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Electron-ion crossed beams have been employed to obtain absolute cross sections for sin-
gle ionization of Ne**, Ar’*, Kr3+, and Xe**. These data reveal a steady progression from
excellent agreement with theory and semiempirical formulas for Ne** to significant depar-
tures from any simple models for Xe**. For Ar’* some small departure from the models is
apparent and the measurements agree with previous experimental results of Muiller et al.
For Kr** and Xe** the measured cross sections in the energy range below four threshold
units exhibit complex structure and exceed estimates of direct ionization by roughly factors
of 2 and 3, respectively. These features are attributed to indirect ionization processes in-
volving excitation of inner-shell electrons, and the observed cross-section shapes imply that
the excitation-autoionization features cannot be sitnply attributed to dipole-allowed excita-
tion transitions. Ionization rates for Maxwellian electron-temperature distributions are cal-

culated from the data.

I. INTRODUCTION

Electron-impact ionization is a subject of continu-
ing interest. Ionization is one of the processes essen-
tial to understanding the behavior of laboratory and
astrophysical plasmas' but agreement between ex-
periment and theory is still elusive.

The usual sources of cross sections for plasma
modeling are scaling laws and semiempirical formu-
las.®> The most widely used formula is due to Lotz®
and the single parameter representation given here is
both trivial to use and generally as reliable as any
available prediction for light ions*:

o E)=4.5%10""S ——In(E/I,) , (1)
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where the cross section ¢ at a collision energy E (in
eV) is given in cm?, r; is the number of electrons in
subshell j, and I; is the ionization energy (in eV) for
electrons in that subshell. The Lotz formula is
based on measurements for singly charged ions and
on Coulomb-Born theory for infinite Z hydrogenic
ions. A number of quantal calculations for specific
ions, including some of the currently studied ions,
have been carried out in Coulomb-Born and
distorted-wave approximations. However, all of
these representations of ionization have been based
on direct ejection of individual electrons from the
ion.

In 1968, Bely® gave specific predictions for Na-
like ions which suggested that inner-shell excitation
followed by autoionization would give significant
enhancement of ionization cross sections and that
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the importance of this process would increase sig-
nificantly with ionic charge q along the isoelectronic
sequence. Also in 1968, crossed-beam measure-
ments on singly charged alkali-metal-like ions®’
failed to show the predicted excitation-
autoionization effect in Mg™* but did demonstrate
significant cross-section enhancement for the
heavier alkali-metal-like ions. Those measurements
indicated increasing importance of the indirect pro-
cesses as the atomic number Z of the ion increased.
Excitation-autoionization effects are characterized
by sharp increases in the ionization cross section at
threshold energies, a shape characteristic of excita-
tion of ions.

Recent experiments have investigated ions of ini-
tially higher ionic charge.!~'?> Some of these experi-
ments have studied charge-state effects along
isoelectronic sequences for Li-like’ and Na-like'®
ions and have demonstrated increasing importance
of indirect effects with increasing ionic charge. One
cooperative effort between experiment and theory
gained considerable insight from a study of triply
charged alkali-metal-like ions.'? Indirect effects
were found to dominate by roughly a factor of 10
over direct ionization. However, this work also
predicted that the states responsible for the largest
indirect effects in the heavy alkali-metal-like ions
would become bound (nonautoionizing) for higher
ionic charges. A simple increase of excitation-
autoionization with increasing ionic charge should
not always be anticipated.

In addition to excitation-autoionization there is
some evidence for at least one other indirect process
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contributing to electron-impact ionization. LaGat-
tuta and Hahn'® suggested that formation of highly
excited recombination resonances followed by dou-
ble Auger autoionization would significantly
enhance electron-impact ionization of Na-like
Fe'>*. Henry and Msezane'* have applied this pro-
cess to interpret details of the measured ionization
cross section for Na-like AI**. These recombination
resonances to high nl states are associated with inner
electron excitations, resulting in a highly excited
bound state in which a dominant decay mode is dou-
ble autoionization. The resonances observed in
dielectronic recombination and in bound-state exci-
tation cross sections are similar except that in the
present process a net single ionization is the end
product of the original collision event. Recombina-
tion resonances occur at lower energies than the as-
sociated inner-shell excitation and can influence the
measured ionization cross-section shape by extend-
ing the expected sharp excitation onset toward lower
energies.

Although excitation-autoionization contributions
have been predicted for Mg-like!* and for B- and
Be-like ions!®!7 and have been observed in isolated
cases,'® almost all of the theoretical and experimen-
tal efforts to date have concentrated on alkali-
metal-like ions (examples are Refs. 5—10 and
12—19). A previous study on a series of charge
states of one element!! did not reveal strong indirect
effects, and studies on multiply charged light ions'®
showed only weak indirect effects except in alkali-
metal-like cases.

The choice of ions studied in the present experi-
ments was influenced by a number of factors; the
most obvious being ease of ion source operation. In
addition these ions provide a target of intermediate
complexity (neither the single outer-electron nor the
closed-outer-shell structures commonly studied in
the past). By studying ions of the same charge from
the same column of the periodic table, systematic ef-
fects may be revealed which depend only on the
inner-shell electron structure. Further, the specific
cases studied here may be of direct value in plasma
diagnostics since Ne and Ar have been deliberately
injected as diagnostic impurities in tokamaks and
Kr is to be used in the next generation tokamaks.?

The present experimental results will be compared
to the Lotz prediction and to quantum calculations
where available. The predictions only represent
direct electron removal so that indirect effects will
be seen as abrupt departures from these calculations.
In principle, distorted-wave with exchange (DWX)
calculations by Younger?! should be the most reli-
able predictions but of these target ions, they are
only available for Ne* and Ar**. The scaled
Coulomb-Born formula of Golden and Sampson®?

will not be applied for comparisons here because the
present cases are not within their stated range of va-
lidity (¢ >Z /2) and because the results are neither
as trivial to obtain as the Lotz predictions nor as
well founded in principle as Younger’'s DWX. In
applying the Lotz formula to Kr** and Xe’* we
divide the d electron contribution by 2. This ad hoc
modification has been suggested from experiments®®
on Zn* and Ga* and will be seen to improve high-
energy agreement in the present cases for both Kr**
and Xe**. It is possible that little or no single ioni-
zation is produced by the direct ejection of 4d elect-
rons in Kr’* and Xe**, since the resulting excited
4+ ion may autoionize.

II. EXPERIMENTAL TECHNIQUE

The intersecting beam experimental technique has
been reviewed?* and a detailed description of the 90°
crossed-beams approach with features common to
the present study has been given.”’ Figure 1 is a
drawing of the main interaction chamber. Since
specific descriptions of the Oak Ridge National
Laboratory-Penning Ion Gauge (ORNL-PIG) ion
source?® and the beam-interaction chamber®!? have
been presented previously, discussion here can be
limited.

For 90° crossed beams, cross sections are deter-
mined from

R gevv, F

o(E)= 3o
IiIe (v,-2+ve2)1/2 D

(2)

where o(E) is the absolute cross section at energy E,
R is the signal count rate, I; and I, are the ion- and
electron-beam currents, respectively, g is the charge
of incident ions, e is the charge on an electron, v;
and v, are the ion and electron velocities, # is the
form factor describing beam overlap, and D is the
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FIG. 1. Crossed-beam collision chamber viewed from
above.
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absolute signal detection efficiency. Each of these
quantities must be carefully and independently mea-
sured in order to obtain an accurate absolute cross
section. The electron beam was chopped in order to
separate true signal produced in beam-beam interac-
tions from background events. The difference in the
count rates with and without electrons gives the sig-
nal rate Z, since the electron beam itself produced
no measurable background counts in the ionization
detector.

A. Ion beams

All ion beams were produced from the corre-
sponding inert gas in the ORNL-PIG source and ac-
celerated by 10.0 kV to produce 30.0-keV beams.
An ion beam of selected m /q is obtained by the use
of crossed electric and magnetic fields. This beam is
transported about 2 m through two stages of col-
limation and differential pumping before entering
the main interaction chamber shown in Fig. 1.
After passing through one-dimensional Einzel
lenses, the beam enters an electrostatic analyzer
which eliminates any ions which have changed
charge due to collisions in the beam-transport sys-
tem. Lorentz deflection due to the electron gun’s
magnetic field is compensated by vertical deflectors
before and after the interaction volume. The ion
beam then enters an electrostatic analyzer which
separates the 3 + charged beam from the further
ionized 4 4+ ions. The 3 4+ ion beam is collected in
a Faraday cup, while the 4 + ions are further de-
flected and focused into a channeltron for counting.
Typical currents at the final ion-beam cup averaged
80 nA, with signal-to-noise ratios ranging from 1 for
Ne*+ to 9 for Xe*+.

The ion beam can be focused, deflected, and/or
monitored at more than 10 points along its path.
Significant time is given to optimizing beam quality
with primary attention given to stable and complete
overlap at the beam intersection, minimum noise in
the signal channel, and maximum (near 100%)
transmission of the beams from the intersection
point to the proper collectors. Ion current to the
apertures at the final analyzer entrance is monitored
and minimized (generally required to be less than
1%) since all ions must be accounted for down-
stream of the interaction volume. An in-line ion
collector is periodically used (with analyzer voltage
off) to monitor beam transmission through the final
analyzer. After the signal-channel exit of the final
analyzer, all lens and deflector voltages are scanned
to assure total collection of the signal ions.
Transmission of signal ions is occasionally further
tested by passing a ¢=4-+ ion beam through the
system and measuring transmission [typically
100(+2)%] of this beam to the channeltron (operat-

ed as a Faraday cup for this test).

Metastable ions in the inicident beam are possible
for all four of these ions. Direct determination of
metastable content of the beams was not possible in
the present experiments. As a first guess, the
metastable-to-ground fraction may be assumed to be
statistical if the average energy of electrons in the
ion source is several times the metastable-to-ground
level energy difference. Such an estimate implies up
to 80% metastable content in the present ion beams.

In all of the present cases, these low-lying metast-
able states have the same outer electron configura-
tion as the ground state (ns’np’). Thus, the cross
section for direct ionization of metastable ions is ex-
pected to have the same energy dependence and
roughly the same magnitude as that of ground-state
ions. At energies where the cross section is slowly
varying (higher energies), little effect is expected in
the measured cross sections due to metastables in the
beam. Features that change quickly with energy,
such as the initial rise in cross section near threshold
or at the onset of indirect ionization (where a
discontinuous increase is expected), may appear to
be shifted, broadened, or perhaps even multistepped
due to the metastables. Thus excitation-
autoionization effects may be more difficult to
analyze because of superposition of several energy-
level schemes as well as the broadening of sharp
features.

The electron configuration for the ground states
of these ions is ns’np>*S,, with the nearby metast-
able levels being np>D° and np32P°. For Ne*
these levels are 5.1 and 7.7 eV above the ground
state, respectively, while for Ar’* the comparable
levels are at 2.6 and 4.3 eV.2” No detailed informa-
tion on metastable levels for Kr** is readily avail-
able. For Xe’*t, there are four metastable levels
within 5 eV of the 5s25p34S9,, ground state.”® It
was not possible to extract the ground-state cross
section or beam metastable fraction from the present
data.

B. Electron beam

The electron gun used in this experiment was
adapted from a design produced at Joint Institute
for Laboratory Astrophysics (JILA) and described
by Taylor et al.?® The electron beam is magnetical-
ly confined. Electron energies are corrected for
space-charge effects. Contributions to the collision
energy due to finite ion velocity range from 0.8 eV
for 30-keV Ne’* ions to 0.1 eV for Xe’*. Possible
shifts in potential at the beam-interaction region due
to the nearby deflector plates are estimated to be less
than 0.1 eV, and are not corrected since the deflec-
tors were operated at low voltage and symmetric to
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minimize this effect.

The energy spread in the electron beam is impor-
tant since any sharp feature in the cross section will
be convoluted with the electron energy distribution.
Based on the features observed in these measure-
ments and in previous measurements under similar
conditions, a 2-eV full width at half maximum
(FWHM) electron-energy distribution is estimated.

C. Uncertainties

The majority of the individual measurements
presented here are independently absolute. The data
and corresponding statistical uncertainties at the 1
s.d. level are listed in Table I and are plotted in Figs.
2—6 when they are larger than the symbols. Addi-
tional systematic uncertainties common to all data
are listed in Table II. These uncertainties are associ-
ated with quantities used in Eq. (2) to obtain the ab-
solute cross section.

Some sets of several data points were normalized
by a constant scale factor to carefully documented
representative absolute calibration points. These re-
normalization factors changed the cross section
values between 1% and 7% and they were applied to
a small fraction of the data. All of the Ne’* data
are independently absolute while about 15% of the
data for Ar** and Kr’* were subjected to renormal-
ization. For Xe’* only data above 490 eV were re-
normalized. The deviations which are removed by
renormalization are probably due to undetected vari-
ations in beam overlap or to a failure to transmit all
of the signal ions to the channeltron. At the highest
electron energies, background gas generation or
electron-beam space charge may produce minor re-
focusing of the ion beam which could cause some
signal ions to be lost (depending on ion beam tun-
ing). These renormalization corrections are general-
ly outside the reproducibility of the absolute calibra-
tion points, which are measured with beam-
component transmissions and beam overlap factors
carefully optimized.

Table II lists absolute uncertainties at a level
judged equivalent to 90% confidence level (CL) for
statistical uncertainties. The statistical uncertainty
(given as 2% at 90% CL for each species) is for a
typical measurement at the peak cross section. The
principal sources of uncertainty are believed to be
measurement of the form factor and transmission of
signal particles to the ionization detector. The total
absolute uncertainty (quadrature combination of all
uncertainties) is +7.4% for each ion at the peak
cross section.

Details of the form factor or beam overlap in-
tegral are discussed elsewhere.*?> The electron
beam is stable and reproducible in position and

shape over the lifetime of the cathode which can be
years depending on vacuum integrity. Thus the
form factor is most sensitive to the ion beam shape
and position, and changes in ion source conditions
or upstream tuning can in some cases produce a re-
lative change in the form factor of several percent
during a measurement. Of course, there are poten-
tial systematic errors in the measurement and calcu-
lation of the form factor (see Ref. 25). In principle,
the present technique could be applied to obtain
form factors with about +1% relative uncertainty
and about 2% total absolute uncertainty but in
practice the precise alignment and numerous repeat-
ed measurements which would be required are not
considered productive. Relative variation of the
form factor during a given set of measurements is
well documented to be less than £2% for our mea-
surements and we estimate total absolute uncertainty
to be £4% for any given cross-section measurement.
For the present data, beam profiles were measured
every 1 to 2 h of data collection time. Form factors
were obtained for selected electron energies so that
values for the remaining energies were interpolated
with variations being no more than 2%.

The channeltron efficiency is assumed to be
0.98+0.02 for the impact of these ions at 30 keV.
The few existing measurements* of the efficiency of
these detectors obtain values near 100% for similar
ion energies and operating conditions. Particle-
counting efficiency also includes the ability of the
electronics to process pulses originating in the
channeltron. No change of the pulse-processing ef-
ficiency (0.98+0.02) was observed during the time
period of the measurements. Transmission of the
ionized signal particles from the beam-interaction
point to the channeltron is taken to be 100% for the
present measurements as described under the “ion-
beam” heading above. However, this total transmis-
sion factor cannot be as readily checked during the
course of cross-section measurements as other
parameters and a fairly large uncertainty (+4%) has
therefore been allowed. The product of these
factors—channeltron efficiency, pulse-processing ef-
ficiency, and signal particle transmission—
constitute the efficiency factor D in Eq. (2), which
has been taken to be 0.96+0.05 for all measure-
ments.

The uncertainties in electron- and ion-current
measurements allow for both the uncertainty in ac-
tual measurement of the final collected current and
in the transmission of the primary particles from the
collision point to the current collectors.

Background modulation is always a danger in
crossed-beams measurements. Careful tuning and
chop frequency variations revealed no modulation
problems in these measurements (except for varia-
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TABLE 1. Experimental electron-impact-ionization cross sections (107! cm?. Uncertain-
ties are 1 s.d. (statistics only).

Energy
(eV) Ne’+ Ar’t Kr3t Xe*t
335 —0.2740.33
36.0 —0.05+0.31
37.7 —0.03+0.26
39.3 0.33+0.22
40.3 0.01+0.38
41.3 2.4740.23
423 3.98+0.40
432 9.22+0.18
44.3 0.21+0.77 11.9340.25
452 15.83+0.26
46.3 —0.20+0.42 22.31+0.25
47.3 26.75+0.42
48.3 1.4940.25 24.3140.27
49.7 24.84+0.24
50.4 6.70+0.25
51.2 28.29+0.29
52.3 —0.09+0.11 10.57+0.20 29.69+0.45
53.2 30.11+0.34
54.4 0.35+0.16 14.69+0.26 30.98+0.36
55.2 33.38+0.35
56.2 19.56+0.27 33.8940.30
57.0 1.0940.17 35.25+0.35
58.3 22.04+0.55 35.95+0.36
59.0 2.66+0.16 35.79+0.49
60.2 25.53+0.28 39.83+0.87
60.8 4.50+0.17 42.43+0.40
62.2 29.18+0.21 46.96+0.37
63.1 6.57+0.16 48.65+0.41
64.2 30.71+0.39 51.06+1.25
64.9 7.76+0.16 55.46+0.43
66.2 33.52+0.18 61.35+0.44
66.9 9.59+0.17 60.66+0.61
68.1 55.75+0.56
68.9 10.32+0.14 32.1140.21 58.51+0.37
70.1 34.03+0.22 60.26+0.93
70.8 11.40+0.16
71.6 68.05+0.26
722 33.84+0.21
729 11.88+0.32 68.15+0.67
74.3 12.3240.17 34.07+0.43 68.07+0.50
75.0 69.98+0.46
76.2 12.98+0.17 35.58+0.56 71.49+0.47
77.0 71.38+0.45
78.1 36.12+0.45
79.0 75.94+0.33
80.1 35.63+0.26
80.8 76.7310.30
81.8 14.28+0.16 34.61+0.33
83.9 35.2240.36 80.99+0.53
86.2 15.40+0.17 35.82+0.37 86.68+0.57
86.8 83.11+0.55
88.0 36.25+0.25

89.8 36.07+0.32 84.61+0.38
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TABLE 1. (Continued.)

Energy
(eV) Ne+ Ar’*t Kri* Xedt
91.0 15.92+0.17 87.05+1.09
91.9 35.23+0.26
92.5 0.32+0.20 83.04+0.70
94.4 0.09+0.24 34.50+0.20
95.7 35.64+0.24 87.00+0.21
96.5 0.52+0.24 16.73+£0.08
97.7 35.39+0.36
98.5 0.69+0.20 83.50+0.69
100.0 1.33+£0.20 34.58+0.37
101.6 1.49+0.12 82.26+0.52
103.6 83.90+0.37
104.3 2.06+0.29 80.33+0.55
105.9 2.24+0.13 17.49+0.36 35.72+0.18
107.8 2.234+0.31 78.22+0.41
1100 2.32+0.29
111.3 2.63£0.12 76.27+0.21
114.0 3.02+0.21
115.8 3.4940.11 35.62+0.26
118.0 3.34+0.27
120.3 3.69+0.18 17.94+0.19 71.11+0.42
121.8 4.05+0.10
123.9 3.50+0.22
125.5 4.2110.11 33.92+0.19 65.98+0.37
130.7 4.36+0.22 18.02+0.13
1327 63.08+0.25
135.6 5.11£0.09 32.62+0.19
140.4 4.83+0.17 57.77+£0.27
145.2 5.50+0.06 17.94+0.16 31.29+4-00.15 59.20+0.61
155.1 5.52+0.14 30.12+0.30 53.45+0.26
157.4 54.25+0.24
165.2 5.94+0.14 28.55+0.30
170.0 7.05+0.29 17.36+0.13 48.69+0.20
175.0 6.46+0.10 28.14+0.29
182.0 49.13+0.21
184.7 6.78+0.07 27.86+0.25 46.92+0.30
194.4 7.16+£0.07 17.40+0.12 27.92+0.24 48.31£0.37
199.2 46.02+0.21
214.2 7.45+0.08 26.95+0.10 44.85+0.29
219.0 17.28+0.08 47.64+0.33
228.8 43.79+0.31
234.1 7.76+0.06 25.95+0.18
243.8 17.33+0.09 43.23£0.18
2539 7.61+0.06 24.35+0.15
268.4 16.64+0.08 40.0 +0.11
273.6 8.03+0.08 23.34+0.15
293.2 8.05+0.06 15.90+0.08 22.13+0.15 39.11+0.17
317.7 7.85+0.08 37.55+0.37
342.7 7.87+0.04 14.51+0.07 20.12+0.08 35.141+0.10
367.4 7.6610.06 33.51+£0.57
391.8 7.75+£0.04 13.24+0.05 18.29+0.08 32.45+0.10
416.9 7.56+0.06
440.5 29.54+0.10
441.7 7.29+0.03 12.27+0.17 17.05+0.07
466.3 7.41+0.04

729
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TABLE 1. (Continued.)

Energy
(eV) Ne3+t Ar’t K+ Xel+
489.8 28.05+0.10
491.1 7.48+0.04 11.55+0.04 15.65+0.07
492.4 6.97+0.04
540.8 11.07+0.04
542.3 6.90+0.04 14.89+0.23
590.4 10.49+0.04
591.6 6.37+0.04 13.67+0.19 25.14+0.08
640.8 6.36+0.06 9.68+0.05 12.84+0.19
690.2 6.01+0.04 9.05+0.02 11.90+0.16 22.83+0.05
789.6 5.76+0.07 8.62+0.03 10.69+0.13 20.77+0.05
888.0 8.10+0.03 20.45+0.13
889.5 5.49+0.06 9.74+0.05
986.8 7.58+0.01 18.2940.06
989.0 5.49+0.02 9.07+0.05
1188.0 4.84+0.04
1235.0 16.66+0.06
1481.0 5.40+0.01 14.29+0.05
1486.0 4.2340.02

tions of a few percent occasionally observed for the
highest energies) and no uncertainty is allowed for
background modulation. One of the most convinc-
ing arguments against the presence of two-beam
background modulation in these experiments derives
from the measurements of zero cross sections below
threshold. For interacting beam experiments it is
convincingly asserted that the most important mea-
surement is the one below threshold.’!-*?

TT T L B E S O
; oSo T %0t 0
S
&; 6 — o ."'g. -
o * Qe
% 5 '\'\
4 4? &
3 <&
° N e+ Ned —Ne® + 2
ok @ y
°
°
o LY 1 1 [ |
100 200 500 1000

ELECTRON ENERGY (eV)

FIG. 2. Electron-impact-ionization cross section for
Ne’+t. Present data (solid points) are shown with statisti-
cal uncertainties (1 s.d.) for every measurement where
they are larger than the size of the plotted points. Total
absolute uncertainty at good confidence level is +7.4% as
shown at 295 eV. Also shown are -calculations:
Younger’s DWX (solid line) and Lotz calculations
(dashes).

III. RESULTS AND DISCUSSION

A. Née3t

Figure 2 shows the cross section versus electron
energy for ionization of Ne**. The data rise
smoothly from the threshold for direct ionization of
the outer electrons to the peak cross section of
8% 10~ '8 cm? at an interaction energy of about 280
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FIG. 3. Electron-impact-ionization cross section for
Ar**. For the present data (solid points), the statistical
uncertainties are typically the size of the points. The
heavy error bar at 130 eV is the total absolute uncertainty
(£7.4% at good confidence level). Also shown are
crossed-beams measurements by Miiller et al. (open cir-
cles), Younger’s DWX theory (solid line), and Lotz calcu-
lations (dashes).
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FIG. 4. Bethe plot of electron-impact ionization of
Ar’*. Present data (solid circles), Younger’s DWX calcu-
lations (solid curve), and Lotz predictions from Eq. (1)
(dashed curve) are shown.

eV. The onset of direct ionization of the 2s elect-
rons at 116.3 eV does not significantly affect the to-
tal ionization. Direct ionization of the 1s electrons,
at 971 eV, is just below the upper energy limit of the
present data and has no detectable effect on total
ionization. There are no unusual features in the
shape of the cross section.

The rise of the Ne** cross section below 97.1-eV
ionization limit for the *S ground state indicates a
significant metastable content in the parent ion
beam. Also plotted in Fig. 2 is the Lotz calculation
[see Eq. (1)] of the direct ionization cross section.
Good agreement is found at all energies, even with
this simple ionization model. Even though the
distorted-wave calculations (including exchange) by
Younger?! differ from the Lotz predictions by no
more than 3%, Younger’s cross sections are seen to
be in slightly better agreement with the experimental
data in the 300—600-eV range.

40 T TTT T TTTTTTTT
el
32 Q *e —
: .
—_ _/‘ AN
< . Pid ®e \\\
S 24 - 7 L ~. —
@ N / . ~o
P .
g . I/ . . \\\
3 16 / . ~—
b / L
/ .
* 4 . ..
Ll Ll
/ e +Ke3 e ket 4 2e
'
olagr 111l [ B |
50 100 200 500 1000

ELECTRON ENERGY (eV)

FIG. 5. Electron-impact ionization of Kr**. Present
data are solid circles with statistical uncertainties (1 s.d.)
shown only for the two lowest points where statistics
exceed symbol size. Error bar at 105 eV is the total abso-
lute uncertainty at good confidence level. Also shown are
Lotz calculations from Eq. (1) (dashes; d-electron contri-
bution was scaled by %).
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FIG. 6. Electron-impact ionization of Xe3*. Statistical
uncertainties (1 s.d.) are typically the size of the plotted
data points. Total absolute uncertainties (good confidence
level) are +7.4% shown at 96 eV. Also shown is the Lotz
calculation (d-electron contribution scaled by %). Inset:
Estimated indirect contribution (experiment with Lotz
subtracted) to Xe** ionization cross section. Solid line is
E 3 falloff, characteristic of nondipole-allowed excitation
to autoionizing levels.

B. Ar’t

The cross section versus electron energy for ioni-
zation of Ar’* is shown in Fig. 3. Direct ionization
is expected to begin at 59.8 eV for the outer 3p elect-
rons, and ionization of the 3s electrons is expected at
74 eV (no significant contribution is observed).
Inner-shell electrons may be directly ionized at 308
eV (2p electrons) and at 383 eV (2s electrons). The

TABLE II. Uncertainties. All uncertainties are good
confidence level (equivalent to 90% CL on statistical un-
certainties). Uncertainties listed apply to Ne’*, Ar’*,
Kr’*, and Xe’*.

Uncertainty
Source (in %)
Statistical uncertainty (typical
value at peak cross section at 90% CL) +2
Form factor (total absolute
uncertainty) +4
Additional systematic uncertainties:
Particle-counting efficiency +3
Transmission to signal ion detector +4
Ion current +2
Electron current +2
Ion and electron velocities +1
Quadrature sum:
Typical total uncertainty
(good confidence) +7.4
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two most interesting features of the measurements
are the rise below the 60-eV threshold for ionization
of the ground state (3p>*S) and the energy depen-
dence at the maximum cross section, which is essen-
tially constant from 100 to 240 eV. The rise below
the ground-state threshold is due to metastables in
the ion beam, as discussed in Sec. IT A above.

A more subtle feature of the cross section is the
rise from 57 to 70 eV which is faster than expected
for direct ionization (for example, compare the ex-
perimental slope in this range to the slope of
theories in the corresponding cross-section range).
We suggest that this enhancement is due to indirect
effects, such as excitation of an inner 3s electron to
autoionizing states. This low energy excitation-
autoionization enhancement could persist to quite
high energies. In addition, the small feature begin-
ning near 180-eV is attributed to excitation of inner
2p electrons followed by autoionization. This 2p-nl
excitation may be to a number of final configura-
tions (nl) and should have some of the same general
character as the 2p-nl excitation autoionization
which has been studied for Na-like ions.'®!® The
net effect of the indirect processes for the Ar’* case
appears to be that the cross-section maximum is
broader than expected from direct ionization alone.

Neither of the theories shown in Fig. 3 include
metastable or indirect ionization contributions.
Thus these theories might be expected to underesti-
mate the measured cross section. Younger’s DWX
shows this expected comparison but the Lotz result,
calculated from Eq. (1), is somewhat too high, parti-
culary at high energies, as is often the case for light
ions.*

Measurements of the electron-impact-ionization
cross section for Ar’* have previously been reported
by Miiller et al.'' (open circles in Fig. 3, shown with
1 s.d. absolute uncertainties). The present results
show good agreement with the previous measure-
ments in cross-section shape, but the present results
are up to 12% higher near the cross-section max-
imum, with better agreement at high and low ener-
gies. Even the 12% discrepancy is well within the
combined absolute uncertainties of the experiments.

Figure 4 is a Bethe plot of the present data and
theories. The influence of the ion-beam metastable
content is clearly seen at low energies, where the ex-
perimental results appear high. This plot is particu-
larly sensitive at high energies where any trends are
magnified by the energy multiplication factor. The
present data and Younger’s DWX calculations are in
good agreement over the entire energy range, and in
particular, have the same slope at high energies.
The Lotz calculations diverge, suggesting an overes-
timate of 2p® direct ionization by the Lotz formula
in this case.

C. Kr**

The ionization cross section versus electron ener-
gy for Kr*+ is shown in Fig. 5. Direct ionization of
the ground state 4p>*S;, outer electron is expected
at 50 eV, while ionization of the 4s and 3d inner-
shell electrons begins at energies of 67 and 137 eV,
respectively.

The experimental ionization onset is observed be-
tween 46 and 48 eV, indicating the presence of
metastable ions. There is evidence for indirect ef-
fects close to the onset of ionization. The cross sec-
tion rises more steeply than expected from threshold
to about 80 eV, and then is essentially constant at a
value of 35%x 1078 cm? to 115 eV. The steep rise
and level behavior suggest a series of excitation-
autoionization onsets. The decrease in cross section
from 115 to 165 eV is more suprising than might
appear at first glance, since the direct ionization
cross section should be increasing in this energy
range. Analysis of the cross section is complicated
by uncertainty in the magnitude of the direct pro-
cess, but the ionization fall-off with the Lotz contri-
bution subtracted closely approximates an E ~* ener-
gy dependence (where E is the electron energy),
characteristic of nondipole-allowed transitions.*?
One may speculate that the 3d electrons in Kr’t are
primarily responsible for unusual energy dependence
observed in this cross section. Excitations of orbi-
tals 3d-nl followed by autoionization could be re-
sponsible for most of the enhancement of the cross
section over direct ionization. Excitation of 3d
electrons contributing to photoionization of neutral
Kr has been identified.***> However, an unusual
enhancement observed in the direct photoionization
of 3d electrons® is not apparent above the 3d direct
ionization threshold in the present measurements.

Also shown in Fig. 5 are Lotz predictions for the
direct ionization of Kr'*. The Lotz predictions
[from Eq. (1)] probably provide an upper limit for
the direct ionization cross section. As has been not-
ed, only half of the full d electron contribution to
the cross section has been included in these calcula-
tions, but the Lotz predictions still overestimate the
cross section by 67% at 1000 eV. It is obvious from
Fig. 5 that the Lotz formula seriously underesti-
mates the total ionization cross section at lower en-
ergies (less than 150 eV) due to neglect of indirect
processes.

D. Xe&’*

The cross section for ionization of Xe** is shown
in Fig. 6. Ionization from the 5p3*%S;,, ground state
begins at 42 eV, with the 5s and 4d electrons ioniz-
ing at 53 and 104 eV, respectively.”® Some metast-
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able contribution at or below 37 eV is to be expected,
as discussed in Sec. IT A.

The arresting feature of the Xe** ionization cross
section is of course the bump centered at 90 eV.
This structure has the appearance of a resonance,
but has a 60-eV FWHM and more than doubles the
total cross section at its peak. At higher energies
(above 200 eV) the cross-section shape and magni-
tude appear to be normal for direct ionization.

It appears that the Lotz cross section provides a
good estimate of the direct ionization of Xe’*, at
least at medium and high energies (above 200 eV).
As has been discussed, only half of the contributions
of the d electrons has been included in the Lotz cal-
culation. The inset in Fig. 6 shows the experimental
data from 42 to 160 eV with the Lotz contribution
(representing direct ionization) subtracted. This in-
set will be most useful in discussing the unusual ef-
fects observed in Xe* ionization.

There are fairly abrupt increases in the ionization
cross section centered at 45, 64, and 71 eV with ad-
ditional unresolved or smaller features at higher en-
ergies. The two lowest energy features (40—48 eV
and 60—67 eV) are wider than our electron energy
resolution, suggesting that more than single excita-
tions are involved. In addition, attempts to calculate
the energy levels of Xe** have not predicted au-
toionizing levels at such low energies.?® The
features centered at 45 and 64 ¢V may be due to
recombination resonances which decay by double
autoionization. Such recombination resonances
would extend to energies below the corresponding
excited states and could broaden the expected excita-
tion features.'>1

Recombination resonances might modify the low
energy onset of excitation autoionization, but the
bulk of the peak in the Xe** cross section must be
due to excitations of the type 4d —nl which then au-
toionize. Numerous candidate excited levels lie in
the region 70—90 eV.?® However, the falloff of the
cross section between 100 and 160 eV is surprising.
The solid curve, in the inset of Fig. 6, has an energy
dependence E —3. This falloff suggests that the exci-
tation autoionization proceeds dominantly through
nondipole-allowed excitation transitions. Similar
energy dependence is predicted®® in the calculated
indirect ionization cross section for Sb>*.

A broad feature remarkably like the bump seen
here was observed in photoionization of neutral Xe
nearly 20 years ago,’” and a few years later in photo-
absorption.3* This much-discussed “hump” was at-
tributed to promotion of 4d electrons to continuum
f levels®® and occurred just above the 4d ionization
threshold. Unusual effects and their causes have
been discussed for various processes in neutral and
ionized Xe,**~* and similar effects have been ob-

served in neighboring elements.*~%¢ The feature
observed in the photoionization of Xe and nearby
atoms is due to unusually large direct ionization in
the 4d —ef (continuum) channel.*® A similar pro-
cess in the present Xe’* data would contribute at
energies no lower than the 102-eV threshold for
direct 4d ionization. In fact, the measured cross sec-
tion is decreasing unusually fast in this energy range
with no apparent features. Thus the overall bump in
the Xe** data is believed to be due to excitation of
4d electrons followed by autoionization rather than
unusual direct 4d ionization. In comparison, the
photoionization of Ba and Ba?* provides a similar
trend,® since for Ba direct 4d photoionization pro-
duces a broad dominant feature while for Ba’t,
4d —nf excitation followed by autoionization dom-
inates. The general features of the Xe’* ionization
cross section, including the large bump, have also
been observed in crossed electron-ion-beams experi-
ments at Giessen*’ and additional experiments with
other Xe ions are in progress in both laboratories.

E. Rates

Modeling the behavior of atomic species in a plas-
ma requires a convolution of cross sections with a
probability distribution over electron energies. It is
generally assumed that the electron energies in a
typical plasma can be represented by a Maxwellian
distribution. To facilitate the utilization of the data
presented here, Table III lists ionization rates for all
four ions, corresponding to a convolution of the
measured cross sections (extrapolated to higher ener-
gies than the experiments by scaling the Lotz predic-
tions to match experiment at the highest energy
measured) with a Maxwellian electron distribution.
The computer code used for the convolution was
developed at JILA*® according to the formula
172

(a )1/ 2

(ov)=

e

x [” o(EXE/a)e~E/*d(E /a), (3)

where the rate (ov) is expressed in units of cm?®/s,
m, is the electron mass, a is kT, (where T, is the
electron temperature), and o(E) is the cross section
at electron energy E.

The rates for ionization of Ne’*, Ar’*, Krit,
and Xe3* are plotted in Fig. 7. Also plotted are the
rate coefficients calculated using Lotz cross sections
for the same species. Lotz rates may be approximat-
ed by a simple analytic formula to within a few per-
cent.'® Because of the universality and simplicity of
the Lotz rate formula, it is the most common source
of rates for plasma modeling and analysis.
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TABLE III. Experimental rates for triply charged inert gases (107'° cm?/s).

Equivalent
Temperature energy
(10° K) (eV) Ne3+ Artt Ko+ X3t
0.1 8.6 0.86 2.49
0.15 13.0 1.52 6.08 14.7
0.2 17.3 4.82 16.2 36.7
0.3 259 1.40 15.5 42.4 91.7
0.4 345 3.89 28.1 68.5 146.9
0.5 43.2 7.18 40.2 91.5 189.6
0.6 51.8 11.1 51.3 108.8 224.3
0.8 69.0 19.6 69.8 131.8 268.2
1.0 86.3 27.3 83.7 154.0 299.3
1.5 130.0 41.5 106.2 178.7 347.3
2.0 173.0 51.9 118.2 188.9 350.8
3.0 259.0 63.0 129.1 179.3 360.3
4.0 345.0 74.2 138.5 190.9 360.4
5.0 432.0 79.1 138.5 189.9 357.6
6.0 518.0 87.8 142.6 186.4 353.8
8.0 690.0 85.9 135.0 179.8 350.7
10.0 863.0 87.6 129.7 174.0 337.1
15.0 1295.0 88.2 126.7 162.5 3189
20.0 1726.0 87.0 121.9 154.0 303.8
30.0 2589.0 83.7 1143 141.8 280.7
40.0 3452.0 80.4 108.6 133.0 263.5
50.0 4315.0 77.4 104.0 126.2 250.0
60.0 5178.0 74.8 100.1 120.7 238.9
80.0 6904.0 70.5 94.0 112.1 221.7
100.0 8630.0 67.0 89.2 105.6 208.5
200.0 17260.0 56.2 74.6 86.6 170.1

Trends in the comparison of experimental and
calculated rates in Fig. 7 can be predicted from the
corresponding cross-section curves. For Ne’*, the
rates from experiment and Lotz agree quite well at
all temperatures, just as the cross sections agree.
Ar’* and Kr** Lotz calculations are too low at low
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FIG. 7. Rate calculations from present data (solid
curves) and Lotz rate calculations (dashed curves).

temperatures, and too high at temperatures above
0.7 and 1.5 million degrees, respectively. For Xe’™,
substantial disagreement is seen at lower tempera-
tures, but experiment and theory merge at higher
temperatures. For the important low-temperature
rise in the ionization rates, the experimental values
exceed Lotz by more than a factor of 2 for Kr**
and Xe’*.

IV. CONCLUSIONS

On the simplest level, ionization of the four ions
studied here might be expected to exhibit similar
features. All four are triply charged inert-gas ions,
with p? outer electron configurations, differing only
in their inner-closed subshells. However, the
features observed and the agreements with theory
differ greatly in this series. The total ionization pro-
cess becomes more complicated as the total number
of electrons increase and the increasingly complicat-
ed inner-electron configurations make generaliza-
tions difficult.

The addition of d-shell electrons for the Kr** and
Xe*+ cases appears to provide the most dramatic
enhancements of the ionization cross sections.
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Indeed d-shell electrons have provided a wealth of
unexpected effects in similar studies of neutral
atoms and singly charged ions. On the basis of pre-
vious studies, excitation autoionization could have
been anticipated to enhance the cross sections for
Ar*t, Kr't, and Xe*t, but the sharp falloff ob-
served in both Kr’t and Xe’* was not expected.
The unusual direct 4d ionization process responsible
for a large feature in the photoionization of neutral
Xe is not responsible for the similar appearing
feature in electron-impact ionization of Xe’* since
this direct feature would appear at significantly
higher energy.

The Lotz formula provides a simple and reason-
able estimate of direct electron-impact ionization.
However, the present Ar’* results illustrate that
tractable quantum theory can provide more reliable
results for direct ionization. The interpretation of
the present Kr’* and Xe’* data could be improved
if such theory were available for those cases.
Nevertheless, the dominant problem illustrated by
the present data is the indirect component (princi-
pally excitation autoionization) in complex ions. At
present all theoretical estimates of electron-impact

ionization for complex ions (more than ten elec-
trons) must be viewed as uncertain because of in-
direct effects and, based on the present results, the
greater the electronic complexity the greater the un-
certainty.
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