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Electron-impact ionization of Sm*?* ions: Resonances far beyond threshold
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Unusual resonance features at high energies were recently discovered in the experimental crossed-beams
measurements of the electron-impact ionization of8mTheoretical calculations were able to confirm that
they are due to deep-core excitation with capture into dielectronic states followed by sequential double Auger
decay[K. Aichele et al,, Phys. Rev. Lett86, 620 (2001)]. In this paper additional experimental results are
presented, showing more resonances in the single-ionization cross section. Detailed level-to-level calculations
of dielectronic capture provide a clear identification of these resonances, as producedigf a&xitation
with capture to differennl orbitals followed by sequential emission of two electrons. By using configuration-
average distorted-wave calculations, we estimate the branching ratios for single and double ionization by
considering the possible autoionization paths leading to resonant contributions to excitation, single ionization,
and double ionization.

DOI: 10.1103/PhysRevA.64.062705 PACS nuntber34.80.Dp, 34.80.Kw

[. INTRODUCTION threshold energy for single ionization. Preliminary theoreti-
cal calculationd 3] identified these resonances as produced
Electron-impact ionization is one of the most importantby a deep-core inner-subshell excitation with electron cap-
atomic processes in astronomical and laboratory plasmadire, followed by sequential double autoionization. In the
Both the direct ionization process and the indirect process dpresent work, we focus on the $f ion and use level-to-
excitation-autoionization(EA) have been studied exten- level distorted-wave calculations to identify and map the
sively. A summary of the theoretical work and comparisons€combination resonances features. We then employ the
with experiment for the indirect EA process can be found inconfiguration-average distorted-wave approximation to esti-
Ref. [1]. An additional indirect ionization process was first Mate the branching ratios for the contributions of the dielec-
postulated by LaGattuta and Hafi]. It involves dielec- tronic capture processes to the single and double ionization
tronic capture of the incident free electron with simultaneous®f Sm'®". The remainder of this paper is arranged as fol-
excitation of an inner-shell electron followed by sequentiallows: In Sec. II, we describe the crossed-beams experiment
emission of two electrons. This three-step mechanism wagdnd show the experimental results for the electron-impact
termed resonant-excitation double autoioniza’[(@EDA) ionization of SnJI2+. In Sec. lll, we review the different pro-
and is characterized as a series of resonances converging@®sses that contribute to the electron-impact ionization of
the steplike threshold of an EA feature. atomic ions. In Sec. IV, we present the results of the theoret-
This higher-order process has been studied in detail ifcal calculations and identify the high-energy features. Fi-
ions having relatively fewabout 10 electrons. For example, nally, in Sec. V, we provide a brief summary.
in Refs.[4—6], large REDA contributions to the total ioniza-
tion cross sect_ions are presented and detailed c_omparisons Il EXPERIMENTAL RESULTS
between experimental measurements and theoretical calcula-
tions for the resonance structures are provided. Moreover, in Experimental measurements and theoretical calculations
these cases, the REDA contributions to electron-impact ionef the electron-impact ionization cross section of ‘8m
ization occur in an energy region close to the ionizationhave been presented in R¢8]. The measurements were
threshold. Both the EA and REDA contributions have aperformed using the crossed electron-ion beams setup at the
monotonic decreasing behavior with respect to the incidentniversity of Giessen. More complete discussions of the ex-
electron energy, and at high energies where the direct mechgerimental methods employed are presented in Réfand
nism should dominate, the ionization cross section is exfor the Sm isonuclear sequence in Réf].
pected to be smooth. The Sm ions were produced in the plasma of a 10 GHz
Recently, however, unusual features have been discoveredectron-cyclotron-resonancéECR) ion source using an
[3] at high incident electron energies for the single-ionizationevaporation oven. The ions were extracted with energies of
cross sections of atomic ions with charge states of up t@Xx10 keV, separated magnetically for the desired mass-to-
13+ in the Pr and Sm rare-earth isonuclear sequences. Thesbarge ratio, and collimated before they were crossed with an
resonances are found at energies of about four times thiatense electron beam at an angle of 90°. The electron gun
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FIG. 1. Total cross section for the electron
impact single ionization of SH". The inset
J shows the REDA resonances from 850 eV to
1000 eV, after subtracting the smooth background
cross section.
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supplies electrons with energies between 10 eV and 1 ke¥nalysis is needed. Furthermore, this gives us a better energy

with currents up to 430 mAQ]. resolution than a measurement without space charge com-
The dynamic crossed-beams technique was used to obtagensation. The error of the experimental energy scale is

absolute cross sectiofi$0], where the electron beam passeswithin 1.5 eV[12]. The energy resolution is measured for

through the ion beam while the count rate of ionized ionsjsolated resonances at Li-like Neions and is found to be

the electron and the ion current, and the speed of the moveyound 3 eV at an electron energy of 950 [\3].

ment are recorded simultaneously in four different multi- |5 Fig. 1, we show the absolute cross section for single

channel analyzer spectra with typically 512 channels eachqnization of Sm2*, measured with the dynamic crossed-

Due to fluctuations of the experimental parameters duringoams method. A small deviation of two data points at

the measurement, one cross-section value cannot be repro- . ag7 and 922 eV can be seen in the smooth high-
0 ;

duced to better than 0.5% by a longer measurement t'mee'nergy cross section. This prompted us to perform an addi-

Therefore, this method is not suitable for resolving smalltional energy-scan measurement between 850 and 1000 eV,

features in the cross section. : . )
For high-resolution measurements another mode th@nd the results are shown in the inset of the figure. Unusual

energy-scan method, was employdd]. In this mode, we resonances are found ngl above tr_\e t.hreshold gnergies asso-
leave the electron gun in a fixed position with an optimum¢iated with the major d+|rect and indirect contributions to
electron-ion beam overlap. The same parameters are meSingle ionization of SH‘?. - We have subtracted the back-
sured as for the dynamic crossed-beams method, with simugfound contribution to single ionization to isolate the reso-
taneous variation of the electron energy in steps of typically’@nces. This procedure involves a small uncertainty of the
0.08 eV and measurement times for each channel of 20 mé&Vverall size of the result, since the nonresonant contributions
Changing the energy and providing the necessary gate sign@@nnot be measured separately. It is important to note that
from the computer takes about 0.2 ms. One scan spans tyghis cannot be done without large uncertainties at lower en-
cally over 40 eV. By repeating the scans thousands of timesgrgies or in the threshold region, where there are many
we average out possible fluctuations in the beam overlagxcitation-autoionization thresholds. The energy-scan results
(i.e., the form factox, the measurement of beam currents, andgshow a rich spectrum of peaks starting at 893 eV. The first
count rates. This is done until the counting statistic reaches peak, which is the strongest observed, contribet€s5% to
desired level. Numerous individual overlapping energy scanghe total cross section.
are then combined, and the final relative scan measurement If these peaks are from autoionizing states formed after
is obtained. The electron energy is limited by the maximuminner-shell excitation with capture of the incident electron, it
cathode voltage that can be applied to the electron gun and #hould be possible to observe corresponding resonances in
below 1000 eV. A separate measurement with the same beatine double-ionization cross section. This implies the emis-
parameters and adjustments without beam overlap gives tlsion of three electrons. Therefore, we performed similar
background of the ionization signal needed for the analysismeasurements for the double-ionization of ‘Smbetween
During the measurement, the space charge of the electrd#80 and 935 eV, which have been already presented in Fig. 4
beam is compensated with slow ions from Kr gas fed into theof Ref. [3]. The relative resonant contribution to the the
collision region; therefore, no energy correction for thedouble ionization cross section increases to 11.8% for the
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first peak. In similar measurements for 8 which are not  In Eq. (4) By(d—]) is the branching ratio for autoionization
shown, we also found that the resonance features occur at tfi@m leveld to levelj, and is defined by
same energy in the single and double-ionization cross sec-

; Ay(d—j

tions. _ _ Ba(d—j)= A4=)) , (B
There are several potential errors in measurement that 2 A(d—k +2 A(d

could be thought to cause uncertainties in the observation of s a(d—k) = ((d—m)

resonance effects. First, a change of the contact potentials of

the connectors at the electron gun will give systematic errorsyhereA,(d—k) is the autoionizing rate in Hz from level
However, this was not observed at any time. Another potento level k, and A,(d—m) is the radiative rate in Hz from
tial error could be the changing of the cathode position of théevel d to any lower-energy leveh. For the ions studied in
electron gun due to a thermic expansion relative to the piercghis work we found that in general the radiative rates are
electrode. We know from position tests that this affects thanuch smaller than the autoionization rates, therefore, we ap-
emission and the trajectory of the electrons. This can also bgly the approximation of neglecting the radiative rafgsin
neglected because we have measured similar doublénhe calculation of the branching ratifq. (5)]. oc(g—d) is
ionization resonance peaks for 8, using the same elec- the energy-averaged dielectronic-capture cross section from

tron gun, and they show no energy shift compared to theevel g to leveld of the (N+ 1)-electron ion and is given by
single ionization resonances of &im. Finally, the effect of

an uncompensated space charge of the electron beam can be (2mag)®(1y)? 9g
neglected. Therefore, our measurements show strong experi- oc(g—d)= AEE, 2_99
mental evidence that the observed structure results from a ’

resonant process. We now turn our attention to the theoreticathereE is the relative energybetween the captured level

Aq(d—g), (6

methods employed in our calculations. d and the initial levelg, respectively, g4 and g4 are the
statistical weights of levelsl and g, respectively, (2ra,)?
1Il. CALCULATIONAL PROCEDURE =2.6741X10 %2 cnfs, andl w is the ionization potential of

the hydrogen atom. The energy bin widslk is chosen to be
Major contributions to the electron-impact single- |arger than the largest resonance width, but much smaller
ionization cross section are made by the following two pro-than the experimental width. Finally, smooth theoretical
cesses: cross sections curves are generated by convoluting the spec-
trum of narrow resonance peaks with a Gaussian for which
e +AT AT e teT, (1) the full width at half maximum(FWHM) is equal to the
experimental width.
and To identify the high-lying resonances in the experimental
data, a detailed level-to-level calculation of the capture cross
e +AT (AT +e AT re +eT, (2 sectionoc is required. We calculated the atomic structure of
the deep-inner-shell excited levels and the autoionization
where A1 represents an arbitrary ion with chargeand the  rates using theduLLAC package[14]. In this package, the
asterisk represents an inner-shell excited level. The first prdevel energies are calculated using the fully relativistic mul-
cess is direct ionizatiofDI) while the second is excitation- ticonfigurationalRELAC code[15], based on the parametric
autoionization(EA). The equations for treating these pro- potential mode[16]. The central potential is introduced as
cesses using the independent processes approximation aie analytic function of screening parameters that are deter-

given, for example, in Ref8]. mined by minimizing the first-order relativistic energy of a
An additional process that can contribute to the singleset of configurations. The level-to-level autoionization rates
ionization cross section is the following: needed to determinec(g—d) are calculated using the rela-
tivistic distorted-wave approximation.
e +AIT (A Dy (AT )* pem L AOTDT L em As we will show in the next section, for deep-inner-shell

excitations, the electron capture can populate configurations
of the recombined ion that are well above the first ionization
1)y , , .. limit of the initial ion. This may be followed by radiative
where (A9"D)** represents an intermediate autoionizing yransitions to bound states of the recombined ion, thereby
level populated by inner-shell excitation with capture of theqmhjeting the dielectronic recombination process. However,
incident electron. If this is followed by two successive au-yqcompination into these highly excited states may also be
toionizations as shown above, it contributes to the singleg,)oved by a series of autoionizing transitions. These auto-
ionization cross section. This process is called resonant ez ation processes can populate bound states of the initial
citation double autoionization(REDA) [2], and the i, through the emission of a single electron, resulting in a
corresponding cross section is given by resonant contribution to excitation; or they can contribute to
single ionization through the emission of two electrons, or
_ ; ; multiple ionization through the emission of three or more
UREDA(g_)f)_Ed UC(g_}d); Ba(d=1)Balj—1). electfons. Due to the vgry complex nature of the atomic
(4) structure of Srit*, the configuration-average distorted-wave

+e, 3
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FIG. 2. (a): Dielectronic capture strengths
to the 3%4s?4p®4di%f45s? (3d—4f—4f),
3d%4s24p%4d1%4135525d  (3d—4f—5d), and
3d%45%4p%4d1%£35s25f (3d—4f—5f) excited
configurations. (b): Total dielectronic capture
convoluted wih a 3 eV wdth (FWHM) Gauss-
ian. The calculation includes thed3-4f—4f,
3d—4f—-5p, 3d—4f-—5d, 3d—4f-5f, 3d
—4f—6p, and 3—5p—5p processes(c): Ex-
perimental measurements for single ionization
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approximation CADW) is the only method that is feasible in configuration only; this is justified by the fact that our pre-
a calculation of these possible autoionizing paths. In the/ious CADW calculations for capture from excited configu-
CADW approximation[17], the first-order scattering ampli- rations containing metastable levels were similar to those for
tude is averaged over all states of the initial configurationcapture from the ground configurati$8].

and summed over all states of the final configuration. The Detailed level-to-level calculations performed with the
bound-state energies and the atomic orbitals for the manMdurLLac code Suggest that the strong resonance features
configurations needed to evaluate the rates are generated Wown in Fig. 1 are produced by capture to the
ing the radial wave-function code developed by CoWwEs]. 3d%s24p®4d%f45s? configuration of Srt*. This con-

These radial wave functions are solutions to the Hartréegq ation has 977 levels spread between 890 eV and 945 eV
Fock equations and the continuum orbitals needed to eva%

. . relative to the ground stateThe electron capture from the
ate th? Couloml_) matrix emments are cqlcula?ed in a loc round state of SM" to this level is a resonant process in
distorting potential constructed in a semiclassical exchang hich a f lect ind th itati thouah it
approximatior{19]. Which a free electron induces the excitation even though i

has an energy significantly lower than thd-3f excitation
threshold of approximately 1100 eV. Since the incoming
IV. RESULTS electron does not have enough energy to escape, it is cap-
tured, in this case, into thefdorbital. We label this process
as A —4f—4f, denoting the 8—4f excitation with capture
into the 4f orbital.

Our previous calculations of electron-impact ionization of In order to calculate the dielectronic capture strength
Smt2* [8] show that the ion beam is an unknown mixture of (ccAE) into the 3°4s?4p®4d1%f45s? configuration, we
the ground level and the many long-lived metastable levelperformed detailed level-to-level calculations, which are pre-
found in the ground and low-lying excited configurations. sented in Fig. @). We find a bimodal distribution in the
Comparisons of the CADW results for the dielectronic cap-capture strength separated by about 27 eV which corresponds
ture from the[ Kr]4d'%425s? ground configuration with di- to the spin orbit splitting between thedg, and s, levels
electronic capture from tHekr]4d*%4f35s and[Kr]4d'%4f*  of the 3d%4s°4p®4d'4f45s? configuration. To confirm this,
excited configurationgcontaining metastable levglhave we calculated the energy levels of thel®as?4p®4di%5s?
been presented in Rdf]. Although the experimental beam configuration of SiP*, and obtained a value of 25.8 eV for
is an unknown mixture of ground and metastable configurathe fine-structure splitting of thed3 levels. To compare with
tions, we discuss here theoretical results from the groundur CADW results, we also averaged the detailed level-to-

A. Calculation of dielectronic capture cross sections and
identification of the resonant contributions
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level results, and obtained an average energy of 908 eV witlvith a 3 eVwidth (FWHM) Gaussian distribution that rep-
an average autoionization rate of 410'® Hz. Using these resents the experimental energy width. In this figure, we first
values and Eq(6), with g4=10 010 andy,= 91, we obtained shifted the final theoretical cross-section curve downwards
an average dielectronic capture strength of 12.3 MbeV. Th8Y 4 eV, in order to show a better comparison of the experi-
averaged-configuration dielectronic capture strength, calcunental and theoretical values for the relative heights of the
lated from the CADW codes is 13.2 Mb eV. Alternatively, the '€Sonant contributions. The 4 eV shift in energy represents
average capture strength can be extracted from the detaild@ss than a 0.5% of the total energy. Since our calculations
results by calculating the capture to all the individual levelsdid notinclude configuration-interaction effects, which could
in the configuration, summing over all the resonances, an@e significant for deep-lying subshells of heavy ions such as
then averaging over the levels of the initial configuration. 2", a shift of 4 eV seems quite reasonable.
Using this approach the resulting configuration-averaged ) _ ) o
capture strength is 12.1 MbeV. B. Calculations of conflguratlor_l-avere}ge autoionization rates

We have also examined other possible processes that can and branching ratios
produce REDA resonances in this energy region. We found a A complete calculation of the height of the resonance con-
noticeable contribution in the dielectronic capture crosdributions to single ionization requires detailed calculations
section from the @8—-4f—-5d and 3d—4f—5f pro- of many energy levels, as well as level-to-level calculations
cesses, which are also displayed in Figa)2 In this  of autoionization rates, radiative rates, and branching ratios.
part of the figure, only transitions from the ground This is an extremely large and time-consuming task due to
state 31°45?4p®4d*%4f25s2 [J=4] are shown. The the very large numbgr of levels that unld have to be in-
3d%4524p54d1°4£35d configuration(the final configuration ~ cluded in the calculations for a complex ion such as“Sm
in the ad—4f—5d process consists of 3565 levels spread 1hus, we are limited here to the application of the
between 940 eV and 993 eV. The®1s?4p84d1%4f35f con- c_onﬂguraﬂon-averag_e approximation. Even then, the calcula-
figuration (the final configuration in the &—4f—5f pro- tion Of. branching ratios for autoionization to the many con-
ces$ consists of 4703 levels spread between 982 eV amgguratlons of the pp§3|ble final ionization stages is aforml-
1040 eV. It is clear that these configurations also show dable task. In addition, there are many problems with the

) o i . ; . %onfi uration-average approach, arising from the fact that all
bimodal distribution, again produced by the spin-orbit split-y, ir?formation reggrdirf)gp the individugl levels is lost. The
ting of the 3 orbitals.

) ; . ) position of the levels within a configuration can be spread

Detailed calculations of the total dielectronic capturézpoye and below an ionization limit, and the branching ratios
cross-section through thed3-4f—4f, 3d—4f-5d, 3d  for the individual levels can be significantly different from
—4f-5f, and the additional 8—4f—5p, 3d—4f—6s,  the configuration average branching ratios. Finally,
and 3—5p—5p processes, convoluted Wita 3 eVwidth  configuration—interaction, which is not included in this ap-
(FWHM) Gaussian, are shown in Fig(l, along with ex-  proximation, can drastically change both the energy positions
perimental measurements for REDA, shown in Fig)2We  and the individual rates. However, by using various physical
calculated the capture strength from an average of the 18rguments in combination with our configuration-average re-
levels of the 31%s?4p®4d*4f25s? ground configuration of ~ sults, we can make some useful estimates for the possible
Sm'** to each of the 13752 levels of the final configura- ranges of branching ratios to the various final ionization
tions. The resultant capture strengths were then convolutestages.
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TABLE |. Main autoionization channels from thed®s24p®4d!%4{45s? configuration of Sthtt, to
bound configurations of the Sfi ion. The energies and rates are calculated by using the CADW approxi-
mation. X[ Y] meansXx 10".

Level Configuration Energy{eV) Autoionization(Hz)
a 3d%%4s?4pb4d'%4 2552 (g.s. SM?") 0.00 4.4913]
b 3d'%s?4pb4d'4f35s 11.35 3.4612)
c 3d'%4s?4pb4dio4f4 27.53 2.5p09]
d 3d'%s?4pb4d°435s2 137.73 1.5714]
e 3d'%4s?4pb4d°4£45s 149.13 1.3p13]

We will focus only on the first two peaks of the high- we must sum all the autoionization rates from the
energy resonances shown in Fig. 1, that have been unarBd®4s?4p*4d*%f45s? configuration to configurations lying
biguously identified as due to capture into thebelow the Snv" ground state; this gives an autoionization
3d%4s24pb4d1%f45s? configuration of SMh'". Once the rate of=2.2x 10 Hz. This must be divided by the total sum
electron is captured, there are many paths available, asf the autoionization rates from thed®4s?4p®4d'%4f45s?
shown in Fig. 3. The dominant paths are radiative transitiongonfiguration, which equals:1.25x 10*° Hz.
to the bound levels of the S# ion (not shown, and auto- In order to calculate the portion of the capture that con-
ionization to configurations of the S&1 ion. The former tributes to single ionization, we need to sum all of the auto-
transitions contribute to dielectronic recombination, and theéonization rates to final configurations lying between the
latter transitions can contribute to the resonant contributionsm** and Sm*" ground states. The principal transitions are
to excitation, single ionization, or multiple ionization, ac- labeled asf to k in Table Il. A more detailed treatment
cording to the relative position of the final configuration of is required for autoionization to the configuration
Sm'?*. We neglect in our calculation higher-order processe3d®4s?4p®4d®4f*5s? (denoted asg in the table. The
such as resonant excitation auto double ionizatRBEADI),  autoionization rate from @&4s°4p®4d%f45s? to
in which two Auger electrons are emitted simultaneously af-3d'%4s24p®4d®4f45s? is 5.6< 10** Hz, which is the largest
ter capture[20,21]. The main radiative transitions from the rate for any of these autoionization channels. However, the
3d%4s°4p®4d*%4f45s? configuration are the®— 4f and the  autoionization rates from the d3%4s24p®4d84f45s? con-
3d—4p transitions, which are of the order of f0Hz and  figuration of Sm? to the bound configurations of S/ are
will be neglected in comparison with the higher autoioniza-zero, in the single-configuration approximation. Therefore, in
tion rates. Using the excitation paths and capture strengthsrinciple, this configuration contributes to the resonant
summarized in Fig. 3 and Tables |, II, and Ill, it is possible to contributions to excitation and not to single ionization;
estimate the values of the rates to the various final ionizatiomowever, it overlaps strongly with the configuration
stages, as described in the following. 3d'%s24p°4d1%435s2 (f), which can autoionize strongly

The principal autoionization transitions to bound configu-to the low-lying levels of St . Since leveld andg have
rations of the Sit" ion are presented in Table I, and de- the same parity and almost the same energy, we expect very
noteda to e. The process of capture followed by autoioniz- strong configuration interaction. Thus, a complete calculation
ation to a final bound level of SH" will ultimately  of autoionization from the 8%s24p54d84f45s? levels, in-
contribute to resonances in the excitation cross section to thatuding configuration-interaction, will no longer be meta-
level. In order to estimate the fraction of the capture crosstable with respect to the autoionization process. In order to
section that will lead to resonant contributions to excitation,calculate the range of possible resonant contributions to the

single-ionization cross section, we introduce a factdhat

TABLE Il. Main autoionization channels from the varies with the amount of mixing between thendg con-
3d%4s24pf4d1%4f45s2 configuration of S, to configurations  figurations. We adax 5.6x 10** Hz to the contributions to
leading to single ionization of SH" (above the St

3d'%4s?4p®4d'%4f5s” ground state at 226.91 eV, but below the  TABLE Ill. Main autoionization channels from the

Smi** 3d'%4s?4p°4d'°4f5s ground state The energies and rates 3¢°4s24p®4d%f45s? configuration of StH, to configurations

are calculated by using the CADW approximation. leading to double ionization (above the  SH*
3d'%4s?4pb4d'%4f5s ground state, at 480.34 @VThe energies and

Level Configuration EnergyeV) Autoionization(Hz)  rates are calculated by using the CADW approximation.

104241544104 352

; :133(;1(31 Zzizﬁi?jsjff“:; g;ég; é;gf& Level Configuration Energ{eV) Autoionization(Hz)

h 3d%4s?4p®4d'4f45s  282.24 1.112] | 3d'%s4p84d°4f45s? 501.90 8.1R813]

i 3d'%s4p%4d%435s2  363.98 1.7813] m 3d%s?4p*4di4fiss?>  544.10 3.0p13]

j 3d'%s4p84d1%445s 373.49 4.2p10] n 3d'%s4p54d1%4 4552 633.25 8.6BR12]

k 3d'%4s%4p°4d°4f45s?  409.39 3.1p14] 0 3d'%4p®4d*4f45s? 730.27 2.1410]
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TABLE IV. Main autoionization channels from thed3’4s4p®4d°4f45s? configuration of St (level
1), calculated by using the CADW approximation. Autoionization rates for configurations®6f ®hich is
isoelectronic with Sitt, are also shownX[Y] meansXx 10".

Level Configuration EnergyeV) Autoionization(Hz)

la 3d'%s?4pb4d°425s? 364.78 1.6p14]

Iy 3d%s?4pb4d°435st 368.60 3.5p14]

I 3d'%4s?4pb4ad4£4 377.64 2.8113]
3d'%s?4pb4di4f5s (g.s. SM*") 480.24

lq 3d'%4s?4pb4d®43552 504.08 3.0BL4] (PE")

lo 3d'%4s?4pb4dB445s 508.11 1.0p15] (PRY)

single ionization, and (& x) X 5.6x 10* Hz to the resonant the fraction of levels of the &'%4s4p®4d°445s® configu-
contributions to excitation. ration that are above the levels of the*84s24p®4d843552

To calculate the portion of the dielectronic capture thatand 3'%4s?4p®4d84f45s configurations. If all thd levels
contributes to double ionization, we need to sum all the autoare below the levels df; andl,, theny=0. If all thel levels
ionization rates to final configurations lying between theare above the levels of thig; and I, configurations, then
Smt** and Sm®* ground states. The principal transitions areaccording to the rates given in Table IV, the maximum value
labeled asl to o in Table Ill. More careful treatment ofyis 0.71.
is required for autoionization to configuration We also analyzed other possible multipiiple, qua-
3d%s4pb4d°4f45s? (denoted asl in the tabl¢. The druple, etd. ionization processes that can follow the dielec-
autoionization rate from @4s?4p®4dl%f45s® to  tronic capture to the @4s?4p%4d*%4f45s? configuration.
3d'%s4p®4d°4145s? is 8.2< 10" Hz. The energy of this The 3d'%s?4p®4d*%f ground configuration of St" con-
configuration is 20 eV above the $ff ground state. The sists of two levels with an average energy of 752 eV, and in
possible autoionization channels from configuratiomre  principle, the triple-ionization procesg&hrough resonant-
summarized in Table IV. The main autoionization channelsexcitation quadruple-autoionization, REQA energetically
from 3d1%s4p®4d°4145s? (1) that will result in double ion-  allowed, and has to be included in the branching-ratio calcu-
ization are expected to be to thd84s24p®4d84135s? con-  lation. We did not find in our calculations any significant
figuration (4) and the 21'%4s?4p®4d84f45s configuration  autoionization rates to any configuration of B lying
(o). However, the configuration-average energies of thesabove the 750 eV, and, therefore, for this case the
two configurations are about 2 eV and 6 eV, respectivelyREQA process, although allowed, is negligible. The
above configuratioh. Therefore, in the CADW approxima- 3d'%4s?4p84d*° ground configuration of SH" consists of
tion, these further autoionization channels are closed, andne level at 1058 eV, 113 eV above the highest level of the
configuration|, despite being above the double-ionization 3d°4s?4p®4d*%f45s? configuration(at 945 eV). Therefore,
limit, contributes only to the single ionization cross section.the resonant quadruple-ionizatigthrough quintuple auto-
Since the autoionization rates are roughly constant along aionization) is not allowed energetically.
isoelectronic sequence, we can estimate the autoionization Using this analysis, the estimated values for the pro-
rate from configuratiohto the final configurationk; andl ., cesses following the dielectronic capture through the
by calculating the CADW autoionizing rates for these tran-3d°4s?4p84d'°%445s? configuration are summarized in
sitions in an ion in which they are energetically possible. ForTable V. The extreme values of the contributions to a par-
example, in PY", which is isoelectronic with SM", the ticular final ionization stage are obtained by assumirgd
autoionization rates to these levelg éndl. in Table IV) are  andx=1, andy=0 andy=0.7. From these values, we can
very high. We, therefore, introduce an additional facyor conclude that in order to obtain the REDA contribution to the
which represents that part of autoionization from single ionization, we must multiply the capture cross section
3d%4s24p®4d1%f45s? to 3d%4s4p®4d®4f45s? that con- by a factor between about 0.3 and about 0.8. These results
tributes to the double ionization. This factpis a function of — are presented in Fig.(d), in which the experimental results

TABLE V. Summary of the estimated values of the autoionization rates for processes following the
dielectronic capture through thedl%s24p®4d1%45s? configuration.X[ Y] meansX x 10.

Process AutoionizatiofHz)

Total autoionization 2.18 10%+9.08x 10+ 1.21x 10*=1.25x 10'°
Resonant excitation 2.3810'+ (1—x) X 5.59x 101

Single ionization 3.49 10"+ x X 5.59x 10M+ (1—y) X 8.18x 10*®
Double ionization 3.95810'%+yx8.18x 10"
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are presented, together with the extreme theoretical valuesrgy are produced by deep-core inner-shell excitation
(dashed curvgsAgain, in order to facilitate the comparison, with capture followed by sequential autoionization.
the theoretical estimations were shifted byt eV. We may Configuration-average distorted-wave calculations allowed
also use the results on Table V to estimate the resonantis to obtain some estimates of the relative strengths of the
excitation triple-autoionizatiofRETA) contribution to the various decay paths available after deep-core inner-shell di-
double ionization. Assuming thatis between 0 and 0.7, we electronic capture. Subsequently, we predicted a range for
must multiply the capture cross section by a factor 0.03 andhe size of the contribution of the dielectronic capture to the
0.1 in order to obtain the extreme values for the doublesingle and double-ionization cross section of*3fmand find
ionization resonances. These res@itith an energy shift of that the experimental measurements are within these predic-
—4 eV) are presented in Fig(l) (dashed curves tions.

V. CONCLUSIONS ACKNOWLEDGMENTS

Detailed level-to-level distorted-wave calculations of  This work was supported in part by the U.S. DOE Grant
dielectronic-capture processes provide a convincing identifiNo. DE-FG02-96-ER54367 with Rollins College, U.S. DOE
cation of the unusual high-energy resonances features fourdrant No. DE-FG05-96-ER543428 with Auburn University,
in the electron-impact ionization of the $f ion. The cal- a subcontract with Los Alamos National Laboratory, and
culations include more than 13000 levels, and show excelthe Deutsche Forschungsgemeinsc®¥G), Bonn Bad—
lent agreement with the experimental results, with less than &odesberg. Computational work was carried out at the
0.5% error in the energy position of the resonant peaksNational Energy Research Supercomputer Center in Oak-
These strong resonances features near 1000 eV incident dand, CA.

[1] D.L. Moores and K.J. Reed, Adv. At., Mol., Opt. Phggl, 301 [7] K. Tinschert, A. Muler, G. Hofmann, K. Huber, R. Becker,

(1995. D.C. Gregory, and E. Salzborn, J. Phys28 531 (1989.
[2] K.J. LaGattuta and Y. Hahn, Phys. Rev2A4, 2273(1981). [8] K. Aichele, D. Hathiramani, F. Scheuermann, A." Iy E.
[3] K. Aichele, D. Hathiramani, F. Scheuermann, A."lidu E. Salzborn, D. M. Mitnik, D. C. Griffin, J. Colgan, and M. S.
Salzborn, D. Mitnik, J. Colgan, and M.S. Pindzola, Phys. Rev. Pindzola, Phys. Rev. A4, 052706(2002).
Lett. 86, 620 (2001. [9] R. Becker, A. Miier, C. Achenbach, K. Tinschert, and E.
[4] M.H. Chen, K.J. Reed, and D.L. Moores, Phys. Rev. L&éj. Salzborn, Nucl. Instrum. Methods Phys. Res9,B884 (1985.
1350(1990. [10] A. Mdiller, K. Tinschert, G. Hofmann, E. Salzborn, and G.H.
[5] M.H. Chen and K.J. Reed, Phys. Rev4& 1874(1993. Dunn, Nucl. Instrum. Methods Phys. Res1811, 204(1985.
[6] J. Linkemann, A. Mler, J. Kenntner, D. Habs, D. Schwalm, [11] A. Mdller, K. Tinschert, G. Hofmann, E. Salzborn, and G.H.
A. Wolf, N.R. Badnell, and M.S. Pindzola, Phys. Rev. L&, Dunn, Phys. Rev. Let61, 70 (1988.
4173(1995. [12] G. Hofmann, A. Muier, K. Tinschert, and E. Salzborn, Z.

062705-8



ELECTRON-IMPACT IONIZATION OF Sm2IONS: ... PHYSICAL REVIEW A 64 062705

Phys. D: At., Mol. Clusterd 6, 113(1990. cesses in Electron-lon and lon-lon Collisiongol. 145 of
[13] K. Aichele, W. Shi, F. Scheuermann, H. Teng, E. Salzborn, and NATO Advanced Studies Institute, Series B: Physidiged by
A. Mlller, Phys. Rev. 463, 014701R) (2000. F. Brouillard (Plenum, New York, 1986
[14] J. Oreg, W.H. Goldstein, M. Klapisch, and A. Bar-Shalom, [18] R.D. Cowan, The Theory of Atomic Structure and Spectra
Phys. Rev. A44, 1750(199). (University of California, Berkeley, 1981
[15] M. Klapisch, J.L. Schwob, B.S. Frankel, and J. Oreg, J. Opt[19] M.E. Riley and D.G. Truhlar, J. Chem. Phy&3, 2182(1975.
Soc. Am.67, 148 (1977. [20] R.J.W. Henry and A.Z. Msezane, Phys. Rev.28, 2545
[16] M. Klapisch, Comput. Phys. Commu#g, 239 (1971). (1982.

[17] M.S. Pindzola, D.C. Griffin, and C. Bottcher, itomic Pro-  [21] M.S. Pindzola and D.C. Griffin, Phys. Rev.38, 2628(1987.

062705-9



