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Cross sections for electron-impact single ionization of Kr + and Xe"+
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Absolute cross sections for electron-impact single ionization of Kr'+ and Xe'+ ions were mea-

sured for energies below the ionization thresholds to 1500 eV using the crossed-beams method. A

significant fraction of the Kr'+ and Xe + ion beams were in metastable configurations.
Configuration-average distorted-wave calculations for ions in the ground and first-excited
configurations are compared to the experimental data. For both ions in this study, the excitation-
autoionization contribution to the total ionization cross section is found to be much larger for ions
in the first-excited configuration, which includes metastable levels, than for the ground-state ions.
Maxwellian rate coeScients were calculated for Kr + and are compared to published results.

I. INTRODUCTION

Electron-impact ionization cross sections for multiply
charged ions are essential for the modeling of laboratory
and astrophysical plasmas, especially equal-temperature
plasmas in which electron-ion collisions tend to dominate
over ion-ion collisions. The cross sections are needed to
calculate power balance, the effective charge Z,N, impuri-
ty composition and transport, and to interpret spectro-
scopic diagnostics. The modeling of x-ray lasers also re-
quires such cross sections.

One of the most popular sources of cross sections for
multiply charged ions is the semiempirical one-parameter
formula of Lotz, ' which only accounts for direct ioniza-
tion of the target ion. In many cases, however, the cross
section due to indirect processes such as excitation au-
toionization (EA) can be comparable to or even exceed
that due to direct processes, especially at energies just
above the threshold for direct ionization.

The present experiment extends the charge states of
krypton and xenon for which electron-impact single-
ionization cross sections have been reported. Several
groups have reported single-ionization cross sections for
charge states as high as 3 + for krypton, and others
as high as 6+ for xenon. ' ' ' For both isonuclear se-
quences, excitation autoionization was found to be an im-
portant process. Interest in the single-ionization cross
section of Kr + was stimulated by the recent use of other
Ni-like ions (3d ' outer electron configuration) to pro-
duce x-ray lasing " the ionization cross section for
Xe + was measured in order to investigate a prediction'
of irregularities in the scaling of direct ionization in the
palladium isoelectronic sequence (4d ' outer-electron
configuration). Our experimental results are compared to
distorted-wave (DW) calculations for ions in the ground
and first-excited configurations in order to evaluate the

importance of excitation-autoionization (EA) for Kr +

and Xe'+
The only published experimental work involving ion-

ization of either of these ions to which the present results
may be compared are the plasma ionization rate measure-
ments for Kr + by Jones and Kallne. ' Their results
were 2.5 times larger than that predicted by the sem-
iempirical theory of Kunze. ' It was suggested by Jones
and Kallne that the discrepancy might be due to
significant excitation-autoionization contributions to the
total ionization cross section.

II. EXPERIMENTAL TECHNIQUE

The measurements were performed with crossed beams
of ions from the Oak Ridge National Laboratory electron
cyclotron resonance (ECR) plasma ion source' and mag-
netically confined electrons from a gun similar to that of
Taylor et al. ' The ions of interest were extracted from a
nitrogen-krypton or nitrogen-xenon plasma, accelerated
through a 10-kV potential, and focused into a beam. The
beam was then magnetically mass-to-charge-ratio ana-
lyzed and transported to the collision chamber shown in
Fig. 1. In the chamber the incident ion beam was focused
and electrostatically energy analyzed before entering the
collision volume. The 8+ and 9+ ions leaving the col-
lision volume were magnetically separated; the primary
8 + ions were collected in a Faraday cup, while the 9 +
ions were electrostatically defiected by an additional 90
analyzer and detected by a channel-electron multiplier.
The electron beam was chopped to allow separation of
signal and noise. Beam profiles and overlaps, detector
efficiency, and total electron and ion beam currents were
measured in order to determine the absolute cross sec-
tions.

The uncertainties listed and plotted here reAect one-
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FIG. 1. Schematic of the Oak Ridge National Laboratory {ORNL) crossed-beams collision chamber and post-collision magnetic
charge analyzer.

standard-deviation (or equivalent) relative uncertainties
only, combining statistics and form factor instabilities.
The shape of the cross section curve is determined within
these uncertainties. The total absolute experimental un-

certainty at 90% confidence level for data near the peak
cross section is +8%%uo. The absolute uncertainty combines
the relative uncertainty with additional potential sources
of error (e.g., ion and electron velocity and current mea-
surements, detector efficiency, and transmission of ions to
the detector) which would affect each measurement the
same. A detailed discussion of the absolute uncertainty
and additional experimental details can be found else-
where. '

III. CALCULATIONAL PROCEDURE

The cross sections for electron-impact direct ionization
of ions in the ground and first-excited configurations of
Kr + and Xe + were calculated using the configuration-

average distorted-wave approximation method. ' ' The
calculations for the first-excited configurations were in-
cluded in order to evaluate the importance of metastable
ions in these experiments since these configurations con-
tain levels which are metastable on the time scale of the
experiment. The configuration-average subshell ioniza-
tion potentials were obtained with the relativistically
corrected Hartree-Fock (HFR) atomic structure code of
Cowan. ' The subshells and their ionization potentials
included in the calculation of the direct ionization cross
sections are listed in Table I. Direct ionization of the 3s
electrons from the Kr + 3d 4s excited configuration was
not included in the calculation because the resulting
Kr + 3s3p 3d 4s configuration is autoionizing, predom-
inantly leading to net double ionization of Krs+. Like-
wise, the direct ejection of a 4s electron from the Xe8+
41 Ss excited configuration leads to the autoionizing
Xe + 4s4p 41 5s configuration, resulting in double ion-
ization. Direct ionization of a 2p electron from Kr + or

TABLE I. Ionization potentials for Kr + and Xe +.

Ion

Kr'+

Xe+

Configuration

3d

3d'4s

4d 10

4d 5s

Subshell

3d
3p
3$
4s
3d
3p

4d
4p
4s
5s
4d
4p

Configuration-average
ionization potential {eV)

232.96
359.77
435.95
147.33
248.40
373.69

180.08
274.51
336.45
122.30
187.36
281.59
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a 3d electron from Xe +, in either the ground or excited
configurations of the ions, is expected to contribute to
double ionization.

The excitation cross sections for transitions to autoion-
izing levels were also calculated in the configuration-
average distorted-wave approximation. For the gen-
eral transition

(n, 1, ) '(n zl z) 'k; 1; ~(n &I, )
' (nzlz)

' kflf
where n is the principal quantum number, I is the
angular-momentum quantum number, k is the linear
momentum of the free electron, and q is the occupation
number, the configuration-average excitation cross sec-
tion may be written

a,„,=gmq, (41z+2—qz ) Ik, 'k& g (21;+1)(21I+1)M(2f;li),
I,. l~

(2)

where M(2f; li), a function of angular coefficients and
the Slater radial integrals for Coulomb interaction be-
tween electrons, has been expressed in detail previously.
The atomic orbitals and bound-state energies required
were calculated using the HFR wave-function code of
Cowan. ' A local semiclassical approximation for the ex-

I

change interaction was used to calculate the distorted
waves (continuum orbitals).

The transitions to autoionizing configurations included
in the calculation of the total ionization cross sections are
given in Table II, with configuration-average excitation
energies and the calculated excitation cross sections at

TABLE II. Excitation cross sections for Kr'+ and Xe'+ ions in the ground and first-excited
configurations. These configuration-average distorted-wave calculations were used in the theory curves
of Figs. 2 and 3. The numbers in parentheses indicate, for those transitions which straddle the mniza-
tion threshold, the ratio of autoionizing-to-total levels. The excitation cross sections for those transi-
tions were apportioned as explained in the text.

Ion

Kr'+

Transition

3d ~4d

3d ~4
3d ~5s
3d ~5p
3d ~5d
3d~5f
3p ~4s
3p ~4p

3p ~4d
3p ~4f
3p —+5$

3p ~5p
3p ~5d
3p~5f

232.3
(5/10)
262.2
288.4
281.9
290.0
302.6
314.1

147.8
(85/134)

175.4
168.7
177.1
190.0
201.9
222.8
241.0

273.0
300.6
294.0
302.4
315.3
327.2

Avg. excitation
energy (eV)

Ground Excited Ground

4.091

0.901

2.139
0.096
0.247
0.930
0.966
0.039
0.879

0.168
0.155
0.015
0.186
0.059
0.085

0.160
0.165
0.013
0.170
0.054
0.086

Cross section at
threshold

(10 ' cm)
Excited

Xe'+ 4d~5f
4d ~5g
4d ~6p
4d ~6d
4d ~6f
4d ~6g
4p ~4f

4p ~5p
4p ~5d
4p ~5f
4p ~6p
4p ~6d
4p~6f
4s ~4f
4s ~5s

180.4
(4/12)

193.5
218.9
214.3
225.3
237.5
241.9
214.1

130.6
142.2
126.2
137.4
149.8
156.1

182.4

172.6
198.6
224.6
220.4
231.6
243.9
245.0

2.826

0.501
0.378
0.408
0.152
0.145
0.383
0.388

3.688
0.575
0.720
1.985
1.095
0.397
2.853

2.061
0.473
0.327
0.373
0.138
0.126
0.386
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threshold. However, for a particular autoionizing
configuration, not all levels may lie above the ionization
limit. For example, the Kr + 3d 4s4d configuration has
134 levels spread over 21.87 eV, but only 85 of those lev-

els autoionize. To account for this structure within the
configurations which straddle the ionization limit, the
configuration-average excitation cross section was statist-

ically partitioned over all levels of the final excited
configuration. Then the EA cross section for this
configuration was summed to include contributions only
from levels that autoionize. This procedure could, of
course, lead to error for cases where the magnitudes of
the cross sections to individual levels are far from statisti-
cal.

IV. RESULTS AND DISCUSSION

A. Krs+

The experimental cross sections for single ionization of
Kr + are given in Table III with one-standard-deviation
relative uncertainties. The data are plotted in Fig. 2,
along with the results of configuration-average distorted-
wave (CADW) calculations of total ionization (direct ion-
ization plus excitation autoionization) for ions in the
ground (lower solid curve) and first-excited configurations
(upper solid curve). Direct ionization cross sections cal-
culated in the distorted-wave approximation are also
shown for the ground-state ion (short-dashed curve) and
for the first-excited configuration (long-dashed curve).
The Lotz cross section differs from the DW direct ioniza-
tion cross section for ground-state ions by only a few per-
cent. At energies above 250 eV, the DW direct ionization
cross section for ions in the first-excited configuration
(3d 4s) is within 10% of that for the ground-state ions.

The onset of ionization is observed between 144 and
149 eV, as is seen in Fig. 2. Since the ionization potential
of ground-state Kr + is 233 eV, this is clear evidence of
metastable ions being present in the beam. As is ap-
parent from the CADW results shown in Fig. 2, the in-
direct ionization mechanisms are quite different for ions
in the ground and first-excited configurations. Near the
peak cross section, for example, excitation-autoionization
accounts for only 10—15% of the total ionization from
the ground state. From the excited configuration, howev-
er, the EA contribution is about 40—45 % of the peak to-
tal cross section. The primary reason for this difference
is that the monopole 3d ~4d and dipole 3d~4f transi-
tions lead to autoionization from the excited 3d 4s
configuration, but not from the ground 3d '

configuration. The importance of these two transitions is
manifested in their relatively large excitation cross sec-
tions (Table II). From the CADW calculations, we esti-
mate that approximately 15% of Kr + ions in the beam
at the collision volume were in metastable levels. A com-
posite cross section based on this metastable fraction is in
excellent agreement with the experimental curve at ener-
gies below 600 eV, and is in reasonably good agreement
at higher energies.

Maxwellian rate coefficients were numerically calculat-
ed from the experimental cross sections with a 1n(E)/E
dependence used to extrapolate the measured cross sec-

TABLE III. Experimental
sections for Kr'+ and Xe +.
deviation relative only.

electron-impact ionization cross
Uncertainties are one-standard-

Energy
(eV)

124.7
134.5
144.4
149.3
154.1
159.2
163.8
173.6
183.4
193.8
203.7
213.5
218.1
223.2
232.9
237.7
242.8
247.4
252.5
262.4
272.3
282.2
291.9
311.3
331.1
350.8
370.4
390.6
414.8
439.7
464. 1

489.0
513.7
538.3
563.0
586.7
636.2
685.6
734.7
783.7
832.9
882.6
982.4

1081
1179
1277
1375

Kr'+
Cross section
(10-" cm')

0.03+0.09
0.06+0.09

—0.02+0.08
0.09+0.05
0.12+0.05
0.35+0.07
0.58+0.05
0.64%0.06
0.79%0.06
0.86%0.06
0.91%0.06
1.07+0.06
1.03+0.06
1.04+0.05
1.08%0.05
1.22+0.05
1.53+0.04
1.75+0.06
1.79+0.06
2.14+0.06
2.48+0.06
2.64+0.06
2.98+0.06
3.47+0.06
3.70+0.05
3.87%0.04
4.06+0.05
4.40+0.06
4.56+0.05
4.80+0.06
4.9820.05
5.1620.05
5.29+0.05
5.37+0.05
5.43+0.04
5.45+0.05
5.59+0.04
5.65+0.03
5.73+0.03
5.71+0.04
5.71+0.03
5.66+0.03
5.63+0.03
5.46+0.05
5.27+0.03
5.03+0.03
4.88+0.03

Energy
(eV)

87.6
97.3

111.8
121.1
129.4
138.2
145.8
153.4
162.1
170.0
180.0
181.7
185.0
189.7
195.0
199.2
204.0
209.0
214.7
219.7
224.1

234.0
243.1

268.0
291.9
316.0
342.8
389.9
440.0
487.5
537.0
585.7
634.0
635.0
684.0
782.0
879.0
978.0
982.0

1081
1180
1278
1377
147$

Xe'+
Cross section
(10 "cm)

0.46+0.54
—0.02+0.47

0.38+0.73
1.06+0.58
2.3620.58
2.94+0.69
2.7920.50
2.4620.48
2.5020.63
3.1820.36
3.13+0.23
2.94+0.36
5.0020.44
5.2020.34
5.5820.46
5.93+0.32
6.96+0.35
7.44+0.35
7.44%0.29
7.9520.20
7.79+0.27
8.91+0.30
9.4720. 18
9.59+0.22
9.65%0.23

10.09%0.19
10.10%0.16
10.27+0. 12
10.38%0.12
10.28+0. 13
10.35+0.12
9.91%0.11
9.42+0. 13
9.60+0.08
9.66+0.07
9.53+0.11
8.87+0. 13
8.41+0.12
8.28+0. 15
7.2540. 12
6.63+0.09
6.23+0.09
5.89+0.12
5.77+0. 11

tions up to 10 eV. The resulting rate coefficients were
found to agree with those of Jones and Kallne' to within
20% over the 100—250-eV range they reported, with the
present results being consistently lower. Although these
results agree to within the combined reported uncertain-
ties, it should be noted that both the present work and
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the plasma rate measurements of Jones and Kallne are
sensitive to the possibly different fractions of metastable
ions present in the two experiments.

8. Xe+

Electron Energy (eV)

FIG. 2. Single ionization of Kr'+ by electron impact. The
points are the present data; the dashed curves are CADW calcu-
lations of direct ionization from the ground (short-dash) and
first-excited (long-dash) configurations; solid curves are CADW
calculations for total ionization of ions in ground (3d', lower
curve) and first-excited (3d 4s, upper curve) configurations.
Relative uncertainties for the experimental data at the one-
standard-deviation level are smaller than the symbol size.

distorted-wave results for direct ionization of ground-
state Xe + (short-dashed curve) and first-excited
configuration (long-dashed curve) ions. Also plotted in
Fig. 3 are calculations of total ionization for ions in the
ground (lower solid curve) and first-excited (upper solid
curve} configurations. The CADW results for direct ion-
ization from the excited configuration (4d 5s} differ from
that for the ground configuration (4d' ) by less than 10%
above 200 eV, but (as was observed for Kr +) a large
difference is observed in that total ionization curves for
these configurations.

The observed threshold for ionization is between 112
and 121 eV, in contrast to the calculated threshold of
182.2 eV for ground-state Xe +. The configuration-
average ionization potential for the first-excited
configuration (4d95s) of Xe + was calculated to be 122.3
eV. As was the case for Kr +, the experimental data
reflects the presence of metastable ions in the beam. As
has been noted, the total ionization cross section for ions
in the first-excited configuration is significantly greater
than that of ground-state ions. The difference is primari-
ly due to 4d~5f and 4p~5p transitions which end in

autoionizing levels from the first-excited configuration,
but in bound states from the ground state. In addition,
all 226 levels of the configuration resulting from 4p ~4f
transitions from the 41 5s excited configuration are au-
toionizing, while only 4 of 12 levels of the final
configuration following a 4p~4f transition from the
ground state are autoionizing. Using the CADW calcula-
tions as a guide, we estimate the fraction of metastable
ions in the beam to have been about 40%.

The experimental electron-impact single ionization
cross sections for Xe + are given in Table III with one-
standard-deviation relative uncertainties. The data are
also plotted in Fig. 3 with configuration-average
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FIG. 3. Single ionization of Xe + by electron impact. The
points are the present data, shown with typical relative uncer-
tainties at the one-standard-deviation level; the dashed curves
are DW calculations for direct ionization from the ground
(short-dash from Ref. 13 and present results) and first-excited
{long-dash) configurations; the solid curves are CADW calcula-
tions for total ionization of 4d' ground-state (lower curve) and
4d 5s excited-configuration (upper curve) ions.

V. CONCLUSIONS

The present study has investigated the total cross sec-
tions for single ionization of Kr + and Xe +. The experi-
ments support theoretical evidence that the contribution
to the total ionization cross section due to excitation au-
toionization is significantly larger from the first-excited
configuration than from the ground state. A significant
fraction of the target ions were found to be in metastable
states, with estimated metastable fractions of 15% and
40% for the Kr + and Xe + beams, respectively. The
calculation of these fractions, however, is very sensitive
to the theoretical cross sections used for comparison, and
the resulting metastable fractions should be considered
only as rough estimates.

The presence of metastable ions in the collision region
has been shown to dramatically affect the measured total
ionization cross sections. Thus, the possibility of meta-
stable content must be carefully addressed in treating the
ionization of ions for which the excitation-autoionization
contributions to total ionization differ significantly be-
tween the ground and excited configurations. This has
important consequences for the modeling of fusion and
x-ray laser plasmas where similar fractions of metastable
ions may exist.
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