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Experimental and theoretical study of electron-impact ionization of atomic ions
in the Sm isonuclear sequence

K. Aichele, W. Arnold, D. Hathiramani, F. Scheuermann, and E. Salzborn
Institut für Kernphysik, University of Giessen, D-35392 Giessen, Germany

D. M. Mitnik and D. C. Griffin
Department of Physics, Rollins College, Winter Park, Florida 32789

J. Colgan and M. S. Pindzola
Department of Physics, Auburn University, Auburn, Alabama 36849

~Received 27 April 2001; published 3 October 2001!

Experimental measurements and theoretical calculations of absolute cross sections are carried out for the
electron-impact ionization of atomic ions in the Sm rare-earth-metal isonuclear sequence. Absolute cross
sections for Smq1 ions for q51212 were measured using the electron-ion crossed-beam technique and
calculated with the configuration-average distorted-wave method for the charge statesq54212. The theory
includes both direct ionization and excitation-autoionization contributions, and includes transitions from both
ground and metastable levels. We present the cross sections in an electron-impact energy range from threshold
up to 1000 eV for all Sm ions up to Sm121. These systems are extremally complex, but the configuration-
average method, when combined with statistical averaging of the cross sections over the many levels, provides
results that are in overall good agreement with the experimental measurements. The single-ionization cross
sections are dominated by contributions from indirect mechanisms of excitation-autoionization in the low-
energy region.
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I. INTRODUCTION

One of the most important atomic collision processes
the electron-impact ionization of atomic ions. These cr
sections are required for modeling the structure and dyn
ics of laboratory and astrophysical plasmas. Due to the l
of an extensive experimental database, theoretical cross
tions are often used in the calculation of different plas
parameters.

For one-electron systems@1# or light ions@2#, experiment
and theory are in very-good agreement. For these ions
dominant mechanism for single ionization is simply dire
~knockout! ionization. However, indirect mechanisms c
also play an important role in electron-impact ionization. E
periments by Peart and Dolder@3# on singly charged ions an
by Falk et al @4# on multiply charged ions clearly demon
strate the importance of indirect ionization mechanisms p
ceeding via inner-shell excitation and subsequent autoio
ation. A summary of the theoretical work and compariso
with experiments of these indirect processes is provided
Ref. @5#

The excitation-autoionization~EA! process is generally
characterized by a steplike feature in the total ionizat
cross section. This mechanism is evident especially for th
targets with one or more electrons outside a closedl>1 sub-
shell. For Li-like ions, this has been studied extensively,
perimentally and theoretically. In this case, the electro
structure is complex enough to supply a variety of indir
processes, yet simple enough to allow detailed, theore
calculations @6–10# and to identify individual ionization
mechanisms in the experimental data@11–14#. The work on
Li-like ions and also Mg-like ions@15# demonstrates tha
1050-2947/2001/64~5!/052706~8!/$20.00 64 0527
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excitation-autoionization processes become more impor
as the charge state increases.

Studies of isoelectronic sequences have been carried
mostly for ions with one or two electrons outside clos
shells. The purpose is to gain insight into fundamental p
cesses contributing to the electron-impact ionization of io
and into their dependence on the charge of the ion. Cro
section data is also required along an isonuclear seque
Such data is needed for studies of charge-state time evolu
in plasmas or studies to determine the distance to the pla
edge.

However, the effort in calculating direct ionization an
especially EA cross sections increases with the number of
electrons. For intermediate and heavy atomic ions, subs
tial contributions to single-ionization arise from indirect io
ization processes. In theoretical studies of the Cu-like i
electronic sequence@16#, the EA contributions are found to
dominate the direct ionization. This increasing importan
can also be observed in studies of the alkaline earth se
namely, Be1, Mg1, Ca1, Sr1, and Ba1 @17–19#. Other
crossed-beam measurements have mapped out complex
nance structures for the heavy metal ions Cs1, Ba21, Ba31,
La21, and La31 @20–22#.

In neutral rare-earth-metal atoms the 4d photoabsorption
spectra are dominated by a broad 4d→4 f excitation. Due to
the strong 4d resonances we also expect 4d EA contribu-
tions in the cross section of the electron-impact ionization
rare-earth-metal ions. The complex electron structure of fe
times ionized heavy elements makes detailed analysis of
cross section of Sm ions very difficult, since there are n
merous strong excitation channels that can potentially cre
a rich variety of observable indirect ionization effects. T
©2001 The American Physical Society06-1
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study of a rare-earth-metal isonuclear sequence such as
with a half-filled 4f shell, has other merits. There exists a
most no measurements or theoretical calculations
electron-impact ionization for such complex ions. The
studies provide an important test of theoretical predictio
for ions with open 4d, 5p, and 4f shells. By comparison o
experimental measurements and theoretical calculations
can test our understanding of complex atomic structure
dynamics. Furthermore, the rare-earth-metal elements
duce one of the maxima in the distribution curve of the e
ments in the sun@23#, so knowledge of the cross sections
Sm ions can improve the modeling of astrophysical plasm

The remainder of this paper is structured as follows.
Sec. II we describe the crossed-beams experiment metho
Sec. III we review distorted-wave theory as applied to
electron-impact ionization of atomic ions. In Sec. IV w
show the experimental results for Sm1 up to Sm121, while in
Sec. V we present a comparison between experimental
theoretical results. In Sec. VI we give a brief summary.

II. EXPERIMENTAL TECHNIQUE

The measurements were performed at the electron
crossed-beams facility in Giessen. The technique used
been described in detail previously@12,24#. The Sm ions
were produced in a 10 GHz electron cyclotron resona
~ECR! ion source using an evaporation oven. Ion currents
to 15 nA of Sm12Sm131 ions with energies ofq310 keV
have been obtained. The comparatively low-ion current w
caused by the unfavorable isotope distribution of samari
where 152Sm is the isotope with the largest partition~26.7%!
in the natural mixture. In most cases, the isotope152Sm was
used for the measurements. Investigating the Sm41 and
Sm81 ionization cross sections, measurements were
formed with the isotope154Sm ~22.7%!. The isotope147Sm
~15%! was used for the experiments with Sm91 and Sm111

ions. This was necessary because for these charge state
mass-to-charge ratio of152Sm is very similar to the ratio
from impurity ions like OH1 or N1, which are also produced
in the ECR ion source and cannot be separated magneti
from each other.

After magnetic analysis and tight collimation to typical
1.531.5 mm2 the ions were crossed with an intense elect
beam at an angle of 90 °. The electron gun supplies a ribb
shaped electron beam with energies between 10 and 100
and currents up to 430 mA@25#. After the interaction, the
product ions were separated magnetically from the par
ion beam and detected by a single-particle detector.
parent-ion beam was collected in a large Faraday cup. Ab
lute cross sections were obtained by employing the dyna
crossed-beam technique described in detail earlier@26#,
where the electron beam is moved vertically through the
beam with simultaneous registration of the ionization sig
and both beam currents. The total experimental uncerta
of the measured cross sections is typically 8% at the m
mum. It results from the square sum of signal counting s
tistics at 95% confidence level and nonstatistical errors
about67.8% ~ion-detection efficiency63%; ion and elec-
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tron currents65%; ion and electron velocity61% and
channel width61%).

III. CALCULATIONAL PROCEDURE

Major contributions to the electron-impact singl
ionization cross section are made by the following two p
cesses:

e21Smq1→Sm(q11)11e21e2, ~1!

and

e21Smq1→~Smq1!* 1e2→Sm(q11)11e21e2, ~2!

where the Sm ion has chargeq. The first process is direc
ionization while the second is EA. Assuming the two pr
cesses occur independently and do not interfere, the t
ionization cross section is given by

s I~g→ f !5sDI~g→ f !1sEA~g→ f !, ~3!

wheresDI(g→ f ) is the direct ionization cross section an
sEA(g→ f ) is the excitation-autoionization cross sectio
from an initial levelg of the N-electron ion to a final levelf
of the (N21)-electron ion. The excitation-autoionizatio
cross section through inner-shell excitation to an interme
ate autoionizing levelj is given by:

sEA~g→ f !5(
j

sE~g→ j !F Aa~ j→ f !

(
k

Aa~ j→k!1(
i

Ar~ j→ i !G
[(

j
sE~g→ j !Ba~ j→ f !, ~4!

wheresE(g→ j ) is the excitation cross section from levelg
to level j, Aa( j→k) is the autoionizing rate from levelj to
level k, Ar( j→ i ) is the radiative rate from levelj to any
lower-energy leveli, andBa( j→ f ) is the branching ratio for
autoionization from levelj to level f, defined by the term in
large square brackets.

The branching-ratio value is dictated by the ratio of t
autoionization to the radiative rates. If the level is not a
toionizing, the branching ratio is zero. We assume in o
calculations a unitary branching ratio for those configu
tions lying above the first ionization limit. This approxima
tion is very good for neutrals and weakly ionized atom
where the radiative transition rates are much smaller than
autoionization rates. TheAr rates grow approximately a
(q11)4 for Dn51 transitions,q being the ion-charge num
ber. On the other hand, the autoionization rates are ne
independent ofq, and therefore, we can expect a decrease
the branching ratios for higher ionized ions. Thus, our a
proximation could lead to overestimations in the total ioniz
tion for the more highly ionized ions. We have calculated t
configuration average rates for Sm121, as described in the
following sections, and found that the autoionization ra
are still more dominant. This supports our assumption,
6-2
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EXPERIMENTAL AND THEORETICAL STUDY OF . . . PHYSICAL REVIEW A 64 052706
one has to keep in mind that the configuration average
ture can be different than the detailed level-by-level beh
ior.

The direct ionization and the electron-impact excitati
cross sections are calculated in an configuration-ave
distorted-wave approximation~CADW!, which is described
in detail elsewhere@27#. Due to the complexity of the atomi
structure of the ions studied in this work, the configuratio
average method is the only feasible approach for a prac
calculation. In the CADW approximation, the first-ord
scattering amplitude for either the ionization or excitati
process is averaged over all states of an initial configura
and summed over all states of a final configuration. T
bound-state energies and the atomic orbitals for the m
configurations are generated using the radial wave-func
code developed by Cowan@28#. These radial wave function
are solutions to the Hartree-Fock equations. The continu
orbitals needed to evaluate the Coulomb matrix eleme
were calculated in a local distorting potential constructed i
semiclassical exchange approximation@29#.

As we will show in the following sections, details of th
levels belonging to the ground and autoionizing configu
tions are needed for some particular cases. We calculate
atomic structure of these inner-shell excited levels by us
the HULLAC package@30#. In this package, the detailed lev
energies are calculated using the fully relativistic multico
figurationalRELAC code@31#, based on the parametric pote
tial model @32#. The central potential is introduced as a
analytic function of screening parameters that are determ
by minimizing the first-order relativistic energy of a set
configurations.

IV. EXPERIMENTAL RESULTS

Experimental results of the electron-impact ionizati
cross section of Sm1 to Sm121 are shown in Figs. 1–3. Th
error bars indicate the total experimental uncertainties of
absolute measurements. The statistical uncertainties of
cally 1% are smaller than the plotted symbols in each of
figures.

The general trend of the curves is summarized in Fig. 4
which the maximum value of the cross section is plotted a
function of the chargeq of the different Smq1 ions. The
shape of this curve can be understood as the result of
competition of the two ionization mechanisms. The dire
ionization, which decreases rapidly with the ion charge
the dominant ionization process for the low-charge io
Therefore, the maximum of the cross section decreases
303 Mb for q51 to 42 Mb for q55. The ionization cross
sections shown in Fig. 1 are also relatively smooth curv
reflecting the dominance of the direct ionization over t
indirect processes. The excitation-autoionization process
the other hand, has a different behavior along the isonuc
sequence. This is the dominant mechanism for the ioniza
of higher-charge ions. In these cases, the main reason fo
decrease of the maximum cross section, is the closing of
autoionization channels.

We can extract also information regarding the presenc
ions in metastable states from the experimental results
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played in Figs. 1–3. The vertical arrows in these figur
mark the threshold energies for ionization. These energ
are taken from spectroscopic data (Sm12Sm31 @33#! or cal-
culated by the CADW theory (Sm412Sm121). The onset of
the respective electron-impact ionization cross sections ar
most of the cases below the calculated ionization thresh
for the ground state, indicating the possible presence
metastables. However, this is not the only possible expla
tion. As an example, in Sm41, the experimental cross sectio
begins to rise at 45 eV whereas the first level of the Sm51

has an energy of 61 eV. However, the 107 levels belongin

FIG. 1. Total cross sections for the electron-impact single i
ization of Sm12Sm51. The sample error bars represent the to
experimental uncertainties and the arrows indicate the threshold
ergies for ionization from the ground state of the respective ion

FIG. 2. Total cross sections for the electron-impact single i
ization of Sm612Sm91. The sample error bars represent the to
experimental uncertainties and the arrows indicate the threshold
ergies for ionization from the ground state of the respective ion
6-3
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K. AICHELE et al. PHYSICAL REVIEW A 64 052706
the ground configuration cover an energy range of abou
eV making possible the ionization from many of these lev
at lower energies than the average-configuration thresho

V. COMPARISON BETWEEN THEORY AND
EXPERIMENTS

A. General considerations

For the ions considered in this study, the 4d and 5s or-
bitals are closed, and the remaining electrons are in thep
and 4f orbitals. The order in which these orbitals are filled
dependent on the particular ion and therefore care mus
taken in the calculation of the structure of the lower config
rations. For ions with a low degree of ionization, the 5p
orbital is filled before the 4f , but the situation changes whe
the degree of ionization increases. For example, the gro
configuration for Sm41 is @Kr#4d105s25p64 f 4 but for

FIG. 3. Total cross sections for the electron-impact single i
ization of Sm1012Sm121. The sample error bars represent the to
experimental uncertainties and the arrows indicate the threshold
ergies for ionization from the ground state of the respective ion

FIG. 4. Behavior of the total cross section maxima for t
electron-impact single ionization of Sm12Sm121.
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Sm101 it is @Kr#4d105s24 f 4. For Sm121, the ground configu-
ration is@Kr#4d105s24 f 2, but in this case, the energy of th
4 f orbital is close to that of the 5s orbital; therefore, we also
need to consider the 4d104 f 4 metastable configuration as po
tentially populated. Since the 4f and the 5p orbitals have the
same parity and roughly the same energy, configuration
teraction is also important. Therefore, the number of lev
that must be considered in any detailed calculation is so la
that, in some cases, even the angular-algebra calculation
ceeds the capability of a standard computer. The only met
that is feasible in these cases is the configuration-ave
approach. Previous calculations@34# show that the relative
accuracy of this method increases as the number of leve
the configuration increases.

The intermediate autoionizing configurations that c
contribute to the excitation-autoionization processes a
from transitions from the 4d and 4p orbitals, and in some
cases, also from the 5s orbitals. The dominant transition i
4d-4 f arising from excitations from 4d105s25pn4 f m to
4d95s25pn4 f m11. In order to obtain insight into the impor
tance of this transition along the isonuclear sequence,
analyze the relative energy of the inner-shell excited confi
rations, with respect to the ionization limit. Figure 5 show
the ratio of the average energy of the configuratio
4d95s25pn4 f m11 (E4d24 f) to the average ionization energ
EI . It must be stressed that the picture given by the aver
configuration energies is only an approximate one. Inde
the excited configurations contain a large number of lev
which are spread around the average of the configurati
Moreover, in several cases, the total collision excitation fr
the ground state to a particular configuration is dominated
only a few inner-shell excited levels, which have energy v
ues that might be quite different from the configuratio
averaged energy. We estimate that including the 4d-4 f tran-
sition for Smq1 ions, for ions withq higher than 5, will result
in an overestimation of the cross section, due to the fact

-
l
n- FIG. 5. Ratio between the average transition energy for inn
shell excitation from 4d105s25pn4 f m to the 4d95s25pn4 f m11 con-
figuration, and the first ionization energyEI , as a function of the
ionization degree in the Sm isonuclear sequence.
6-4
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EXPERIMENTAL AND THEORETICAL STUDY OF . . . PHYSICAL REVIEW A 64 052706
there are many levels of the excited configuration lying
low the ionization limit. In the following we will discuss the
comparison between the calculations and the experimen
some selected ions in this isonuclear sequence. We chos
cases for which the most-interesting physical effects
present.

B. Sm4¿

In Fig. 6 we compare configuration-average distorte
wave calculations with experimental measurements~solid
diamonds!. We present results for direct ionization~dashed
line! that includes ionization from the 4f , 5p, 5s, and 4d
subshells, and for total ionization~solid line!, including ex-
citation autoionization. The ground configuration of Sm41 is
@Kr#4d105s25p64 f 4 and the average ionization energy is
eV. The dominant direct-ionization path mechanism is
ionization of the six 5p electrons~with an average ionization
potential of 72 eV!, which produces a peak of 24 Mb at 17
eV. The next most-important contribution to direct ionizati
is from the four 4f electrons that gives a peak of 14 Mb
210 eV.

For the excitation-autoionization calculations we inclu
the inner-shell excitations 4d-4 f , 4d-5l (l 5d, f ,g),
4d-nl (n56 to 8; l 5s to g), 4p-4 f , 4p-5l (l
5d, f ,g), 4p-nl (n56 to 8; l 5s to g), 5s-4 f , 5s-5l
(l 5d, f ,g), and 5s-nl (n56 to 8; l 5s to g). The main
inner-shell transition is 4d-4 f , which has an average thres
old of 135 eV, far above the ionization limit. Detailed calc
lations for the excited configuration show that it consists
1878 levels, and that all the levels of the configurati
are autoionizing. An additional important transition is t
5s-5d inner-shell excitation, which has an average energy
55 eV. We performed detailed calculations for t
@Kr#4d105s15p64 f 45d configuration, and the results sho
that among the 1954 levels, about 1100 lie above the ion

FIG. 6. Electron-impact cross section for the ionization of Sm41

from the ground configuration 4d105s25p64 f 4. The dashed curve is
the calculated direct ionization and the solid curve is the calcula
total cross section. The diamonds are the experimental res
(1.0 Mb51.0310218 cm2.)
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tion limit. Therefore we determined the ratio of the sum
the statistical weights of the autoionizing levels to the to
statistical weight of the configuration and then we multipli
the 5s25d excitation cross section by the calculated val
of this ratio of 0.51.

For the@Kr#4d105s15p64 f 45d configuration, we also cal-
culated the statistically averaged energy of the levels ly
above the ionization limit. We obtained 65 eV, and this w
the energy position we assigned to the first peak in the t
cross section shown in Fig. 6. It is worth pointing out that t
configuration-averaged cross section gives a peak at one
ticular ~the average! energy, while the actual physical cros
section is spread over all the levels belonging to the confi
ration. Therefore, we expect the configuration avera
method to underestimate the cross section at energies b
the average threshold, and to overestimate the cross se
for energies above the threshold. Taking into account th
factors, the agreement between the calculated cross se
and the experimental values is good.

C. Sm5¿

In Fig. 7, we present results for the electron-impact io
ization of Sm51 including direct~dashed line! and total ion-
ization ~solid line!, along with the experimental values~solid
diamonds!. The calculations include direct ionization from
the 4f , 5p, 5s, and 4d subshells. This case is very similar t
Sm41; however, the total cross section is about 40% sma
The ground configuration of this ion is@Kr#4d105s25p64 f 3

and the average ionization energy is 83 eV. The average
ization energy for the 5p electron is 88 eV, which is about 1
eV higher than the same ionization energy for the Sm41. The

d
ts.

FIG. 7. Electron-impact cross section for the ionization
Sm51. The thick curves are transitions from the ground configu
tion 4d105s25p64 f 3: the dashed curve is the calculated direct io
ization cross section and the solid curve is the calculated total
ization cross section. The fine-line curves are transitions from
metastable 4d105s25p54 f 4 configuration: the dot-dashed curve
the calculated direct ionization cross section and the dotted curv
the calculated total ionization cross section. The diamonds are
experimental results. (1.0 Mb51.0310218 cm2.)
6-5
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K. AICHELE et al. PHYSICAL REVIEW A 64 052706
direct ionization of the six 5p electrons produces a peak
16 Mb at 194 eV, and the direct ionization of the 4f electrons
has a maximum of 7 Mb at 296 eV. The reduction in t
direct ionization cross sections in going from Sm41 to Sm51

is partially due to the increase in ionization energies, as w
as presence of three, rather than four, 4f electrons in the
ground-state configuration.

For the excitation-autoionization calculations, we i
cluded the same transitions as in Sm41. The main inner-shell
transition is the 4d-4 f , which has nearly the same excitatio
cross section as in Sm41. Furthermore, just as in the case
Sm41, the average threshold energy is 135 eV; it is far abo
the ionization limit, and the whole configuration is autoio
izing. The 5s-5d inner-shell excitation, also has the sam
average energy as for Sm41; however, the ionization energ
has increased sufficiently that all 759 levels of t
@Kr#4d105s15p64 f 35d lie below the ionization limit, and
this transition does not contribute to the EA cross secti
This leads to an overall reduction in the indirect contributi
to ionization for this ion, but it is important to note that th
relative value of indirect to direct ionization actual
increases.

The experimental results displayed in Fig. 7 show that
cross section begins at 56 eV, which is far below the th
retical threshold of 83 eV. However detailed calculations
the energy levels of the ground configuratio
@Kr#4d105s15p64 f 3 for Sm51 yield a spread of only 14 eV
while the ground configuration@Kr#4d105s15p64 f 2 of Sm61

has a spread of only 10 eV. We also calculated
configuration-average ionization cross section from
metastable configuration@Kr#4d105s15p54 f 4, which has
611 levels spread between 8 eV and 40 eV above the
level of the ground configuration. This cross section is d
played in the same figure with fine-line curves, which a
similar to the cross sections from the ground state. Althou
we cannot provide a definitive explanation of this discre
ancy in the ionization threshold, we believe that it is mo
likely due to the presence of metastable configurations in
ion beam.

D. Sm10¿

The ground configuration of Sm101 is @Kr#4d105s24 f 4,
has 107 levels, and an average ionization energy of 168
Figure 8 shows the results of the direct~dashed line! and the
total ionization~solid line!, together with the experimenta
values ~solid diamonds!. Direct ionization calculations in-
clude ionization from the 4f , 5s, 4d, and 4p subshells.
However for this ion, the direct ionization cross section fro
the ten 4d electrons provides a larger contribution to the to
ionization cross section than in Sm91.

For the excitation-autoionization calculations, we inclu
the inner-shell excitations 4d-4 f , 4d-nl (n55 to 8; l 5s
to g), 4p-4 f , and 4p-nl (n55 to 8; l 5s to g). All the
5s-nl excited levels are below the ionization limit. The ma
inner-shell transition is the 4d-4 f , which again has an aver
age threshold at 137 eV. We performed detailed calculati
for the @Kr#4d105s14 f 5 configuration, and the results sho
that among the 1878 levels, about 300 lie above the ion
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tion limit. We again calculated the ratio of the total numb
of states above the ionization limit to the total number
states for this configuration, as discussed previously, and
tained a value of 0.13. In order to include the 4d-4 f contri-
bution in Fig. 8, we multiplied the excitation cross section
this ratio and positioned the peak at the average energ
those levels that are autoionizing.

E. Sm12¿

The ground state of Sm121 is @Kr#4d105s24 f 2, which has
13 levels spread over 12 eV, and an average ionization
tential of 229 eV. However, for this high degree of ioniz
tion, the energies of the 4f electrons are comparable with th
energies of the 5p and the 5s electrons. Therefore, only a
large detailed calculation that includes configuration inter
tion makes it possible to determine precisely the structure
the low-lying configurations. Among others, the lowest co
figurations are the@Kr#4d105s4 f 3 that has 82 levels betwee
7 and 25 eV, the@Kr#4d105s24 f 5p with 12 levels between
15 and 25 eV, and the@Kr #4d104 f 4 configuration with 107
levels between 21 and 50 eV. All these configurations con
levels that are metastable. In Fig. 9 we present the elect
impact ionization cross sections from the ground and
metastable@Kr#4d104 f 4 configuration only. Results from the
other metastable configurations lie between these two cur
Again, the largest direct ionization cross section is produ
by the ten 4d electrons, followed by the ionization of the si
4p electrons. We also included ionization from the 4f elec-
trons, and, where possible, ionization from the 5s electrons.

For the excitation-autoionization calculations, we i
cluded the inner-shell excitations 4d-4 f , 4d-nl (n55 to 8;
l 5s to g), 4p-4 f , 4p-nl (n55 to 8; l 5s to g), 4s-4 f ,
and 4s-nl (n55 to 8; l 5s to g). The largest excitation
cross sections are the 4d-4 f , 4d-5p, and the 4d-5p transi-

FIG. 8. Electron-impact cross section for the ionization
Sm101 from the ground configuration 4d105s24 f 4. The dashed
curve is the calculated direct ionization cross section and the s
curve is the calculated total cross section. The diamonds are
experimental results. (1.0 Mb51.0310218 cm2.)
6-6
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tions, which have average energies of 138 eV, 155 eV,
199 eV, respectively. The excited configuration result
from the 4d-4 f excitation is completely below the ionizatio
limit. The 4d-5p excited configuration has only about 2
autoionizing levels, out of a total number of 626 levels. T
4d-5d excited configuration has 992 levels, of which on
about 80 are autoionizing. The ratios of autoionizing state
the total number of states for these configurations are 0
and 0.06, respectively. Therefore, the dominant inner-s
transition for this ion is the 4d-6p, which has an averag
excitation threshold of 245 eV. The transitions from the oth
metastable levels are similar to those from the ground st
The main difference is in the reduction of the direct ioniz
tion cross section as a function of ionization stage. Ther
an unusual high-energy resonance observed in the ex

FIG. 9. Electron-impact cross section for the ionization
Sm121. The thick curves are transitions from the ground configu
tion 4d105s24 f 2: the dashed curve is the calculated direct ionizat
cross section and the solid curve is the calculated total ioniza
cross section. The fine-line curves are transitions from the m
stable 4d104 f 4 configuration: the dot-dashed curve is the calcula
direct ionization cross section and the dotted curve is the calcul
total ionization cross section. The diamonds are the experime
results. (1.0 Mb51.0310218 cm2.!
V.

P.

ll,

d,

05270
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r
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mental spectrum that is due to deep-core dielectronic cap
followed by sequential double Auger decay@35#. These reso-
nant processes are currently being studied and will be
ported in a later publication.

VI. SUMMARY

In this paper, we have reported on a joint experimen
and theoretical study of the electron-impact ionization
Smq1 ions for q51212. The experimental measuremen
have been made using the electron-ion crossed-beam a
ratus described previously@12#, and the theoretical calcula
tions have used a configuration-average distorted-wave
proach.

The rare-earth-metal series has, to date, received r
tively little attention in electron-impact ionization studie
This is chiefly due to the complexity of the atomic structu
where open 4f , 5p, and 4d shells provide electron configu
rations with many thousands of closely spaced levels. T
makes detailed level-to-level calculations of ionization a
excitation cross sections computationally prohibitive, a
thus a configuration-average approach is the only feas
theoretical tool for studying these systems. Furthermore,
accuracy of the configuration-average method improves w
the complexity of the atomic system.

Experimentally, studies of the rare-earth-metal series a
present difficulties. Due to the number of low-lying comple
configurations in these atoms, ion beams tend to consis
undetermined fractions of ions in the levels of the grou
and excited configurations. This makes the analysis of
experimental data much-more challenging.

The agreement between experiment and theory prese
in this paper is reasonably good. The position of the peak
the ionization cross sections have been well reproduced
theory, and for most of the ions discussed here, the ma
tude of the cross sections are in fair agreement.
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