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Resonant indirect processes in electron-impact single ionization of Ne7¿ ions
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~Received 6 June 2000; published 6 December 2000!

We present a detailed experimental and theoretical study of electron-impact single ionization of Ne71.
High-resolution and high-precision energy-scan measurements of theK-shell excitation threshold region have
been performed with statistical uncertainties as low as 0.036% and an energy stepwidth of 0.39 eV. Resonance
features in the cross section of Ne71 arising from indirect ionization processes have been observed. A new
unifiedR-matrix calculation of the ionization cross section very well reproduces most of the features observed
in the experiment.
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Resonant indirect ionization processes in electron-imp
ionization of ions have been a subject of great interest s
the first theoretical introduction of the concept@1,2#. Signifi-
cant progress in the study of resonant ionization proce
has been made both experimentally and theoretically, su
quent to the first unambiguous experimental observation
the basic mechanisms@3,4#. On the theoretical side, mos
calculations employed the independent-process approx
tion ~see the review by Moores and Reed@5#!. Recently a
new R-matrix approach was introduced by Berringtonet al.
@6#, which treated direct and indirect ionization processes
a unified way. Hence the possibility of interference betwe
different ionization mechanisms was consistently included
the calculation. In a joint theory-and-experiment effort, t
R-matrix method was recently applied with great succes
the electron-impact single ionization of the Li-like C31 @7#
and O51 @8# ions. In the present study we extend our work
Ne71 ions, aiming at an assessment of the ion charge de
dence of indirect ionization mechanisms along the Li-li
sequence.

For electron-impact single ionization of Li-like Ne71, be-
sides the direct ionization~DI!

e21Ne71~1s22s!→H Ne81~1s2!12e2

Ne81~1s2s!12e2,
~1!

three indirect mechanisms have to be considered: nonr
nant excitation-autoionization~EA!,

~2!

resonant-excitation-double-autoionization~REDA!,

~3!

and resonant-excitation-auto-double-ionization~READI!,
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We note that the latter mechanism proceeds via simultane
emission of two electrons. Figure 1 shows samples of diff
ent ionization pathways for the single ionization of the Ne71

ion within an energy diagram.
Ionization of Ne71 received attention previously. Exper

mentally, single ionization of Ne71 was investigated by Do-
nets and Ovzyannikov@9# by modeling charge-state evolu
tion in an electron beam ion source, and in Refs.@10,11#
using the crossed-beam technique. In addition to the di
ionization, only a gross indirect feature~EA! could be ob-
served in the ionization cross section so far. The situation
the theoretical side is similar. Cross sections including c
tributions of DI and EA were calculated using the Coulom
Born approximation by Jakubowicz and Moores@12# and the
distorted wave Born exchange approximation by Chenet al.
@13#. No calculation for the resonant indirect process
~REDA and READI! was available prior to the present wor

Here we report detailed experimental and theoretical

FIG. 1. Energy-level diagram of Neq1 states relevant to the
single ionization of Ne71. Horizontal bars indicate the energy leve
~including five pseudostates represented by shorter bars! used in the
presentR-matrix calculation. Ionization pathways are indicated
different arrow lines. The fat solid arrow line shows the direct io
ization ~DI! channel; the thin solid arrow lines represent t
excitation-autoionization~EA! channel; the dotted arrow lines ind
cate the resonant-excitation-auto-double-ionization~READI! chan-
nel; and the dashed arrow lines represent the resonant-excita
double-autoionization~REDA! channel.
©2000 The American Physical Society01-1
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sults for the single ionization of Ne71. Our studies were
devoted mainly to the resonant processes~READI and
REDA! near theK-shell excitation~EA! threshold region.
Autoionizing resonances were measured with a high pr
sion and high energy resolution. The ionization cross s
tions were calculated using the unifiedR-matrix method
@6–8#, which treats processes~1!–~4! in a consistent manner

The measurements were performed using the cros
beams setup described previously in detail by Tinschertet al.
@14#. Ne71 ions were produced by a 10-GHz electron cyc
tron resonance ion source@15#. A collimated (232 mm2)
70-keV Ne71 ion beam with a current up to 70 nA wa
crossed with an intense ribbon-shaped electron beam
currents as high as 450 mA at 1000 eV. After the interacti
the ionized product ions (Ne81) were separated from th
incident beam by a magnetic field, and detected by a sin
particle detector, while the parent ion beam was collected
a Faraday cup. The counting rate of the ionized Ne81 ions
was at the level of a few kHz.

For the observation of fine details in the ionization cro
section, the electron-energy-scan technique@3,8# was em-
ployed. With an optimized overlap of the intersecting beam
the electron energy was ramped over preset ranges of
cally 40 eV in 512 steps of 0.078 eV each, and a dwell ti
of 3 ms on each energy. The scans were automatically
peated until the counting statistics reached a desired le
Numerous individual overlapping energy scans were t
combined, and the final relative scan measurement was
tained. Limited by the maximum cathode voltage that can
applied to the electron gun, the electron energy was be
1000 eV. In the present measurements, energy scans
made in two separate regions. The 660–720-eV scan co
the dominant READI resonances, and the 870–1000-eV
gion includes the most important REDA resonances as w
as EA at theK-shell excitation threshold. The total numb
of counts per channel was roughly 1.53106 and 1.53105 for
the lower- and higher-energy scan ranges, respectively
combining packets of five neighboring original data poin
effectively going to 0.39-eV stepwidth, statistical uncerta
ties were reduced to 0.036% and 0.12% for the lower-
higher-energy regions, respectively. READI resonances
intermediate states of the configuration 1s2s2l2l 8 and
REDA resonances via intermediate states of the config
tion 1s2s3lnl 8 were clearly observed. The present scan d
were normalized to the absolute measurement of Dupon
elle et al. @11#, such that the cross sections from both expe
ments agree in the energy region below 890 eV where
dominates. The error of the experimental energy scale
within 1.5 eV @16#. The role of electron-beam space char
in the determination of the energy was recently discusse
detail @8#.

The unifiedR-matrix approach of Berringtonet al. @6# has
been adopted in the present work using an extended bas
for improved representation of the total wave function. O
approach was described in detail previously@7,8#. Briefly, a
unified total wave function, which can represent the init
and final states required for the treatment of DI, EA, RED
and READI processes, is constructed with a set of comm
orbitals. The real target states and the pseudostates ar
01470
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fined on the basis of these orbitals. For the Ne71 ion, a total
of 26 spectroscopic states and pseudostates were used. T
include five physical bound states 1s22s 2S, 1s22p 2P,
1s23s 2S, 1s23p 2P, and 1s23d 2D, five pseudostates of th
type 1s24̄s 2S, 1s24̄p 2P, 1s24̄d 2D, 1s24̄ f 2F, and
1s25̄p 2P, as well as 16 1s2l2l 8 and 1s2s3l 8 autoionizing
states. All target states and pseudostates were represent
configuration-interaction~CI! wave functions. Eleven orbit-
als were used: the 1s, 2s, 2p, 3s, 3p, and 3d orbitals were
taken from the table given by Weiss@17#, these orbitals also
give good excited state wave functions; the 4s̄, 4̄p, 4̄d, and
4̄ f orbitals were optimized on the 1s2s2, 1s2p2, and
1s2s2p inner-shell excited states, using theCIV3 package of
Hibbert @18#; and the 5̄p-polarized orbital was optimized on
the 1s22s ground-state dipole polarizability. The target o
bitals require anR-matrix radius of 6.0 a.u., and 24 con
tinuum basis functions were used per angular moment
The internal regionR-matrix packageRMATRX II @19# and the
external asymptotic programSTGF @20# were employed. Par-
tial waves up to total angular momentumL520 were needed
to obtain converged results for the ionization cross sectio
A top-up procedure was used to check for possible contri
tions of higher partial waves, and they were found negligib
Finally, the total cross section for ionization from the grou
state was calculated by summing the excitation cross
tions for transitions into all the autoionizing states a
pseudostates lying above the ionization threshold of
ground state, i.e., 239.10 eV@21#.

As we pointed out in a recent paper@8#, the present uni-
fied R-matrix method is unable to account for two lo
mechanisms explicitly due to limitations in its basis set. T
first is the radiative damping effect, and the second is
effect of flux loss into infinite Rydberg series of nonautoio
izing states. It has been shown that radiative damping
reduce the contribution of the EA process significantly, b
this effect is small for REDA and READI processes. In t
present calculation the effect of radiation damping on the
process has been corrected for by explicitly determining
branching ratios of the autoionizing states included in
calculation, using the same wave functions. The second
mechanism results in a reduction of ionization strength
REDA and READI resonances just around and below
lowest EA threshold. Following the discussion in our rece
work @8#, resonances calculated for Ne71 in the energy range
840–920 eV are therefore completely removed from
original calculation with the argument that the 1s2s2ln8l 8
intermediate states withn8>4 most likely decay to singly
excited~bound! 1s2nl states of the Li-like system.

An overview of the experimental and theoretical cro
sections for the single ionization of Ne71 is given in Fig. 2.
For the comparison with the experiment the results of
present calculation were convoluted with a Gaussian of a
width at half maximum of 3 eV. As can be seen from t
figure, the DI part of the experimental results of Duponche
et al. @11# is well reproduced by the Lotz formula@22#. The
DI part of the calculation of Chenet al. @13# agrees very well
with that of Jakubowicz and Moores@12#, but both are about
15% lower than the experimental data of Duponchelleet al.
1-2
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The present theoretical result for DI is between the result
the other two calculations and the experimental data. C
cerning the EA contribution~the step feature at 891 eV!, our
calculation agrees well with our scan measurement~see be-
low for detailed comparison!, and it is between the calcula
tion of Chenet al. and that of Jakubowicz and Moores.

In the following figures, indirect contributions rather tha
total cross sectionssexp are displayed. In order to extract th
indirect contribution ~the cross-section differenceDs
5sexpt2sDI), the DI contributionsDI is subtracted from
the total cross sections. This procedure involves uncerta
of the overall size ofDs, sincesDI is not measured sepa
rately. However, for the present purpose of studying reson
ionization processes, this allows for the most sensitive co
parison of details in the present theory and experiment.
the theoretical data, the DI cross sections were calcula
using the nonunifiedR-matrix method. Concerning the ex
perimental data, the DI contribution is not measured se
rately, but can be obtained indirectly. It is apparent from F
2 that the Lotz calculation ofsDI @22# happens to be in very
good agreement with the DI part of the experimental da
and was therefore used to determineDs for the higher-
energy region. As for the lower-energy region~660–720
eV!, the smooth part of the cross section was fitted with
straight line, which was used as the DI contribution to
subtracted.

Figure 3 shows the indirect ionization contribution in t
energy region 830–1000 eV. Given in the figure are res
of the present measurement and calculation. Calculat
with and without corrections for the loss mechanisms
displayed. Very good agreement between the measurem
and the final theoretical result is found both in the size a
shape of the cross section details. As for the positions of
resonances, calculations and measurements differ by

FIG. 2. Total electron-impact single-ionization cross sections
Ne71. Present experimental data~nonresolved solid dots!, data of
Duponchelleet al. @11# ~open circles! with few representative ex
perimental uncertainties indicated~sum of the statistical and sys
tematic uncertainties!. Shown are the present calculation~solid
line!, the calculation of Chenet al. @13# ~dotted line!, the calcula-
tion of Jakubowicz and Moores@12# ~dash-dotted line!, and the
Lotz formula @22# ~dashed line!.
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than 1.5 eV. Resonances in the cross sections of the pre
energy region belong to REDA processes via intermed
excited states 1s2s3ln8l 8, with n853 and 4. Fine structures
within the 1s2s3l3l 8 manifold are resolved with the domi
nant resonance identified as 1s2s(3S)3p2 3De at 950.20 eV,
with a substantial admixture of 1s2s(3S)3s3d 3De due to
configuration interaction. The contribution of this resonan

FIG. 4. Indirect contribution (Ds) to the cross section for
electron-impact single ionization of Ne71~660–720 eV!. Solid dots
represent the present experiment~error bars are statistical only!; the
solid line shows the present theory. Theoretical positions of
dominant READI resonances are indicated by vertical bars.

f FIG. 3. Indirect contribution (Ds) to the cross section for
electron-impact single ionization of Ne71~830–1000 eV!. Open
circles represent the present experiment~the statistical errors are
about 9310222 cm2); the present calculation before any correcti
for loss mechanisms is shown by the dotted line; the present ca
lation after correction for radiation damping only is shown by t
dashed line; and the final result of the present calculation is sh
by the solid line. Theoretical positions of the most important E
thresholds and dominant REDA resonances are indicated by ver
bars. The arrow line shows the energy region of possible RE
resonances associated with 1s2s3ln8l 8 intermediate states, and tha
of possible READI resonances associated with 1s2s2ln8l 8 inter-
mediate states forn8>4.
1-3
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at the peak energy reaches 10% of the total cross sectio
addition to the REDA processes, four EA steps associa
with 1s2s2l resonant excitations are visible. They we
identified to be due to multiply excited states 1s2s2 2Se at
891.05 eV, 1s2s(3S)2p 4Po at 895.05 eV, 1s2s(1S)2p 2Po

at 907.85 eV, and 1s2s(3S)2p 2Po at 913.33 eV. Within the
systematic experimental uncertainties these calcula
threshold energies agree with the energies of the EA step
the experimental data. The nonresonant indirect contribu
amounts to about 10% of the total ionization cross sect
Thus the total indirect contribution observed in the expe
ment at the top of the 1s2s(3S)3p2 3De at 950 eV is more
than 20% of the total single-ionization cross section.

Figure 4 takes a closer look at the lower-energy region
the energy region below the 1s2s2 EA threshold, REDA is
energetically not possible, and only READI processes via
1s2s2ln8l 8 intermediate states are allowed. Theory predi
five READI resonances via intermediate sta
1s2s22p 3Po, 1s2s22p 1Po, 1s2s2p2 3De, 1s2s2p2 3Se,
and 1s2s2p2 1De at energies of 682.39, 689.24, 699.4
706.74, and 708.77 eV, respectively. In the experimen
data only two main resonance features are visible. They
well reproduced by the theory. Similar to the observatio
.

.
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with C31 @7# and O51 @8#, the second main READI reso
nance belonging to 1s2s2p2 3D is again overestimated b
the theory. The three weaker resonances predicted by
theory are not immediately obvious in the experimental d
because of the limited counting statistics. At the peak of
experimental data, the READI process contributes 0.5%
the total ionization cross section. The theoretical res
clearly shows interference between the DI and READI ch
nels. The experimental data in general support this pre
tion, but even better counting statistics would be needed
a more solid conclusion.

In summary, indirect ionization processes includi
READI and REDA resonances have been investigated
great detail both experimentally and theoretically for t
Ne71 ion. REDA resonances via intermediate excited sta
1s2s3ln8l 8 with n853 and 4 and READI resonances v
intermediate excited states 1s2s2l2l 8 have been observed
The presentR-matrix approach including somead hoccor-
rections reproduces the experimental results remarka
well.
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