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We present results for the electron-impact ionization of Li-like, Be-like, and B-like Fe, Kr, and Xe

ions.

We have included the contributions from direct ionization, excitation autoionization, and

dielectronic-capture double autoionization in our calculations. We discuss isonuclear and isoelectronic
trends for the various contributions, focusing on the resonance contributions in particular.

PACS number(s): 34.80.Kw

I. INTRODUCTION

Highly charged heavy ions are currently the focus of
much attention at experimental facilities such as the Test
Storage Ring at the Heidelberg, the Experimental Storage
Ring at Gesellschaft fiir Schwerionenforschung in
Darmstadt, and the Electron Beam Ion Trap at LLNL.
They are also present in magnetic fusion plasmas: Fe is
an ever-present impurity while Kr and Xe are introduced
for diagnositic purposes. Thus, there is great interest in
theoretical studies of electron collisions with highly
charged ions. In this paper we focus on ionization. Both
the direct ionization process and the important indirect
process of excitation autoionization have been studied ex-
tensively in the past few years—both experimentally [1]
and theoretically [2]. The current interest lies with the
additional indirect process of dielectronic-capture double
autoionization. The Li-like sequence has been studied ex-
tensively at low charge states (Z <10). The high-
resolution crossed-beam measurements of Hofmann
et al. [3] are in good agreement with the theoretical pre-
dictions of the close-coupling approximation [4] and of
the independent-processes isolated-resonance approxima-
tion [S]. As the charge on the ion increases the reso-
nances become more prominent (initially) since they scale
as Z 73 compared to the Z ~* scaling of the excitation-
autoionization cross section. Comparisons of theory [6,7]
and experiment [8,9] for electron-impact ionization of the
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Na-like ions Fe!>* and Xe®* showed good agreement,
but the sizes of the predicted resonances and the energy
resolution and uncertainties in the experimental cross
section were such that no resonances were observed. Re-
cently, Chen and Reed [10(a)] showed that resonance
contributions may persist strongly for Li-like ions at
high-charge states (e.g., Xe>! ") where initially one might
think that they would be eliminated by radiation damp-
ing. In this paper we present the results of calculations
for the electron-impact ionization of Li-like, Be-like, and
B-like Fe, Kr, and Xe ions, focusing on energies around
the dominant group of resonances—the KMM. The Li-
like results are included both for isonuclear comparisons
and because we find the resonance contributions to be
substantially smaller than those of Chen and Reed [10(a)].
The layout of the paper is as follows. We present a brief
description of the required theory in Sec. II and its appli-
cation to the problem at hand in Sec. III. We present and
discuss our results in Sec. IV and provide conclusions in
Sec. V.

II. THEORY

In the independent-processes approximation, the total
ionization cross section from the ground level g of an ion,
o(g;tot), is given by the sum of the direct plus
excitation-autoionization and dielectronic-capture
double-autoionization contributions. Thus,
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where o,(g) is the direct-ionization cross section,
o, (g—i) is the excitation cross section for the autoioniz-
ing level i, and T,.(g —j) is the energy-averaged dielec-
tronic capture cross section for the isolated doubly au-
toionizing level j. A, and A, denote autoionization and
radiative rates, respectively. In this independent-
processes approximation we see that the excitation cross
sections get multiplied by a single branching ratio or
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Auger yield, and the dielectronic-capture cross sections

by two sequential Auger yields. Through detailed bal-
ance we have
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where w(j) is the statistical weight of the captured level j

w(j)
2w(g)

o.(g—j)= T0A.(j—8) (2)
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and w(g) is the statistical weight of the ground level. E is
the energy of the electron incident on the ground level,
AE the bin width, and (2ma,)*7,=2.6741 X107 *? cm’s.
These isolated-resonance and independent-processes ap-
proximations for ionization are analogous to those used
for recombination. For the computationally intensive
dielectronic-capture double-autoionization contribution,
it enables us to carry over much of the work originally
developed for recombination. The close-coupling ap-
proximation, as applied to ionization, does allow for
overlapping resonances and for interference between the
excitation-autoionization and dielectronic-capture
double-autoionization contributions, but it does not allow
for radiation damping. However, these overlapping and
interfering effects are generally small for highly charged
ions but, as we shall see, the radiation damping effects are
by no means negligible. The differences that arise on us-
ing a distorted-wave versus a close-coupling approxima-
tion for the (N +1)-electron wave function are also small
for highly charged ions.

III. APPLICATION

Our first application of the theory of Sec. II is to the
ionization of highly charged Li-like, Be-like, and B-like

1s2s +e — 152120 +e~ —1s*+2e~ (Li-like)
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ions since they have a relatively simple atomic structure
and are of current experimental interest. Eventually, we
hope to employ the same techniques to more complex
systems. Because of the high-charge states involved
semirelativistic distorted-wave functions [11] were used
in all of the calculations. The direct ionization cross sec-
tions were calculated in the configuration-average ap-
proximation using the first Born approximation, a triple
partial-wave expansion, and the maximum interference
approximation [12]. The excitation autoionization
[12,13] and dielectronic-capture double-autoionization
[14] cross sections were calculated in explicit level-to-
level configuration-mixing and intermediate coupling ap-
proximations which fully allow for radiation damping.
Our main interest is the energy region in which reso-
nances may be important. Consequently, we include only
L-shell direct ionization and K L-excitation-
autoionization contributions; in any case we find the
KM-excitation-autoionization contribution to be very
small. The direct-ionization calculations used a single-
configuration approximation since configuration-mixing
effects are expected to be very small; for highly charged
Be-like ions they are only a 1% effect [15]. Configuration
mixing was taken into account in the excitation-
autoionization calculations. The configurations and tran-
sitions that were included are detailed below:

l
1s21 +hv,
242 2
1s°2s +e — Is2s°2p +e —1s221+2e¢~ (Be-like)
1s22p? 1s2p3
!
152252
S2 sz +hv,
1s“2p
1s%2s22p . 1s2s22p? 02l 20 - '
1522p3 e — 1s2p4 +e — 15212 2e” (B-like)
|
1522522
s2 3p +hv.
1s2p

The dominant contribution from dielectronic-capture doubie autoionization is from the KMn series and in particular
the KMM resonances. The contribution from the KLn series is small, since the lowest-n values are energetically inac-
cessible in highly charged ions, and falls off rapidly with n (~n ~3) [10(a)]. Thus, we focus on the KMM resonances in
our isonuclear and isoelectronic studies. Below, we give details of the particular transitions that we included for each
isoelectronic sequence:

15225 [152S313l'1] 15202 +e” — 1s2+2¢”  (Li-like)
1s2p ! +e = 1s2p 3131
15231

1522131 !

1523131’ +hv 1s220+hv,

1s2121'31"
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152252 152523131 1523131
_ |1s2p23131') —  1s2s22p} +e —1s%2]+2e” (Be-like)

1s2p? [te = 3
2 \) 1s2p
1s°2131' 2n 2

15225231 l

1s2s22p3l 152252

1s22131°31" 1s%2p | +hv,

25,2 thy o, ,

1s“2p=31 152131

1s2s2p 23]

1s2p331
1s%2s%2p 1s2s%2p3130" —  1s221"3131' PR
15225231 [ +e = | 152522p? ¢ = 2¢” (Blike)
1s2252p 31 1522523131 !

1s22s22p31t  +hv 1s22121'31"

1s2s22p231 1s25%2p v

In the case of the Li-like ions, the 1s2p3/3/’ 3.9

configurations do not contribute directly to ionization.
They and their associated electron and photon continua
were included to investigate the effect of configuration
mixing on the first autoionization step. Configuration
mixing at the second autoionizing step (1s2s?+1s2p?)
must always be included [10(a)]. Similarly, the
1s2p23131’ and 1s2p? configurations were included to al-
low for configuration mixing in the Be-like problem. By
the time we reach the B-like sequence, configuration mix-

ing of this form (2s%2p +2p3) is not expected to be im- 480 490 500 51'0 520
portant because the 2p> configuration does not open up
any new radiative channels for the 2522p configuration.

Cross section (1021 ¢cm2)

Energy (Ry)

IV. RESULTS

We present our results for the electron-impact ioniza-
tion of Fe, Kr, and Xe ions in Figs. 1-3; within each
figure there are results for the Li-, Be-, and B-like ions.
The cross sections have been convoluted with a 1.5-Ry
Gaussian function to facilitate study of the resonance
contributions. We discuss first the behavior of the KMM
dielectronic-capture double-autoionization cross sections.
In the absence of radiation damping, the KMM integrat- ! ;
ed cross section varies slowly along an isonuclear se- ‘480 490 500 510 520
quence since the active capture in each case is given by Energy (Ry)
1s2+e~ — 153131’ and the double Auger yield is close to

Cross section (102" cm?)

. . .. . . 1.35
unity since the 3—2 autoionization rates dominate over &
the 3—1. For example, the KMM cross section for E
Fe?* is 12% smaller than that for Fe?* and that for g 133
Fe?'™" is 13% smaller than that for Fe??", with the radia- g
tion damping switched off. Furthermore, configuration c 434
mixing has little quantitative effect; it merely redistri- %
butes the cross section amongst the autoionizing levels. 3
Finally, the 1/E dependence dominates the scaling along @ 1.29
an isoelectronic sequence. o
When radiation damping is included, results within an o — LSS
isonuclear sequence can change dramatically from one 480 490 500 510 520
ion to the next. For Fe, the ratio of Be-like to Li-like Energy (Ry)
KMM cross sections is 1.92 and B-like to Li-like 1.28; for FIG. 1. Electron-impact ionization of Fe ions. Top, Fe?**;

Xe, the ratios are 3.3 and 1.45. For Li-like ions, most of  middle, Fe??*; bottom, Fe?! *.
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the radiation damping is on the second autoionizing step
and configuration mixing of the 1s2s22S, and 1s2p?2S,
levels can reduce the 1525225, Auger yield significantly,
by a factor of 2 for Xe®'". Configuration mixing in the
first autoionizing step (due to 1s2p3/3/') causes a
20-30 % reduction. The overall effect is that radiation
damping reduces the KMM Li-like cross sections by a
factor of 3.0, 5.6, and 24 for Fe, Kr, and Xe, respectively.
For Be-like and B-like ions, the presence of core + 373/’
configurations in the second autoionizing step reduces the
effect of radiation damping compared to Li-like ions, al-
though in the B-like case this is offset somewhat by the
increased damping in the first autoionizing step due to
the 2p — 1s radiation. Also, for B-like ions, all levels of
the 152s22p? configuration have a direct E 1 transition to
a level of the 15%25%2p configuration. The net result is
that the B-like KMM cross sections are not reduced as

9.4

Cross section (1022 cm?)

2 L |
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Energy (Ry)
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~o85 1005
Energy (Ry)
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Energy (Ry)
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FIG. 2. Electron-impact ionization of Kr ions. Top, Kr***;
middle, Kr¥?%; bottom, Kr’! .
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strongly as the Li-like ones, but the factors are still 1.8,
5.2, and 14.5 for Fe, Kr, and Xe, respectively. All of the
B-like results presented here have been averaged over the

=1 and 2 levels of the ground configuration. Cross sec-
tions from the J =2 level are up to 30% larger than those
from the J =1 level. Radiation damping effects are fur-
ther reduced for Be-like ions since the 1s2s22p 3P0,2 lev-
els only radiate through mixing and they do not mix as
strongly with the 1s2p33P0,2 levels as in the analogous
case for Li-like ions. For Xe**", the 1s2s%2p P, , Auger
yields are 0.96 and 0.65 compared to 0.50 for the
1525225, level in Xe>!'". This mixing reduces the Be-like
results by 2—20 %. Similarly, 252+ 2p? mixing in the first
autoionizing step causes a 1-20 % reduction in the KMM
cross sections for Fe-Xe. Thus, Be-like results are only
reduced by radiation damping by a factor of 1.4, 2.7, and
5.0 for Fe, Kr, and Xe, respectively. The Be-like reso-

1.52

1.50F

b,

2355

Cross section (1022 cm?)

2255 23|05
Energy (Ry)

3.2}

Cross section (1022 cm?)

22155 23L05
Energy (Ry)

2355
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5.05

5.00

4.95

Cross section (1022 cm?2)

~

4.90
2205

22‘55 23’05
Energy (Ry)

2355

FIG. 3. Electron-impact ionization of Xe ions. Top, Xe’'™";
middle, Xe***; bottom, Xe*+.
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nance cross sections persist more strongly at high-charge
states than the Li-like or B-like ones, the Xe®" results
being a factor of 3.3 greater than the Xe®'™ results and a
factor of 2.3 greater than the Xe** results.

The excitation-autoionization contribution shows some
of the same isonuclear and isoelectronic scaling behavior
as the dielectronic-capture double-autoionization contri-
bution. Indeed, the set of autoionizing states formed by
inner-shell excitation is the same set that results from
dielectronic capture followed by a single autoionization.
The decay of this set of autoionizing states was discussed
in the preceding paragraph. The excitation-
autoionization cross sections vary slowly along an isonu-
clear sequence in the absence of radiation damping. The
Fe??* results are 13% smaller than the Fe?3* results and
the Fe?!t results are 13% smaller than the Fe??" results.
Again, the Be-like sequence is less sensitive to radiation
damping than the Li-like and B-like sequences. The Be-
like results are reduced by a factor of 1.7, 2.5, and 3.8 for
Fe, Kr, and Xe, respectively, while the Li-like and B-like
reduction factors are 3.4, 4.8, and 11.1, and 1.8, 3.5, and
8.5, respectively. There is a negligible difference between
the single configuration and multiconfiguration results,
for both Be-like and B-like ions, and between the j =1
and j =32 initial level results for B-like ions. Just below
the excitation-autoionization thresholds, some small
amount of fill-in should be expected due to the KLn series
of resonances which were omitted from our calculations.

The absolute values of the dielectronic-capture
double-autoionization cross sections for Be-like ions are
much greater than for the Li-like and B-like ions. But,
the direct ionization cross section increases by just over a
factor of 2 on going from Li-like to Be-like ions (due to
the 2s occupancy) and by nearly another factor of 2 on
going to B-like ions. The sharper falloff of the direct ion-
ization cross section with energy for B-like ions is due to
the more weakly bound 2p-orbital contribution. The Be-
like excitation-autoionization cross sections are also a
factor of 2-3 greater than the Li-like or B-like ones. This
means that, relative to the slowly varying ‘“background”
(direct plus excitation-autoionization contributions) the
Be-like resonance contributions are only a little larger
than the Li-like ones, but both are still relatively larger
than the B-like contributions, substantially so in fact. It
is this relative behavior which is probably of more
relevance to experiment than the absolute values, given
that the cross sections differ by no more than a factor of 5
along an isonuclear sequence.

Recently, Chen and Reed [10(a)] published results simi-
lar to ours for the Li-like ions. Our direct and
excitation-autoionization results are smaller than theirs
[10(a)] by up to 20%. However, our results for the KMM
resonances are smaller by a factor of 1.5, 2.0, and 3.5 for
Fe? ™, Kr¥3t, and Xe!' T, respectively. Only a small part
of the difference is due to the additional configuration
mixing that we included in our calculations (see above).
A detailed comparison of the two sets of results by Chen
[10(b)] and one of us (N.R.B.) revealed that the
1s2s2p *Ps,, Auger yield used in the evaluation of the
double Auger yields only was accidentally taken to be
unity by Chen and Reed [10(a)]. If we take our
1s2s2p *Ps ,, Auger yield to be unity, we can reproduce
the KMM cross sections of Chen and Reed [10(a)] to
within 20%, the same level of accord as noted previously
for the direct and excitation-autoionization contribu-
tions. The remaining differences may be due in part to
our use of semirelativistic wave functions compared to
the fully relativistic ones used by Chen and Reed [10(a)]
and/or a different choice of phase in the case of the direct
ionization calculations.

V. CONCLUSION

We have carried out isonuclear and isoelectronic stud-
ies of the electron-impact ionization of highly charged
Fe, Kr, and Xe ions, focusing on the KMM resonances in
particular. We have found that resonance contributions
for the Li-like sequence are much smaller than previously
thought. But, we also found that resonance contributions
for the Be-like sequence are not as affected by radiation
damping as for the Li-like sequence, or indeed the B-like
sequence. A similar statement can be made about the
excitation-autoionization contributions as well. The size
of the resonance contributions relative to the background
for Li-like and particularly Be-like ions may make them
more preferable sequences for a high-resolution experi-
mental search for resonance contributions to ionization
than the B-like and, by implication, more complex
second-row ionic sequences.
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