of Reed and
Chen[20] has shown that radiative corrections are of the
order of only 1% for the REDA resonances on the" @ore
and one can assume that this is also true for the READI
resonances.

The second loss mechanism that cannot be directly ac-
counted for in the prese®-matrix calculations is the effect
of flux loss into infinite Rydberg series of states with Li-like
configuration (%?nl). This can be described as follows: in-
termediate (&) resonant states with configurations
1s2snin’l’ produced by dielectronic capture of the incident
electron can eventually decdy by two sequential autoion-
ization processes and thus contribute to single ionization via
the REDA channel, ofii) by simultaneous emission of two
electrons and thus contribute to single ionization via the
READI channel. However, these same states can also decay
to a bound Li-like configuration via a single Auger process

e+1s°2s—1s2snin’'l’—1s’n’l’ +e. 9

In this case the resonant population of those intermediate
states does not contribute to ionization and hence potential
dnization strength is lost. The alternative decay routes in the
presentR-matrix picture are indicated in Fig. 3 for one par-
ticular intermediate resonant level with configuration
1s2s2151". The upper solid arrow represents a REDA con-
tribution, the lower solid arrow a READI contribution, and
the dashed arrow the single Auger loss channel.

R-matrix calculations like the one of Tayal and Henry

[36]; and the % polarized orbital was optimized on the [19] as well as the present one are unable to account for all
1s22s ground state dipole polarizability. The target orbitals such loss of resonance strength because the inclusion of all
require arR-matrix radius of 8.0 a.u. and 26 continuum basisthe Li-like Rydberg states would necessitate an excessively
functions were used per angular momentum. The interndhrge calculation, which thus defeats the purpose of the

region R-matrix packageRMATRX II [37] and the external

R-matrix method. This was pointed out by Robicheamal.

asymptotic progransTGrF[38] were employed. Partial waves [40] in a discussion concerning radiative damping. The cal-
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culation of Tayal and Henry was limited by including only resonant state can also decay by two sequential Auger pro-
those &°n’l" excited states witm’<3. It therefore overes- cesses, thus feeding the REDA channel. However, the loss
timated the resonant contribution to ionization arising fromchannel via single Auger decay tas?h’l’ is clearly domi-
REDA processes by inherently including in the ionizationnant and suppresses the REDA channel to a large extent.
channel all the pathways described by E®) for n'=4, Bearing in mind that the READI decay involves a double
which in reality contribute to resonant inelastic scattering ofAuger process, and that the much more probable single Au-
the projectile electron from the ion. Reed and Chen foundyer channel feeds the loss mechanism, we have cut off all
that this does not cause appreciable errors as long as boREADI resonances from our calculated cross section in the
n,n’=3. However, fom=2 REDA is energetically possible energy range 520-570 eV, wheres2k2In’l’ resonances
only if n’=5, with the consequence that Tayal and Henrywith n'=45, ... can occur.(The lowest k2s?4s state
with their basis set limited tm’<3 could not account for was found to be at 523 e)/These resonances decay with a
any losses of the type described by E®). Reed and Chen very high probability by a single Auger process, mediated by
calculated the loss by using their independent-process aphe mutual interaction of the twb-shell electrons, to bound
proach and found from the branching ratios a necessary cof-s?n’l’ states. Compared to that channel the interaction of
rection of the 52s2In’l’ total resonance strength by a fac- the L-shell electrons with the’ Rydberg electron can be
tor of about 1/3 in order to obtain the true REDA expected to be negligible. Hence, the assumption of com-
contribution. plete loss of $2s2In’l’ states withn’ =4 from the READI
Unlike the previous theoretical approaches to the problenionization channel appears to be justified.
of indirect ionization of O, the present calculation includes ~ The situation is different for thoses2s2In’l’ resonances
contributions to single ionization from all configurations that can contribute to ionization via the REDA channel. Reed
1s2s2In’l’ and 1s2s3In’l’ and it comprises both REDA and Chen calculated that these REDA channels are sup-
and READI processes. By including als2s2In’l’ READI pressed by about a factor 3 because of the loss channels
resonances witm’=2,3, ... » the problem with the loss described by Eq(9). With this argument, the resonant con-
channels described by E(R) becomes even more severe in tributions from 1s2s2In’l’ configurations calculated by the
the present calculation compared to previous work, wherenified R-matrix theory withn’ =5 were reduced by a factor
READI was totally ignored. Tayal and Henry accounted for3. The resulting cross sections and the conclusions that can
losses to $°n’l’ states withn’=2 andn’ =3 because their be drawn from the comparison of these separate calculations
basis set included these most important final states of lossith the experiment will be discussed below in Sec. IV.
decays. Furthermore, they avoided all such losses fo2
and n'=2,3,4 “by definition,” because they neglected
READI in general. In the present calculation=2 andn’
=3 singly excited states with configurations®h’l’ are The present normalized scan measurement is already in-
also included in th&®-matrix basis set, taking care of the loss cluded in Fig. 2. Previous experimental data which are also
channels from $2s2121" and 1s2s2I3l’ READI reso- shown in that overview picture have been discussed in the
nances. However, fon’=4 a reduction of the calculated Introduction. The presen®-matrix technique was used to
resonance strength is necessary to correct for losses due determine the DI contribution to the total cross section. The
processes described by E§). Again, forn,n’=3 such cor-  result is the smooth solid line in Fig. 2. It compares very well
rections can be safely neglected. with the other two most advanced theoretical approaches by
In order to quantify the possible influence of the effectsBray[27] and Youngef28] for DI, which are both shown in
described in the previous paragraph, one has to consider alle same figure. It is interesting to note that the cross section
the different decay processes of the intermediate resonairicrease beyond the EA threshold due to indirect ionization
states and their relative probabilities. Let us assume &hannels is not much higher than the quoted total experimen-
1s2s2In’l’ intermediate state with’=4. For a double Au- tal uncertainties of all the absolute cross section measure-
ger process to happen, all three excited electrons have toents.
interact with each other, which becomes increasingly less Figure 4 gives an overview of the present scan measure-
probable a1’ increases because then the spatial overlap ofment along with the data of Riret al.[23] to which the scan
the electron density distributions decreases. By the same awas normalized. Close inspection of the two data sets reveals
gument single Auger processes involving dnshell elec- small differences in the shape at the thresholds near 560 eV.
tron and then’ Rydberg electron have low probabilities Almost all of these differences would be removed by shifting
compared with those single Auger decays that involve theéhe energy scale of the measurement of Ratral. down-
two L-shell electrons. Therefore, the dominant decay channekard by 2 eV, a correction that would be within the quoted
of 1s2s2In’l’ resonant states is the single Auger processincertainty of 2.5 eV of that experiment. Remaining small
involving the twoL-shell electrons. This produces?h’l’ differences are easily explained by a slightly higher energy
final states, which cannot autoionize and thus do not contribspread in the ORNL data as compared to the present scan
ute to net single ionization. As a consequence, the singleneasurement. Some of the features seen in the scan measure-
Auger channel will increasingly dominate the double Augerment are assigned to specific intermediate states. Ranges of
decay and hence READI becomes rapidly suppressed as energies for configurations of the most important intermedi-
increases. ate states are indicate¢compare Fig. L Below the
Whenn' is greater than or equal to 5, thes2s2In’l’ 1s2s? 2S® excitation threshold only READI processes can

IV. RESULTS
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FIG. 4. Overview of the present experimental energy scan data ) . . L
for ionization of @ ions. The high-resolution, high-precision scan FIG. 6. Corr_ectlons appl_le_d to the pre_séhtnatrlx total loniza-
measurement is relative in nature and has to be put on an absol {@" €ross secﬂons._The original theoretical data_ from F|g. 5 have
scale by normalization to an absolute cross section measurement. heen convolu_ted with a 2.5 eV FWHM Gau55|_an _to mimic the
this work we chose to normalize the scan data to the measuremeR{€SeNt experimental energy spre.ad.. The resylt IS given by the up-
of Rinn et al. [23] which is represented by open circles with statis- permost curve. Fror_n this the radiation damping correc(lmp_er
tical error bars. The equivalent error bars on the present scan da%‘naded area as indicated, see)t@nas_ to be subt_rac_ted. The single
are not visible on the scale of this figure. A number of levels andAuger loss due to_ processes descrlbgd by([-l)]md_lcated_ by the
energy ranges of intermediate configurations are indicated. dark shaded area is suptrapted according to the discussion at thg end
of Sec. Ill. The fat solid line represents the corrected theoretical

. . . cross section considered to be the best representation of electron-
produce resonances. At higher energies different EA cha b

: . r]fnpact single ionization of & ions. For comparison, the pure EA
nels and two series of REDA Rydberg states provide thesteps in the energy range 550 eV to 570 eV are also shown; these

dominant indirect ionization contributions. were obtained by artificially removing all resonance contributions

Calculated ionization cross sections ofOions are  from the total radiation-damped cross section in this energy range.
shown in Fig. 5. Bray’s CCC calculation for [D27] (dashed

line), which gives results only for direct ejection of a 2s ) )
electron, is compared with the pres@imatrix total joniza- READI processes. The agreement of both calculations is ex-
tion cross section, which includes DI, EA, REDA, and cellent in the range where indirect ionization contributions
are small, i.e., below 550 eV. The cross section contributions
exceeding the DI calculation are the fingerprints of indirect
5.6x 10" an | processes. One can clearly see the contributions arising from
the different ionization mechanisms: on top of the smooth DI
curve are the contributions from the indirect EA, REDA, and
READI processes; the resonances solely due to READI are
on the left of the $2s? EA threshold(at energies below
550.48 eV where the REDA process is energetically forbid-
den; and the resonances due to both READI and REDA pro-
cesses are on the right of the EA thresh@ltlenergies above
550.48 eV. The nonresonant EA contribution approaches
§ 10% of the total cross section. Some of the resonances in this
! calculation reach almost 10 times the DI cross section at their
ol maximum. However, their contribution in a realistic experi-
400 500 600 700 mental scenario depends on their resonance stre®gth.,
Electron energy (eV) the area under the resonance curve. This strength becomes
FIG. 5. C . o . visible when the originalR-matrix results are convoluted
. 5. Calculated electron-impact ionization cross sections for S .

O°* ions. The solid curve is the preseRtmatrix total ionization with an el.eCtron energy dlstrlbuthn fL.mC.tlon. that resembles
cross section with natural linewidths; the dashed line shows Bray'éhe experlmental energ_y spreddhis distribution W.OU|d be
CCC result for DI[27]. Level assignments of several isolated reso-2 M.a'lxvyelllan function in the case of a plasma in thermal
nances are provided. The READI resonance at about 548 e@duilibrium) The present experimental energy spread can be
reaches up to a maximum of 5@0 8 cn?. The lowest EA  Pest approximated by a 2.5 eV full width at half maximum
threshold(at the energy of the 2s? 2S autoionizing stateand the ~ (FWHM) Gaussian. For all subsequent comparisons, the
K-shell ionization threshol@at the energy of the 2s3S state are ~ PresentR-matrix results are therefore convoluted with this
indicated, enclosing the range of possible REDA contributions. Inexperimental electron energy distribution function.
addition to DI, only READI processes can contribute below the Figure 6 shows convoluted theoretical cross section con-
1s2s? excitation energycf. Egs.(1)—(4)]. tributions and corrections. The uppermost curve is obtained

L 1s2s°

| READI
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TABLE II. Positions (eV) and widths(eV) of some READI  some arbitrariness in this procedure since DI is not measured
resonances in O ions. The theoretical resonance positions andseparately. It is clear, however, that below the EA threshold
widths are determined with the methgd4] of Quigley and Ber-  the total experimental cross section is almost solely deter-
rington. mined by DI. The smooth cross section energy dependence
observed in the range 420 eV to 550 eV can thus be extrapo-
lated toward higher energies to obtain the DI contribution
separately. The quadratic functioo,=(6.856<10 1°
1s2s22p3P° 43552 0.090  436080.8 435.9-0.2  +1.648<10 2 E—2.568<10 % E?) cn? fits the experi-

Present theory = Hofmanet al. Bruchet al.
Resonance Position  Width Position Position

1s2s?2p1P° 44052 0.066 44050.2 mental data of Rinmt al.in the energy range 400 to 550 eV.
1s2s2p2°D° 44831 0.068  44880.8%  448.5+1° This function is subtracted from the experimental scan data
1s2s2p?3s°  453.87 0.033 454 1° to yield the cross section differencko, i.e., the indirect
1s2s2p?1D® 45529  0.122 457 2¢ ionization contributiongapart from excursions due to inter-
ference between direct and indirect ionization channels
*Referencd4]. This procedure involves quite an uncertainty resulting from
bReferencd45). the extrapolation of the DI cross section. However, it allows
‘Referencd46). for the most sensitive comparison of details in theory and

experiment and has been used therefore in several previous

from the originalR-matrix data displayed in Fig. 5. As de- studies of indirect cross section contributiofsee, e.g.,
scribed in Sec. Ill, radiative damping of this cross section i§41]). The high precision of the present scan measurement
approximated by a reduction factor determined from thewith respect to cross section changes in narrow energy
branching ratio of all the autoionization channels involvingranges is not influenced by this procedure but rather made to
the Li-like states included in the present theory. The resultbe more clearly visible. In presenting the theory, subtraction
ing reduction of the cross section is indicated by the uppeof the DI contribution is also associated with some uncer-
shaded area marked “radiative damping.” tainty because a nonunified treatment is necessary to obtain

Next, all resonances in the energy range 520 eV to 570 ethe DI cross section. This results in an overall uncertainty of
were removed from the resulting total theoretical cross secthe size of the theoretical indirect contribution. However, the
tion in order to investigate the influence of these resonancefine details occurring in narrow energy ranges that are to be
on the EA threshold region. The innermost shaded area re&sompared in theory and experiment are not really influenced
sults and the dominant EA steps can be clearly seen now ad can be compared best when using subtracted cross sec-
indicated in the figure. According to the discussion of thetions.
single Auger loss channel at the end of Sec. Ill, and compar- Figure 7 shows a comparison of the present experimental
ing with the experimental measuremésee Fig. 4, we are  and corrected theoretical data in their common energy range.
convinced that indeed most of the resonance strength has Tde agreement is very good at energies up to about 640 eV.
be removed from the present toImatrix cross section in  Above that energy, the theoretical cross section drops below
the energy range wheres2s2In’l’ intermediate states with the experiment. We note that above 650 eV the comparison
n’'=4 occur. with experiment is meaningless because the highest inner-

In the present theory, READI resonances can be identifieghell excitation state included in the pres&amatrix calcu-
as the resonant contributions associated with the excitatiolation has an energy of 650.28 eV. From the several indi-
of the ground state into the pseudostates situated in theidual intermediate autoionizing states indicated in Fig. 7
single-ionization continuum of the Li-like ion. All READI one can see that the theoretical approximation, which ne-
resonances in the above range are removed from the originglects Li-like Rydberg states with quantum numbaes4,
calculation with the argument that thes2s2In’l’ interme-  begins to break down when excitations of such states begin
diate states wittn’=4 most likely decay to singly excited to come into play. In particular, the threshold energies of
(bound states of the Li-like system and are therefore lost for1s2s3I excited states are around 635 eV, whereRheatrix
the ionization channel. calculation still produces a substantial peak feature in the

The REDA contributions in the presem-matrix ap- cross section. Above that energy, however, Be-like
proach can be identified by their attachment to one of thels2s4in’l’ resonancesn =4) associated with 2s4l Li-
doubly excited Li-like states included in tHematrix basis like autoionizing states can occur but are not included in the
set. Following the findings of Reed and Chig0] we re-  present R-matrix calculation. Apparently, the present
duced the calculated contribution of REDA resonances assdr-matrix basis set is not sufficient to account for the experi-
ciated with 1s2s2l autoionizing states by a factor 3. The mental features at energies beyond about 640 eV.
resulting fat solid curve in Fig. 6 thus constitutes our best In the following four figures the details of the experimen-
approximation of the total single-ionization cross section oftal data in comparison with theory are closely inspected. As
o>, expected from previous wofR3,4] one can see four distinct

In all the following figures, indirect cross section contri- EA steps in the experimental scan data of Fig. 8. These step
butions rather than total cross sections are displayed. Thedeatures are associated with autoionizing states wé?s2|
indirect contributions are obtained by subtracting the smootitonfigurations. The states were identified in Bxeatrix ap-
direct-ionization “background” from the measured and theproach to be $2s?2S® at 550.44 eV, $2s(3S)2p“P° at
theoretical total cross sections. In the experiment, there i§53.60 eV, 52s(!1S)2p?P° at 563.26 eV, and
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FIG. 7. Cross section contributions of indirect processes in 15 g Threshold region of the most important EA channels
glectron-lmp?)ct.|on(|jzit|on Obf o lons near thehEA threslhol(jj. Ige contributing to the ionization cross section of O The experimen-
ata wsre o_talng Yy §u tractl_ng ? smoot extrapo_ate ath'aI scan datgsolid dots with narrow spacingand the corrected
ground™ of direct |on|zat!on(dom|na_t|ng the cross sectlc_)n below_ theoretical cross section curysolid line) are the same as in Fig. 7.
550 ey from the normahzed_expenmental scan data dlsplaygd 'Mhe dashed line shows the theoretical cross section before the sub-
Fig. 4. Some of the.f.eatures.. n the Cross se.ct|on, ,SUCh as excitatiq, -5 of |oss-channel corrections and the dotted line results when
thresholds of specific autoionizing states including the strongesf| (osonance contributions between 520 eV and 570 eV are re-

3ne
resonance (42s3s3d “D° at a calculated energy of 590.62 eV moved from the theoretical cross section. The calculated energies of

occuring in the measured spectrum at about 591 eV, are identifiely o important doubly excited states are indicated by vertical

and associated with intermediate states populated during the CO”Bars. The brackets indicate ranges of READI resonance positions.
sion. The little vertical bars shown along with the state assignments

indicate the energies resulting from the present thécfryTables |
and Il). The solid line is the cross section contribution obtained by
subtracting the separately calculatdnatrix DI cross section from
the corrected cross section displayed in Fig. 6.

resonance energy of 590.62 eV for this isolated REDA reso-
nance, which is identified to be due to the intermediate
152s(3S)3s(*S)3d 3D state with a natural linewidth of
0.1245 eV. The dip in the cross section just below that reso-
3 20 ) . nance energy indicates the presence of strong destructive in-
1s2s(*)2p “P® at 567.58 eV. These energies are in VerYigrference between this very resonance and the EA channel.
close agreement with the onsets of the step features in thejearly, the minimum at 588 eV is below the level of the EA
scan data. Considering the energy spread in the measurgsniripution extrapolated from the flat cross section depen-
ments it becomes apparent, however, that the experimentghnce in the energy range 570583 eV. The argument for
energy scale is slightly shifted to higher energies with resnerference is supported by the fact that Reed and Chen
spect to the theory. This shift is about 1 eV, which is W|th|n[20], with their independent-process approximation, did not

the experimental uncertainty of the energy calibration. reproduce this dip feature. Tayal and Herityg], who al-
The comparison in Fig. 8 shows that there is at most a

small contribution of resonances on top of the pure EA steps  ~ . T T
in the cross section. Only around 560 eV are noticeable peak Ng
features visible. The energy dependence of these peak fea-
tures is perfectly reproduced by the corrected theoretical
curve. The procedure used to obtain this theoretical curve,
however, is not very satisfying and more work will have to
be invested in the treatment of the loss channels within the
R-matrix formalism. Comparison of the originBtmatrix re-

sult with the experiment clearly shows that the READI and
REDA contributions associated withs2s2In’l’ states ('

=4) are strongly overestimated without proper account of
the loss channels.

A closer look at the measurement above the EA threshold
region is taken in Fig. 9. The indirect ionization contribution
from Fig. 7 is displayed in the energy range 570—-630 eV.
Corrections of the theoretical cross section other than for gG 9. petail of Fig. 7 in the range ofs2s3Inl’ REDA reso-
radiative damping have not been made in this energy rang@ances. The Rydberg groups with=3, n=4, andn=5 are indi-
The maximum indirect contribution to the total cross sectioncated by horizontal double arrows. The most prominent feature
stems from a REDA resonance on top of EA contributions athe spectrum is identified as &24s3s3d 3D® resonance interfering
about 591 eV and reaches almost 15% of the total croswith EA channels. The resonance energy is calculated to be 590.62
section at that energy. The preséhtatrix theory gives a eV.

jary
N

-
o

Cross section difference ac ( 10

15253s3d D°

580 600 620
Electron energy (eV)
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ﬁ g g dominant READI contributions. The data are the same as in Fig. 7,
@ - 2 just enlarged for detailed inspection. The READI resonances in this

L d e e L energy range are identified and associated with the related cross
575 600 625 650 675

section features.
Electron energy (eV) )
tions 1s2s313l’ covers an energy range of about 30 eV.

FIG. 10. Close-up of the experimental scan data in the energylso, the next member of thes2s3In’l’ Rydberg series
range covering REDA resonances associated witk-2, 3, and 4 with n’ =4 shows partially resolved fine structure, and con-
core transitions in the target ion. Resonant excitation results in thﬁgurations withn’ =5, 6, and even 7 can be clearly distin-
population of 52snin’l” Rydberg states with=3, 4, and 5. Par-  guished in the experimental data. The series limits of these
tially resolved fine strucure is visible within the Rydberg manifolds Rydherg resonances (— ) are associated with doubly ex-
of the second active electron. The first series, with3, of such  gjteq Li-like states with configurationss2s3l. The level
Rydberg states, which can still be clearly seen, ranges from prindénergies of two of the state$ 1328(35)3p 4po  and
pal quantum numbens’ =3 ton’=7, and the second series, with 15 q3)3,2po] agsociated with such configurations are
n=4, ranges from principal quantum numbers 4 to 6. In the thirdtaken from the presem-matrix calculation and indicated in

series, withn=>5, individual Rydberg levels can hardly be distin- . o s
guished, although there is still structure in the cross section visibléhe figure. Excitation of autoionizingsPs3| states at ener

above the $2s4l excitation threshold. The theoretical approach is gies ab(_)ve apprOX|_mater 640 ev pr(_)duces a distinct step
known to break down in the upper half of this energy range and Wageature in the experimental cross section. Resone_lnces gbove
left out in order to keep the fine experimental details visible. Fewthe 1s2s3l EA thresholds have to be aSSOC'ated with Be-like
calculated levels are indicated. 1s2s4In”1" states. Again, the REDA group with the lowest
principal quantum numbersPs4l4l” appears to be partly
lowed for interference between REDA and EA in their close-resolved while the”=5 andn”=6 Rydberg states just pro-
coupling calculation, obtained a result similar to the presentiuce single-peak features in the experimental scan. From the
calculations, which are in turn in excellent agreement withstep feature observed at about 568 eV, one might conclude
the scan experiment. At the present level of precision, finghat 1s2s4l EA contributions are present. Above that en-
structure within the &2s313l’ and 1s2s314l’ manifolds ergy, one has to expect REDA associated wig2<bIn" "
can be resolved. The contribution of the2k3|51" REDA  with n”=5. Although the cross section still shows peak
resonances is also clearly visible. All the features in the exstructures in that range, a real identification of such double
perimental cross section arising mainly from a Rydberg seRydberg states is not possible on the basis of the present
ries of 1s2s3Inl’ (n=3,4,5) REDA resonances are per- experiment.
fectly reproduced by the present theory. As noted above, the The final comparison of the present experiment with the
experimental energy axis is slightly shifted to a higher en-R-matrix calculations deals with the energy range 420-460
ergy. This offset is within the uncertainty of the experimentaleV where READI is important. The results are provided in
energy calibration. Fig. 11. As already mentioned in connection with Fig. 9, the
Figure 10 displays an overview of the experimental de-theory curve was not manipulated in this energy range by
tails found beyond 570 eV. It is obvious from Fig. 7 that the subtracting heuristic contributions. Instead, the figure shows
presentR-matrix approach breaks down at energies beyondhe original results of the present READI calculation, en-
about 640 eV. Therefore, the theory curve is not shown her&arged from Fig. 7. The cross section differenke = o(E)
again. The dominating REDA resonance identified as—op, representing the experimental contribution of indirect
1s2s3s3d °D® at 590.62 eV belongs to a series of Rydbergionization mechanisms is slightly altered as compared to Fig.
levels with configurations 92s3In’l” where n’=3. As 7. Although the simple quadratic function employed so far to
mentioned above, the’ =3 fine structure is partly resolved represent the experimental direct ionization contributign
and the whole resonance group associated with configuraoincides well with the measurement of Rianal, it is not
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totally adequate for representing the present scan measuréhis loss channel is accounted for in the presmhatrix
ment o(E) when it comes to a comparison at the level of calculation by the inclusion of all £2s and 1s?2p basis
10~%' cn?, i.e., when looking at differences of the order of states. The double Auger rate is included in the present cal-
0.15% of the total cross section. A better representation ogulation by the resonant contributions to the excitation of the
the direct ionization contribution in the limited energy rangecontinuum pseudostates that represent the READI mecha-
from 420 eV to 460 eV is given by, =(7.7842x10 1°  nism. Clearly, the decay probability for double Auger
—1.5873<10 2%E) cm?. This deviates from the overall fit decay is very much smallébetweenPy=1.5x 10" s~ and
given above by only+2x 102X cn? at 420 eV and-1.5 P4=1.15<10' s ! [18]) than that of the single Auger de-

X 10 2% cn? at 460 eV which is a tiny difference in the total cay. The loss channel not considered in the present calcula-
cross section but makes a real difference in the interpretatiofion is radiative stabilization: $2s?2p *P— 1s°2s2l +h.

of the READI features. Therefore this slightly different back- The probability for this decay i®,=8.34x 10" s * [42].
ground was subtracted from the experimental data points justhis means that the present ionization amplitude for the
in the limited energy range covered by Fig. 11. This addi-1s2s?2p ®P READI resonance in principle should be cor-
tional subtraction was necessary in order to provide a mearrected by a factorRy+ Pg)/(Py+ Ps+ P,)~0.9994. This is
ingful indirect-ionization cross sectiodo in that energy so close to 1 that radiative corrections can be totally ignored.
range for comparison with the theory. The resulting experi+or the 1s2s2p? 3D READI resonance the situation is quite
mental data exhibit an excursion to slightly negative valuesimilar.

at around 435 eV indicating the presence of interference be- The only additional correction that is not included in the
tween READI and DI. The theoretical curve shows such depresentR-matrix calculation and that could possibly influ-
structive interference patterns even more strongly and sugence the dominant READI features visible in Fig. 11 is due
gests that even a slightly higher DI “background” might to loss channels of the kinds2s2I21’— 1s?nl+e with n
have to be subtracted from the experimental data. The ex=4. If the decay rate for such shake-up processes is termed
periment itself, however, does not provide immediate justifi—P(S”), the correction factor for the present READI amplitude
cation of this extra manipulation. We note that we have triedwill be Ps/(P<+ pg‘))_ Shake-up probabilities have not been
here to represent the DI cross section in different energyalculated for the processes of interest here. We assume that
ranges of interest by the simplest possible function. Conshake-up to Rydberg states witk=4 has a low probability
structing a universal smooth function representing the Dicompared with regular single Auger decay ts’dl states.
cross section at all energies would certainly be possible bulience, the expected correction for the lowest READI reso-
would require a multiparameter fit of a complicated butnances as displayed in Fig. 11 would be small and therefore
smooth function to the experimental data. Such an effortannot explain the differences in the level of agreement be-

does not seem to be justified considering the uncertainty ofveen theory and experiment for the dominating READI
the DI cross sectiowr, in both theory and experiment. peaks.

With this in mind, Fig. 11 shows a very satisfying agree-
ment of theory and experiment, which strongly supports the
interpretation of destructive interference of a complex reso-
nant ionization channel with the dominating direct ionization In conclusion, the current experimental measurement,
process. It is remarkable that such a feature can be seen with its high precision and energy resolution, allows us to
the total ionization cross section. Interference patterns argbserve much finer details in the ionization cross section
usually seen much more strongly in angular differential crosshan in previous studies. In particular, really quantitative data
section studies. have become accessible for the strongest READI resonances

As in a previous stud13] on the ionization of €" ions  occurring at the lowest energies where indirect processes can
by electron impact, we find that thes2s?2p 3P° READI  contribute to the ionization cross section. In this way, the
resonancéat 435.52 eV in the case of°0) with its asym-  observation of interference between DI and READI in a pre-
metric shape is reproduced extremely well by Renatrix  vious study on the ionization of <€ [13] has now been
calculation, while the second prominents252p?3D®  confirmed for O also.

READI resonancéfound at 448.31 eYis substantially over- The precision of the present experimental data facilitates a
estimated by the theory. While both these features have beetry critical test of the unifiedR-matrix approach and its
observed previously, with much larger error bars, the smallegapability to handle fine details in the ionization cross sec-
features at 453 eV and 457 eV have not, to our knowledgetion as a result of indirect ionization mechanisms. While
According to the preserR-matrix approach they are associ- many cross section features arising from the EA, REDA, and
ated with 1s2s2p? 3S° (at 453.87 ey and 1s2s2p?'D® (at  READI processes are very well reproduced by the calcula-
455.29 eV states. tions, the comparison also reveals some of the weaknesses of

Following the arguments discussed at the end of Sec. lllthe present unifiedR-matrix approach with its limited basis
the READI resonances displayed in Fig. 11 are also subjeciet for the construction of the total wave function. In future
to the influence of different loss channels. For example, thavork the effect of the single Auger loss channels should be
1s2s?2p 3P state can undergo a single Auger decay to areated in the unifiedR-matrix calculation on more solid
bound 122! state, the decay rate of which has been calcugrounds compared to the heuristic approach used in this
lated by Pindzola and Griffin to ble,=1.42< 10 s"1 [18].  study. For higher ion charge states it will also be necessary
Chen and Crasemani2] found a value 1.2810"s 1. to find a more elaborate treatment of radiative damping of

V. CONCLUSIONS
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