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Distorted-wave cross sections for electron-impact ionization of Af*

K. J. Reed and M. H. Chen
Atomic Processes Group, Lawrence Livermore National Laboratory, Livermore, California 94550
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Distorted-wave methods have been used to calculate cross sections for electron-impact ionization of sodi-
umlike Ar’* for collision energies ranging from near threshold to 1 keV. We included contributions due to
excitation-autoionization and resonant excitation—double autoioniz&é®BDA), as well as the contributions
from direct ionization of the 8 electron and the@=2 inner-shell electrons. We find that the effects of radiative
damping and loss channels reduce the REDA contributions by a factor of 4. We compare our calculated results
to experimental results and to theoretical cross sections obtained in a close-coupling approximation.
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PACS numbd(s): 34.80.Kw

[. INTRODUCTION similar theoretical results for REDA contributions to ioniza-
tion of S&°' [25]. From our earlier studies of REDA in Li-

In this paper we discuss distorted-wave calculations ofind Na-like ions, we note that the importance of the REDA
cross sections for electron-impact ionization of sodiumlikecontributions relative to the direct ionization cross sections
argon. Theoretical and experimental investigations hav@enerally increases with increasing charge state in these iso-
demonstrated that electron-impact ionization of positive ionglectronic sequences. This is partly because the direct ioniza-
can be dominated by indirect processes which often mak#on cross sections rapidly decrease with increasing charge
greater contributions to the total ionization cross section thagtate. However, for very higl-ions this trend is offset by
does the process of direct ionizatiga—10]. Excitation- the radiative decay rates, which increase approximately as
autoionization and resonant excitation—double autoionizatiod - Consequently, the REDA contributions for highions
(REDA) are the most important of these indirect processessuch as A" [17] are much less significant than the REDA
In excitation autoionization, the incident electron excites arfontributions mentioned above for & or S&**.
inner-shell electron leaving the target ion in an excited state Experimental measurements of cross sections for
which can decay by autoionization. The REDA process oc€lectron-impact ionization of At have been reported by
curs when the incident electron excites an inner-shell elecRachafiet al. [26] and by Zhanget al. [27]. The results re-
tron and is simultaneously captured by the target ion, resultPorted from these two experiments differ substantially from
ing in a doubly excited state which decays by two sequentia@aCh other at incident electron energies greater than 350 eV.
Auger processes. The REDA process was postulated in 1991 addition, a close-coupling calculation of electron-impact
by LaGatutta and HahfL0]. While excitation-autoionization ionization cross sections for N". has recently been per-
processes are frequently included in calculations of electrorformed by Taya[28]. The theoretical results we report here
impact ionization of positive ions, the REDA processes havevere obtained using distorted-wave methods. Distorted-wave
usually been neglected because of their complexity. Most oflectron-impact ionization cross sections for' Aincluding
the calculations which include REDA have been performeceXcitation autoionization previously calculated by Griffin
for ions in the Li-like[11-16 and Na-like[17—-21] isoelec- et al. were shown in Ref{27]. However, these calculations
tronic sequences because of the relatively simple atomigid not include the REDA contribution or the contributions
structure of these ions. Calculations of REDA contributionsOf direct ionization of then=2 inner-shell electrons.
to ionization of some Be-like and B-like iori46] and Mg-
like Xe*?" [19] have also been reported. Il. CALCULATIONAL PROCEDURE

In our previous studies of excitation-autoionization con- , . i )
tributions to electron-impact ionization of Na-like ions with _ Our theoretical approach has been described in detail pre-

26<7<92, we found that excitation-autoionization pro- Viously[16,17. We carried out separate fully relativistic cal-
cesses generally enhance the ionization cross sections Gylations for the direct ionization cross sections, the cross
about a factor of 4 for these iofig1]. Experiments using the sections for_e>§C|tat|on to the intermediate autoionizing sfcat(_es,
electron-beam ion trap at LLNL verified this excitation- @nd the radiative and Auger rates for decay of the autoioniz-
autoionization enhancement for %& [23]. Our theoretical INg States. The processes considered in this work are shown
studies of F&* [16], Kr?>", and X&3' [20] showed that the Schematically below:

REDA processes produced numerous strong resonances
which contributed as much as 15% to 30% to the average
ionization cross sections for these sodiumlike ions. Measure-
ments made at the Test Storage Ring in Germany have con- e+1s°21°3s—1s°21"3s+e+e, 2
firmed our calculations of the REDA resonances it°Fe

and demonstrated similar resonance structure in the crose+ 1s°2183s—1s?21’3snl(n=3-6)+e—1s%218+e+e,
sections for S&* [24]. We have also rececently reported 3)

e+ 15221835 1522|184+ e+e, (1)
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e+1s%21835s—-15%2173p? +e— 1528 +e+e, (4) TABLE I. Energy levels, branching ratio8(), and excitation-
autoionization cross sections for some intermediate states’inar
and incident electron energy of 385 eV. The number in brackets denotes
the power of 10.

e+ 1s%2183s5—15%2173snin’l ' —1s%21"3sn"l" + e

Level Energy(e Configuration B” Cross Sectioricn?
—1s°2|8+e+e. (5) gy(eV) g ren)

246.60  (D3y3s?)3,  0.937 1.65—20]

As indicated in Eqs(1) and (2), we included direct ioniza- 248.83 (D31 0.937 7.51—20]

tion of the inner-shelh=2 electrons as well as direct ioniza-
tion of the 3 electron. The excitation-autoionization pro- 10 260.38  (P3353p1)s, 0.008 9.54-23]
cesses included are indicated in E¢(®.and(4). We carried 11 260.74  (P3y3s3p1)3 0.030 2.36-22]
out detailed calculations of excitation cross sections for the 17~ 263.32  ($1,2353py2)1, 0.188 7.84—22]
intermediate autoionizing states with=3, and we used a 20  264.60  (D1,3s3p3;) 1, 0.912 1.70-20]
configuration-average approximation to obtain cross sections 22 269.23  (D33s3p3)32 0.780 4.97-21]
for exciting the intermediate states witl=4 to 6. 24 271.01  (D1,,353p3) 1, 0.986 1.28—20]

The direct ionization, excitation-autoionization, and 43 28517  (4,353dsy)1;, 0.873 1.01[—20]
REDA processes are assumed to be independent. In this apy, 286.41  (Dy,3530s)s 0.865 1.64—20]

roximation the total ionization cross sectiopis given b
P onis g y 48  287.46  (D3,3s53ds))7, 0.587 8.55 —22]

51 28831  (Ds353dsp)sy 0.154  1.09-21]
a’t=(rd+2 oPBAM D, o BIA, (6) 54 289.38  (P323s3d3)1, 0.966 5.31—-20]
' K 55 28953  (Ds353dsp)sy 0.953  2.93—20]

Here, a4 is the direct ionization cross section, which is the 58 290.78  (Py,353d37)3, 0.999 1.18-20]
sum of the cross sections for direct ionization of tve2 62 29282  (P3z3s3d3p)zp 0993 26719
electrons and thes3electron. ¢ and o are excitation ~ 63~ 292.82  (2g;3s3ds)3, 0.994 1.959-20]
and energy-averaged dielectronic capture cross sections, re64  294.68  (D3,3s3ds;)7, 0.987 1.48-20]
spectively; B and BJ* are the branching ratios for the 66  296.35  (P3,353ds/)s, 0.982 6.94 —20]
single and sequential double Auger emission, respectively. g7 296.67  (D3,353dg) 1, 0.973 7.04—20]
t The single and double Auger branching ratios can be writ- gq 298.46  (Dy;353dy)s, 0.981 1.04—19]
en as

135 32567 (2535 1.000  5.49-20]

A 179 337.81 (2s3s3pyp)i, 0.946  2.04—21]

BA_ 2 Ajj @ 181  338.23 (2s3s3pgp)s,  0.155  7.86—22]
LS AL S AL 187  347.45 (253s3pgp)a,  0.999 1.58—22]

197  365.01 (2s3s3dsps,  1.000 1.00[—20]
and 198  365.02 (2s3s3dgp)s,  1.000 1.36—20]
202 37343 (253s3ds)sp,  0.999 1.31[—20]

S a3 A

dA_
Bk -

A r A Pl ® configuration-averaged cross sections for excitation to the
% Akm+; Ak”)(% Ak'm+; Awrn n=4, 5, and 6 intermediate states were calculated using a
separate relativistic distorted-wave excitation cf@f. The
whereA{? and Aj, are the Auger and radiative transition capture cross sectiof&g. (9)], and the single AugefEq.
rates, respectively. (7)] and double AugefEq. (8)] branching ratios were evalu-
The energy-averaged capture cross section from the initialted using the multiconfiguration Dirac-Fo@WCDF) model
statei to the intermediate-statein cn? is obtained from the [32,33 in intermediate coupling with configuration interac-
inverse Auger process by detail balarj¢6]: tion from the same complex. For those intermediate states in
Eq. (3) with n=4 to 6, we assumed unit branching ratios.
—cap. 495X 10% g0 For the REDA ionizing proces<q. (5)], we carried out
Tk :TEkz_giAki- (9 explicit calculations for resonant states frors?2p®3s4in!’
(n=4-8, 1'<4), 2s2p®3sdinl’ (n=4-8, |'<4),
HereAE andE, are the energy bin and Auger energy in eV; 2s°2p®3s3Inl’ (n=6—10,1'<6), and 22p°3s3Inl’ (n=6
gk andg; are the statistical weights and the Auger rate is in—10,1'=<6). Extrapolation tan=50 was accomplished using
units of sec™. then 3 scaling law for the Auger transition rates. The Auger
The direct ionization cross sectiof&gs. (1) and (2)]  branching ratios were calculated by including all possible
were obtained using a code developed by Zhang and Sampuger channels and electric-dipole decays with change of
son[29]. The detailed cross sections for excitation to theprincipal quantum numbsei.e., An+#0). The total cross sec-
n=3 intermediate autoionizing states were calculated using fions were computed according to E&) by summing the
relativistic  distorted-wave method [30], and the direct, excitation-autoionization, and REDA cross sections.
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FIG. 1. REDA cross sections for thé 2!3s3Inl’ (n=6-50 as FIG. 2. REDA cross sections for theé 2'3s4141’ (n=4-50 as
a function of impact electron energy. a function of impact electron energy.
Il. RESULTS AND DISCUSSION Figs. 3 and 4. Radiative decay reduces the cross sections for

the 361" and 44l’ intermediate states by as much as a

In Table I we list the excitation energies, the branchingfactor of 2.5. While this is not as dramatic as the effect of
ratios, and the excitation-autoionization cross sections fofadiative decay, we noted that for the REDA cross sections
some of the important intermediate autoionizing states ofor higherZ sodiumlike ions, it is nevertheless a substantial
Ar’*. The excitation-autoionization cross section for a statjecrease in the contribution that these states make to the
is the product of the excitation cross section and the branchonization cross section for Af.
ing ratio for that state. The level indices refer to the ordering |n addition to the decrease caused by radiative damping,
of all of the states in the atomic-structure calculation for the
target Af " ion. In our configuration notation, the first orbital
in the configuration is the inner shell having a vacancy. The 8.0
last two orbitals give the outer-shell occupations. The sub- Ar’*
script outside the parentheses gives the total angular momen-
tum for the state. The cross sections listed in the table are at 20713s30'64"
an incident electron energy of 385 eV where all of the chan- REDA
nels for then=2 to n=3 excitations are open. Most of the
branching ratios are near unity, but there is some variation.
At 385 eV, radiative damping decreases the total excitation-
autoionization contribution by about 13%.

The (2p3/,35)4), State(level 6) and the(2p,,,3s?),, State
(level 7) both have very large excitation-autoionization cross
sections, and the combined contributions from these two in-
termediate states produce a large abrupt increase in the ion-
ization cross section near 250 eV. The two largest contribu-
tions are from the?2p;,3s3ds)4, State(level 62 and the
(2p1/23s3d3pp)q, state (level 69, respectively. The
excitation-autoionization processes due to the2 to n=3
excitations enhance the direct ionization cross section by 0.0 s ; :
about a factor of 4, consistent with the enhancement we 240 250 260 270 280
found previously for other Na-like iong2]. The threshold Electron Energy (eV)
for then=2 to n=4 excitations is around 325 eV.

The REDA cross sections for thé 2'3s3Inl’ (n=6-50 FIG. 3. REDA cross sections for the 23s3Inl’ (n=6-50 as
and the 27 '3s4141’ (n=4-50 intermediate autoionizing a function of impact electron energy. The dotted curve shows the
states are shown in Figs. 1 and 2, respectively. The effect afross sections without radiative damping. The solid curve shows the
radiative decay on the REDA cross sections can be seen iftoss sections with radiative damping included.

With Radiative Decay :
----------- Without Radiative Decay |

Cross Section (10''° cm?)
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FIG. 4. REDA cross sections for thé 213s414l’ (n=4-50 as FIG. 5. The effects of loss channels on the REDA cross sections

a function of impact electron energy. The legend is the same as ifer the 2~ '3s4Inl’ (n=5,6) intermediate states. The dotted curve

Fig. 3. shows the cross sections without the effects of loss channels. The
solid curve shows the cross sections calculated with the loss chan-
nels included.

there is a further reduction in the REDA cross sections due to

the effect of channels known as loss channels. To explain the ) ) L

process which produces these loss channels we refer to Eg@lculations re2p0r7ted by Tayal included autoionizing states

(5). The first step of Eq(5) shows the formation of a doubly arising from 1°213snl configurations witn=3 and 4. In

excited Mg-like intermediate state which decays to an au®4r calculations we included those same configurations, but

toionizing state of Na-like argon. However, the Mg-like in- &/S0 added states having=5 and 6. The differences in mag-

termediate state can also decay to an excited bound state Bfude between our results and those of Tayal in this energy

Ar’* as in Eq.(10) region arise from the contributions of these additional inter-
mediate states with=5 and 6. When we restrict our calcu-

e+1s%2183s—1s?21"3snl'n"1"—1s%218n"1" + e.

(10) T T T T T T
Ar7+
The excited bound state stabilizes by radiative decay so the 8.0 201353400 (n=6-10) |
process does not contribute to the cross section for ionization -
of the sodiumlike ion, and thus represents a loss to the ion- - REDA

ization channels. In Fig. 5 it can be seen that the effect of Ng
loss channels on thel2'3s4Inl’ (n=5,6) REDA reso- 6.0F
nances is essentially negligible. But Fig. 6 shows that the : . ’
loss channels reduce thel 23s3Inl’ (n=6-10 REDA ' i
cross sections by as much as a factor of 3.

Our calculated results are shown in Fig. 7, along with the
experimental cross sections reported by Rachkgaéil. [26]
and the results obtained in crossed-beam experiments by
Zhanget al. [27]. The threshold for direct ionization of the
n=2 inner-shell electrons is about 394 eV and this process
produces the sudden rise in the decreasing direct ionization
cross section near this energy in Fig. 7.

Above 375 eV the two sets of experimental cross sections 0.0
differ markedly from each other. In this region the close- 240 260 280 300 320
coupling results reported by Tayp28] fall about midway Electron Energy (eV)
between the two sets of experimental data. However, our
calculated results in this region are larger than those reported FIG. 6. The effects of loss channels on the REDA cross sections
by Tayal, and are in very good agreement with the crossedor the 2 13s3Inl’ (n=6-10 intermediate states. The legend is
beam results reported by Zhamg al. The close-coupling the same as in Fig. 5.

19
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lower-energy region is shown expanded in Fig. 8. In Fig. 8

we also show the close-coupling results reported by Tayal
Ar’* [28]. This energy region is the region where many REDA

resonances occur. In this region the REDA resonances in the
close-coupling results reported in RE28] are much larger

in magnitude than the REDA resonances obtained in our
+ + calculations. The differences between our results and the

5.0

4.0}

3.0} i o . X
close-coupling results in this region arise from the effects of

the loss channels shown in EQL0O). Singly excited states
| 1s?218nl with n=3 and 4 were included in the close-
} coupling calculation of Ref{28], but higher excited states
__________________ with n>4 were ignored. However, we found that the states
Lol . E—T—ee | with 5=n=<10 are also important and including these
' g L Direct + £ highern excited states reduces the REDA resonances con-
A @ Experiment siderably. The experimental data in this region show some
0.0 ‘ . . , fluctuations but are too sparse to map the resonances. How-
200 400 600 800 1000 1200 ever, our calculated cross sections are in good agreement

Energy (eV) with the experimental data reported in this region.

2.0

Cross section (10 '8 cm?)

IV. CONCLUSION
FIG. 7. Cross sections for AF as functions of incident electron

energy. The dashed curve shows the direct ionization cross sections. We have carried out distorted-wave calculations for cross
The dotted curve is the sum of the direct ionization and thesections for electron-impact ionization of sodiumlike”Ar
excitation-autoionization cross sections. The solid curve shows th&hese calculations include the effects of excitation autoion-
calculated total cross sections. The triangles are the experimentidation and REDA. We examined the effects of radiative
results reported by Rachai al.[26], and the solid circles show the decay on the excitation-autoionization and REDA contribu-
experimental results reported by Zhaeigal. [27]. tions and the effects of loss channels on the REDA reso-
nances. Despite the reductions caused by radiative decay and
loss channels, the indirect processes contribute significantly
lations to Configurations with=<4, our results in this region to the total ionization cross section. We find that these indi-
are close to the results reported by Tayal. rect processes significantly enhance the ionization cross sec-

In the energy region below 375 eV there is much bettettions for this ion. There are important differences between

agreement between the two sets of experimental data. Th@Hr results and earlier results obtained in a close-coupling
calculation. In the region of higher incident electron energy
(i.e., above 375 eVthe differences between the two sets of
4.8 , K : theoretical results can be attributed to contributions from

74 highern intermediate autoionizing states which were
Ar neglected in the close-coupling calculation. In the lower-
energy region where the REDA contributions are important,
the differences between results of the two calculations can be
attributed to the neglect of higher-loss channels in the
close-coupling calculation, which can result in overestima-
tion of the REDA contribution.

The measured cross sections obtained in two separate ex-
periments differ substantially from each other, especially in
the higher-energy region. In the lower-energy region, the two
sets of experimental data are closer to each other, and our
results in this region are in good agreement with the experi-
fTayal, 1994) mental results reported. The magnitudes of the REDA reso-
4 @ Experiment nances obtained in the close-coupling calculation are much

0.0 ' : ‘ ‘ ' larger than the experimental cross sections in this region. In
225250 275 300 325 350 375 ihe higher-energy region where there are large differences
Energy (eV) between the experimental results, the close-coupling results

are about midway between the two sets of measurements. In

FIG. 8. Comparison of distorted-wave results with close-this region our results are in very good agreement with the
coupling results and experimental results for Ain the energy  experimental data reported by Zhaegal. [27].
region of the REDA resonances. The dotted curve shows the close-

Cross Section (10 % cm?)

..... lose-Coupling

coupling cross sections reported by TalEs]. The triangles are the ACKNOWLEDGMENT
experimental results reported by Rachetfial. [20], and the solid _ )
circles show the experimental results reported by Zretrg. [21]. This work was performed under the auspices of the U.S.
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