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Resonant indirect processes in electron-impact single ionization of N& ions
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We present a detailed experimental and theoretical study of electron-impact single ionizatioi"of Ne
High-resolution and high-precision energy-scan measurements &fshell 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 Nearising from indirect ionization processes have been observed. A new
unified R-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 eIectron-impac}zv hat the | hani ds via simul
ionization of ions have been a subject of great interest sinct € NOte that the latter mechanism proceeds via simultaneous
emission of two electrons. Figure 1 shows samples of differ-

the first theoretical introduction of the concéft2]. Signifi- oo - T >
: Lo ent ionization pathways for the single ionization of the/ Ne
cant progress in the study of resonant ionization processe%ﬁ'n within an energy diagram.

has been made both experimentally and theoretically, subse- lonization of N& received attention previously. Experi-

guent to the first unambiguous experimental observation ofnentally, single ionization of N& was investigated by Do-

the baS.IC mechanisms3 4] Qn the theoretical side, mo;t nets and Ovzyanniko{Q] by modeling charge-state evolu-
calculations employed the independent-process approxima:-

. X on in an electron beam ion source, and in RéfkD,11]
tion (see the review by Moores and Regil). Recently a using the crossed-beam technique. In addition to the direct

. ionization, only a gross indirect featuf&A) could be ob-

ified H th ibility of interf bet "Served in the ionization cross section so far. The situation on
a unined way. rence the possibiiity ot Interierence DEWeen, o ,qretical side is similar. Cross sections including con-

different ionization mechanisms was consistently included in ;. +ions of DI and EA were calculated using the Coulomb-
the calculation. In a joint theory-and-experiment effort, theBorn approximation by Jakubowicz and Moofé€] and the
R-matrix method was recently applied with great success WQistorted wave Born exchange approximation by Cheal

the electron-impact single ionization of the Li-iike’C[7] [13]. No calculation for the resonant indirect procelsses
and G [8] ions. In the present study we extend our work toARE.DA and READ) was available prior to the present work.

7+ . . . .
Ne lons, aiming at an assessment C.)f the ion charge ‘?'ePe Here we report detailed experimental and theoretical re-
dence of indirect ionization mechanisms along the Li-like

sequence. ot -
For electron-impact single ionization of Li-like N&, be- senn 23 —— 1s2s°S
. ) T 1000  1s2s(°S)3p°°D . -
sides the direct ionizatiotDI) Qe d 12121
e Ne®™(1s?)+2e" s
e +Ne'"(1s2s 1 -
( =Nt (as2s)+2e-, P 5
& 500 .
three indirect mechanisms have to be considered: nonresc_$
nant excitation-autoionizatio(EA), S
-
e +Ne’ " (1s225)—Ne’ *(1s2snl)+e~ ol _
L’NCH(ISZ)JF(, 2) 15%28"
resonant-excitation-double-autoionizatidREDA), 6 7 8

Charge state q

- 7+ 2 6+ % ryr
e +Ne'"(1s725)—=Ne® " (1s2snin'l") FIG. 1. Energy-level diagram of Né& states relevant to the
|—>Ne7+*( 1s2sn" ")+ e single ionization of N&". Horizontal bars indicate the energy levels
84,4 2 _ (including five pseudostates represented by shorte) baesl in the
Ne®"(1s5)+e™,  (3)  presentRmatrix calculation. lonization pathways are indicated by
different arrow lines. The fat solid arrow line shows the direct ion-

and resonant-excitation-auto-double-ionizat{i&EADI), ization (DI) channel; the thin solid arrow lines represent the
excitation-autoionizatiofEA) channel; the dotted arrow lines indi-
ei+Ne7+(1s22s)—>Ne6+*(1s2snln’l') cate the resonant-excitation-auto-double-ionizatiekEADI) chan-
|_, - 5 ~ nel; and the dashed arrow lines represent the resonant-excitation-
Ne® " (1s%)+2e". double-autoionizatio§REDA) channel.
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sults for the single ionization of Né. Our studies were fined on the basis of these orbitals. For the Nén, a total
devoted mainly to the resonant proces{®EADI and of 26 spectroscopic states and pseudostates were used. These
REDA) near theK-shell excitation(EA) threshold region. include five physical bound statess?Ps?®S, 1s°2p 2P,
Autoionizing resonances were measured with a high precils?3s?2S, 1s?3p %P, and 1s?3d °D, five pseudostates of the
sion and high energy resolution. The ionization cross sectype 1s?4s2S, 1s?4p2P, 1s?4d2D, 1s%4f2F, and

tions were calculated using the unifig®kmatrix method 152§pzp, as well as 16 82121" and 1s2s3!’ autoionizing

[6-8], which treats processet)—(4) in a consistent manner. qate5. Al target states and pseudostates were represented by
The measurements were performed using the crossedynfiguration-interactioCl) wave functions. Eleven orbit-

beams §Etgp described previously in detail by Tinsoétedl. 5 \were used: thesl 2s, 2p, 3s, 3p, and 3 orbitals were

[14]. Ne"™ ions were produced by & 10-GHz electron cyclo-yayen from the table given by Weif&7], these orbitals also

tron resonance ion sour¢é5]. A collimated (2<2 mn? . . . —
70-keV N&€* ion beam (\Evitg a current up Eo 70 nA \)Nas give good excited state wave functions; the 4p, 4d, and

crossed with an intense ribbon-shaped electron beam withf orbitals were optimized on the sks?, 1s2p?, and
currents as high as 450 mA at 1000 eV. After the interaction152s2p inner-shell excited states, using the's package of
the ionized product ions (Nié) were separated from the Hibbert[18]; and the ®-polarized orbital was optimized on
incident beam by a magnetic field, and detected by a singlethe 1s?2s ground-state dipole polarizability. The target or-
particle detector, while the parent ion beam was collected byitals require anR-matrix radius of 6.0 a.u., and 24 con-
a Faraday cup. The counting rate of the ionized N@ns  tinuum basis functions were used per angular momentum.
was at the level of a few kHz. The internal regiorR-matrix packag&MATRX Il [19] and the

For the observation of fine details in the ionization crossexternal asymptotic prograstGF[20] were employed. Par-
section, the electron-energy-scan techni8g8] was em- tial waves up to total angular momenturs 20 were needed
ployed. With an optimized overlap of the intersecting beamsfo obtain converged results for the ionization cross sections.
the electron energy was ramped over preset ranges of typhA top-up procedure was used to check for possible contribu-
cally 40 eV in 512 steps of 0.078 eV each, and a dwell timetions of higher partial waves, and they were found negligible.
of 3 ms on each energy. The scans were automatically ré=inally, the total cross section for ionization from the ground
peated until the counting statistics reached a desired leve$tate was calculated by summing the excitation cross sec-
Numerous individual overlapping energy scans were thetions for transitions into all the autoionizing states and
combined, and the final relative scan measurement was olpseudostates lying above the ionization threshold of the
tained. Limited by the maximum cathode voltage that can b@ground state, i.e., 239.10 €\21].
applied to the electron gun, the electron energy was below As we pointed out in a recent pap], the present uni-
1000 eV. In the present measurements, energy scans wefied R-matrix method is unable to account for two loss
made in two separate regions. The 660—720-eV scan covergechanisms explicitly due to limitations in its basis set. The
the dominant READI resonances, and the 870—1000-eV rdfirst is the radiative damping effect, and the second is the
gion includes the most important REDA resonances as welkffect of flux loss into infinite Rydberg series of nonautoion-
as EA at theK-shell excitation threshold. The total number izing states. It has been shown that radiative damping can
of counts per channel was roughly X30° and 1.5<10° for ~ reduce the contribution of the EA process significantly, but
the lower- and higher-energy scan ranges, respectively. Bihis effect is small for REDA and READI processes. In the
combining packets of five neighboring original data points,present calculation the effect of radiation damping on the EA
effectively going to 0.39-eV stepwidth, statistical uncertain-process has been corrected for by explicitly determining the
ties were reduced to 0.036% and 0.12% for the lower- anddranching ratios of the autoionizing states included in the
higher-energy regions, respectively. READI resonances vigalculation, using the same wave functions. The second loss
intermediate states of the configuratiors28212I’ and  mechanism results in a reduction of ionization strength of
REDA resonances via intermediate states of the configurdREDA and READI resonances just around and below the
tion 1s2s3Inl’ were clearly observed. The present scan datdowest EA threshold. Following the discussion in our recent
were normalized to the absolute measurement of Duponctwork [8], resonances calculated for Nein the energy range
elle et al.[11], such that the cross sections from both experi-840-920 eV are therefore completely removed from the
ments agree in the energy region below 890 eV where Dbriginal calculation with the argument that the2s2In’l’
dominates. The error of the experimental energy scale iftermediate states with’=4 most likely decay to singly
within 1.5 eV[16]. The role of electron-beam space chargeexcited(bound 1s?nl states of the Li-like system.
in the determination of the energy was recently discussed in An overview of the experimental and theoretical cross
detail [8]. sections for the single ionization of Ne is given in Fig. 2.

The unifiedR-matrix approach of Berringtoet al.[6] has  For the comparison with the experiment the results of the
been adopted in the present work using an extended basis g@gesent calculation were convoluted with a Gaussian of a full
for improved representation of the total wave function. Ourwidth at half maximum of 3 eV. As can be seen from the
approach was described in detail previoushy8]. Briefly, a  figure, the DI part of the experimental results of Duponchelle
unified total wave function, which can represent the initialet al. [11] is well reproduced by the Lotz formu[@2]. The
and final states required for the treatment of DI, EA, REDA,DI part of the calculation of Cheet al.[13] agrees very well
and READI processes, is constructed with a set of commowmith that of Jakubowicz and Moor¢42], but both are about
orbitals. The real target states and the pseudostates are dé&% lower than the experimental data of Duponchetlal.
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FIG. 2. Total electron-impact single-ionization cross sections of

FIG. 3. Indirect contribution 40) to the cross section for

Ne’*. Present experimental dataonresolved solid dotsdata of
Duponchelleet al. [11] (open circle® with few representative ex-
perimental uncertainties indicatédum of the statistical and sys-
tematic uncertaintigs Shown are the present calculatigsolid
line), the calculation of Cheet al. [13] (dotted ling, the calcula-
tion of Jakubowicz and Mooregl2] (dash-dotted ling and the
Lotz formula[22] (dashed ling

electron-impact single ionization of K&(830-1000 eY. Open
circles represent the present experiméhe statistical errors are
about 9<10722 cn?); the present calculation before any correction
for loss mechanisms is shown by the dotted line; the present calcu-
lation after correction for radiation damping only is shown by the
dashed line; and the final result of the present calculation is shown
by the solid line. Theoretical positions of the most important EA
thresholds and dominant REDA resonances are indicated by vertical
The present theoretical result for DI is between the results dpars. The arrow line shows the energy region of possible REDA
the other two calculations and the experimental data. Con€sonances associated with253In’l’ intermediate states, and that
cerning the EA contributiofithe step feature at 891 g¢\our ~ ©f possible READI resonances associated wit2sin’l" inter-
calculation agrees well with our scan measurenisee be- Mediate states fan’=4.
low for detailed comparisonand it is between the calcula-
tion of Chenet al. and that of Jakubowicz and Moores. than 1.5 eV. Resonances in the Cross SeCtionS Of the present
In the following figures, indirect contributions rather than €nergy region belong to REDA processes via intermediate
total cross sections®*P are displayed. In order to extract the €xcited statess2s3In’l", with n’=3 and 4. Fine structures
indirect contribution (the cross-section difference\ o within the 1s2s3131’ manifold are resolved with the domi-
=®*P'_ 5.}, the DI contributionop, is subtracted from Nant resonance identified as2s(*S)3p® °D° at 950.20 eV,
the total cross sections. This procedure involves uncertaintyith a substantial admixture ofs2s(*S)3s3d °D® due to
of the overall size ofAc, sinceop, is not measured sepa- configuration interaction. The contribution of this resonance
rately. However, for the present purpose of studying resonant
ionization processes, this allows for the most sensitive com- | ' ' '
parison of details in the present theory and experiment. Foi~ 3
the theoretical data, the DI cross sections were calculate(§

using the nonunified?-matrix method. Concerning the ex-
perimental data, the DI contribution is not measured sepa:
rately, but can be obtained indirectly. It is apparent from Fig.
2 that the Lotz calculation ofp, [22] happens to be in very
good agreement with the DI part of the experimental data,
and was therefore used to determiner for the higher-
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energy region. As for the lower-energy regi¢660—720 | i || rﬂ |l|. I H il
eV), the smooth part of the cross section was fitted with a g 0 [ I 1 | NI ||, ;
straight line, which was used as the DI contribution to be '
subtracted. *

Figure 3 shows the indirect ionization contribution in the -1660 :
energy region 830—1000 eV. Given in the figure are results
of the present measurement and calculation. Calculations
with and without corrections for the loss mechanisms are gG. 4. Indirect contribution ) to the cross section for
displayed. Very good agreement between the measuremegkctron-impact single ionization of K&(660—-720 eV. Solid dots
and the final theoretical result is found both in the size andepresent the present experiméentror bars are statistical onfythe
shape of the cross section details. As for the positions of theolid line shows the present theory. Theoretical positions of the
resonances, calculations and measurements differ by leg®minant READI resonances are indicated by vertical bars.
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at the peak energy reaches 10% of the total cross section. imith C** [7] and G@" [8], the second main READI reso-
addition to the REDA processes, four EA steps associateiance belonging to s2s2p?°D is again overestimated by
with 1s2s2| resonant excitations are visible. They werethe theory. The three weaker resonances predicted by the
identified to be due to multiply excited states2k? 2S® at theory are not immediately obvious in the experimental data
891.05 eV, 52s(35)2p *P° at 895.05 eV, $2s(1S)2p 2P° because of the limited counting statistics. At the peak of the
at 907.85 eV, and £25(3S)2p 2P° at 913.33 eV. Within the experimental data, the READI process contributes 0.5% of

. . - the total ionization cross section. The theoretical result
systematic experimental uncertainties these calculate_ learly shows interference between the DI and READI chan-

threshold energies agree with the energies of the EA steps ifb1s. The experimental data in general support this predic-

the experimental data. The nonresonant indirect contributiogon, but even better counting statistics would be needed for
amounts to about 10% of the total ionization cross sectiong more solid conclusion.

Thus the total indirect contribution observed in the experi- In summary, indirect ionization processes including
ment at the top of the 2s(3S)3p? D¢ at 950 eV is more READI and REDA resonances have been investigated in
than 20% of the total single-ionization cross section. great detail both experimentally and theoretically for the
Figure 4 takes a closer look at the |Ower_energy region_ ||r1\|€7Jr ion. REDA resonances via intermediate excited St(’:?tes
the energy region below thes2s? EA threshold, REDA is  15283In’l" with n"=3 and 4 and READI resonances via
energetically not possible, and only READI processes Viathéptermedlate excited statesas2|2|" have been observed.
1s2s2In’l’ intermediate states are allowed. Theory predicts he. presenR-matrix approach m_cludmg somat hoccor-
five READI resonances via intermediate  states €Ctions reproduces the experimental results remarkably
1s2s%2p 3P°, 1s25?2p1P°, 1s2s2p?°D°®, 1s2s2p?3S°, well.
and 1s2s2p®'D*® at energies of 682.39, 689.24, 699.43,  We thank Professor P. G. Burke for providing us with a
706.74, and 708.77 eV, respectively. In the experimentatopy of theRMATRX II package, and Dr. S. Schippers for
data only two main resonance features are visible. They areelpful discussions. Support by Deutsche Forschungsge-
well reproduced by the theory. Similar to the observationameinschaft, Bonn, is gratefully acknowledged.
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