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Absolute cross sections for electron-impact single ionization of Kr**, Kr’*, and Kr’™" ions
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Absolute total cross sections for electron-impact single ionization of Kr*”, Kr’*, and Kr’" ions have
been measured using a crossed-beams technique from below threshold to 500, 400, and 500 eV, respec-
tively, with absolute uncertainties of 12% or less. The measured cross sections are in good agreement
with distorted-wave calculations and show significant contributions from excitation autoionization.
Nonzero cross sections below threshold for the Kr** and Kr’ ions suggest the presence of metastable
ions in those two species that were extracted from an electron-cyclotron-resonance ion source. Such evi-
dence of metastable ions was not found in the case of the K1’ " ion measurment.

PACS number(s): 34.80.Kw

I. INTRODUCTION

Electron-impact ionization of ions is an important
atomic process in laboratory and astrophysical plasmas.
Accurate cross sections and rate coefficients are required
for modeling and diagnosing these plasmas. Much work
has been done on electron-impact ionization of ions [1],
but cross sections are lacking for several key ions of in-
terest to fusion researchers [2]. In particular, cross sec-
tions for ionization and excitation of krypton ions by
electrons are critical for understanding tokamak plasmas
into which krypton has been injected to facilitate core ion
temperature measurements [3]. Highly ionized krypton
ions will be dominant in the core plasma, but moderate to
low charge states will be abundant in the edge plasma.

In this paper, we report absolute total cross sections
for electron-impact single ionization of Kr**, Kr’*, and
Kr'* ions, with outer shell ground configurations of
4s%4p?, 4s%4p, and 4s, respectively. The only previously
published cross sections for ionization of multicharged
krypton ions were for single ionization of Kr?" [4-7],
Kr’* [4,5,7,8], and Kr®" [9], for double ionization of
Kt (g=2,3,4) [10,11], and for triple ionization of
Kr?* [11]. Cross sections for single ionization of Zn™,
isoelectronic with Kr’*, have also been reported [12].
Since it is not practical to measure the ionization cross
sections for all 36 charge states of krypton ions, we have
concentrated on a few ions for which indirect ionization
processes should be significant [13]. Measurement of the
ionization cross sections for Kr®* was also attempted but
found not to be possible because of extremely high ion
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backgrounds encountered for that system, presumably
due to autoionizing metastables in the ion beam.

The ionization cross sections reported here were mea-
sured using the Oak Ridge National Laboratory (ORNL)
electron-ion crossed-beams apparatus. The results will be
compared to distorted-wave calculations for direct and
total ionization given in the following paper [14].

II. EXPERIMENT

The experimental method and ORNL crossed-beams
apparatus have been described in detail elsewhere [15], so
only a brief overview will be presented here. However, a
recent modification to the apparatus, changing from a
magnetically confined electron gun [16] to an electrostati-
cally confined one, will be discussed in some detail. A
schematic drawing of the apparatus is shown in Fig. 1.

A. Ion and electron beams

Krypton ions are extracted from the recently upgraded
ORNL electron-cyclotron-resonance ion source at 10 kV
and analyzed by a 90° magnetic analyzer. After travers-
ing a few meters of beamline and optics, the ion beam is
“purified” by a 90° parallel-plate analyzer before entering
the collision volume where it is crossed by the electron
beam. Downstream of the collision volume, a double-
focusing magnet deflects the product Kr'9 1" jons by
90° dispersing them from the primary Kr?" ion beam.
The product ions are then deflected through 90° out of
the plane of the magnetic deflection and onto a channel
electron multiplier. The primary krypton ions are col-
lected in a movable Faraday cup shown in Fig. 1. The
position of this cup depends on the charge ratio of the
primary and product ions.

The electron gun employed uses electrostatic
confinement of the beam instead of the previously used
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magnetic confinement scheme [16]. The new electron
gun is expected to have a higher energy resolution than
the previous one, which will facilitate measurements in-
volving higher charge states, and will make possible fu-
ture studies of ejected electrons. Details of this electron
gun have been published [17]. The gun, collision volume,
and collector are magnetically shielded so that fields in
these regions are less than 40 mG. After passing through
the collision volume, the electrons are driven by a trans-
verse electric field onto a collector plate covered with
metal “honeycomb.” Electron current to the box sur-
rounding the collision volume is always less than 1% of
the total electron current. However, at electron energies
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FIG. 2. Absolute cross sections as a function of electron-
impact energy for single ionization of Kr**. The present exper-
imental results are indicated by the solid circles with relative
uncertainties at the one-standard-deviation level. The curves
are results of configuration-average distorted-wave calculations:
dotted curve, direct ionization only; solid curve, direct ioniza-
tion plus excitation-autoionization (Ref. [14]).
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FIG. 1. Electron-ion
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paratus. See text for explana-
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less than 150 €V, a fraction of the electron current pass-
ing through the collision volume strikes a shielding elec-
trode between the collision box and the collector. This
fraction ranges from less than 2% at 125 eV to about
20% at 40 eV. Some of the electrons striking this collec-
tor shield pass through the ion beam,; this was verified by
beam profile measurements using the current to the
shield. The measured electron current is the sum of the
currents to the collector and the shield. During data tak-
ing, the electron beam is chopped at 50 Hz by applying a
square-wave voltage to the extraction electrode of the
gun.

The profiles of the electron and ion beams in the direc-
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FIG. 3. Absolute cross sections as a function of electron-
impact energy for single ionization of Kr’*. The present exper-
imental results are indicated by the solid circles with relative
uncertainties at the one-standard-deviation level. The curves
are results of configuration-average distorted-wave calculations:
dotted curve, direct ionization only; solid curve, direct ioniza-
tion plus excitation-autoionization (Ref. [14]).
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tion perpendicular to both beams are measured using an
L-shaped beam probe with coplanar slits, each 0.15 mm
wide. A stepping motor drives the probe in accurate
0.15-mm steps over 1.27 cm. The current profiles are
then integrated numerically to yield the “form factor,” a
geometric quantity quantifying the overlap of the two
beams.

TABLE I. Absolute total cross sections for electron-impact
single ionization of Kr**. The relative uncertainties are at the
one-standard-deviation level; the absolute uncertainties (given in
parentheses) are at a high confidence level corresponding to
90% confidence for the relative uncertainties.

E o
(eV) (1078 cm?)
28.5 0.35+0.77 (1.30)
38.6 —0.10%+0.52 (0.88)
434 0.30£0.66 (1.12)
48.7 0.08+0.50 (0.85)
53.4 0.98+0.56 (0.96)
58.7 1.56+0.48 (0.83)
63.4 1.54+0.46 (0.79)
68.0 5.48+0.38 (0.79)
72.9 14.49+0.56 (1.52)
73.5 13.69+0.42 (1.32)
77.8 15.14+0.26 (1.30)
80.0 16.194+0.87 (1.98)
82.5 15.62+0.41 (1.44)
83.8 20.24+1.35 (2.82)
86.0 21.47+1.13 (2.59)
87.7 21.344+0.21 (1.77)
92.7 21.36+0.58 (1.99)
97.6 20.03+0.15 (1.64)
102.5 19.29+0.23 (1.61)
107.6 20.32+0.14 (1.66)
112.6 19.39+0.22 (1.61)
117.6 20.54+0. 14 (1.68)
122.6 19.484+0.14 (1.60)
127.6 20.071+0.10 (1.63)
132.6 19.86+0.25 (1.66)
137.6 20.70%+0.12 (1.69)
142.6 19.92+0.23 (1.66)
147.6 20.26+0.10 (1.65)
152.6 19.32+0.26 (1.63)
157.5 20.54+0.19 (1.70)
167.5 19.01+0.13 (1.55)
172.5 18.48+0.19 (1.53)
177.5 18.94+0.26 (1.60)
187.5 18.64+0.19 (1.54)
197.4 18.11£0.10 (1.48)
222.4 16.98+0.18 (1.41)
247.3 15.91+0.18 (1.32)
272.2 14.99+0.11 (1.23)
297.1 14.43+0.12 (1.19)
322.1 14.05+0.09 (1.15)
347.0 13.61+0.10 (1.12)
372.0 12.71£0.12 (1.05)
396.9 12.58+0.15 (1.05)
421.7 11.11+0.24 (0.99)
446.6 11.00+0.19 (0.95)
471.6 10.60+0.14 (0.89)

The absolute cross section is determined [18] from the
measurements by

2
R gevy;, F
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where o(E) is the absolute cross section at the center-of-

(1)

TABLE II. Absolute total cross sections for electron-impact
single ionization of Kr’*. The relative uncertainties are at the
one-standard-deviation level; the absolute uncertainties (given in
parentheses) are at a high confidence level corresponding to
90% confidence for the relative uncertainties.

E o
(eV) (10718 cm?)
48.7 —0.44+0.98 (1.67)
53.5 —0.24+0.58 (0.98)
58.7 0.53+0.82 (1.39)
63.5 0.45+0.54 (0.92)
68.2 0.57+0.57 (0.96)
73.5 0.37£0.38 (0.64)
75.6 0.82+0.55 (0.93)
77.7 1.37+0.22 (0.38)
79.6 0.37+0.39 (0.66)
81.4 0.59+0.44 (0.75)
82.2 3.05+0.52 (0.92)
83.6 3.70+0.28 (0.56)
86.1 7.59+0.57 (1.14)
88.0 6.75+0.25 (0.69)
89.9 8.12+0.57 (1.17)
92.2 7.76+0.57 (1.16)
93.7 7.65+0.32 (0.82)
96.0 9.24+0.47 (1.09)
98.0 9.30+0.14 (0.79)
102.6 10.52+0.23 (0.94)
107.6 9.87+0.52 (1.19)
112.6 11.75+0.58 (1.37)
117.6 10.40£0.35 (1.03)
122.6 11.79+0.64 (1.45)
127.7 11.92+0.38 (1.16)
132.7 11.70+0.87 (1.76)
137.6 12.19+0.24 (1.07)
142.7 12.80+0.81 (1.72)
147.6 12.374+0.33 (1.15)
152.7 13.20+0.59 (1.46)
157.6 12.72+0.19 (1.08)
162.5 13.25+0.40 (1.27)
167.6 13.61+0.49 (1.38)
172.6 13.43+0.48 (1.36)
177.6 13.82+0.43 (1.34)
182.5 13.184+0.15 (1.10)
187.5 14.02+0.50 (1.42)
192.5 13.80+0.48 (1.38)
197.5 13.81+0.29 (1.22)
222.4 13.79+0.22 (1.18)
247.3 14.04+0.39 (1.31)
272.2 13.89+0.55 (1.46)
297.1 14.29+0.38 (1.33)
322.1 13.64+0.44 (1.34)
347.1 13.39+0.37 (1.25)
372.0 13.46+0.34 (1.23)
396.9 13.40%0.22 (1.15)
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mass electron-impact energy E, R is the product ion
count rate, I,, I;, v,, and v; are the currents and velocities
of the electrons and ions of charge ge, respectively, F is
the form factor, and D is the detection efficiency, which
was estimated [8] to be 98%.

B. Uncertainties

The relative uncertainties shown in Figs. 2—-4 and in
Tables I-III are at the one-standard-deviation level (1
s.d.) and are due to counting statistics only. The varia-
tion of the form factor during each measurement was
negligible and thus is not included in the relative uncer-
tainties. A quadrature sum of the absolute uncertainties
of the measured quantities in Eq. (1), including the rela-
tive uncertainties (at a 90% confidence level, 1.7 s.d.) due
to counting statistics, yields the total absolute uncertainty
at a high confidence level for these measurements, also
given in the tables. A detailed discussion of the absolute

TABLE III. Absolute total cross sections for electron-impact
single ionization of Kr*. The relative uncertainties are at the
one-standard-deviation level; the absolute uncertainites (given in
parentheses) are at a high confidence level corresponding to
90% confidence for the relative uncertainties.

E o
(eV) (1078 cm?)
1179 0.23+0.36 (0.61)
124.0 1.01+0.55 (0.94)
126.2 0.71+0.33 (0.57)
127.9 0.69+0.33 (0.57)
130.1 1.08+0.37 (0.63)
132.4 0.92+0.36 (0.62)
134.0 1.24+0.33 (0.57)
1379 2.03+0.38 (0.67)
1429 3.21+0.47 (0.85)
147.9 3.95+0.21 (0.48)
152.9 4.35+0.36 (0.70)
157.8 4.95+0.32 (0.68)
162.8 5.55+0.48 (0.93)
167.8 5.42+0.33 (0.72)
172.8 5.34+0.23 (0.58)
177.3 5.651£0.44 (0.88)
177.8 5.36+0.37 (0.76)
178.9 6.031+0.45 (0.91)
181.1 6.29+0.42 (0.88)
182.8 6.721+0.27 (0.71)
187.8 6.07+0.33 (0.75)
192.8 6.53+0.34 (0.78)
197.7 6.33+0.21 (0.62)
207.7 6.431+0.29 (0.72)
222.7 6.921+0.34 (0.80)
227.6 6.741+0.25 (0.69)
247.5 7.13£0.21 (0.68)
272.5 7.881+0.32 (0.84)
297.4 7.3410.20 (0.68)
347.2 7.88+0.20 (0.72)
397.1 8.61+0.11 (0.72)
446.8 8.68+0.30 (0.87)
496.6 8.54+0.20 (0.77)
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FIG. 4. Absolute cross sections as a function of electron-
impact energy for single ionization of Kr’*. The present exper-
imental results are indicated by the solid circles with relative
uncertainties at the one-standard-deviation level. The solid
curve is a semirelativistic intermediate-coupled distorted-wave
calculation and the dotted curve is a configuration-averaged
distorted-wave calculation for direct ionization only (Ref. [14]).

uncertainty can be found elsewhere [15]. The systematic
uncertainties include: 4% from the absolute form factor,
49% from transmission of ions to the channeltron, 5%
from signal ion detection and pulse transmission, 2%
each from the measurement of the electron and ion
currents, and 1% from the electron and ion velocities.
As indicated in Tables I-III, the absolute uncertainties
near the peak of the cross sections were typically 9%,
10%, and 12% for the Kr**, Kr’*", and Kr'™ measure-
ments, respectively.

III. RESULTS

Absolute total cross sections for electron-impact single
jonization of Kr?t (g=4,5,7) were measured from below
threshold to 500 eV (400 eV for Kr’°"). The measure-
ments were not extended beyond electron energies of 500
eV because of pressure loading of the apparatus at high
electron energies and currents. The energy resolution of
the electron gun is still uncertain because no sharp
feature, such as a resonance, was found, but the resolu-
tion is expected to be 0.5 eV full width at half maximum
or less. The results for the three charge states of krypton
studied are presented below in separate sections.

A. Kr*t

Absolute cross sections for single ionization of Kr**t
ions by electrons are shown in Fig. 2. The error bars
represent relative uncertainties only, at the one-
standard-deviation level (1 s.d.). The data are also given
in Table I, with relative uncertainties at 1 s.d. and abso-
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lute uncertainties at a high confidence level (see discus-
sion of uncertainties above). The curves in Fig. 2 are the
results of configuration-average distorted-wave (CADW)
calculations for direct ionization only (dotted curve) and
for direct ionization plus excitation-autoionization (solid
curve) for the 4s24p? ground configuration [14]. Excita-
tions were included for 3d —nl (n =4,5,6) and 4s — 6!/
transitions. The configuration-average energy levels, cal-
culated with Cowan’s relativistic Hartree-Fock (HFR)
code [19], are given in Ref. 14, along with those of the
other relevant charge states of krypton.

One set of Kr** data points, with electron energies
ranging from 28.5 to 97.6 eV, showed a monotonic in-
crease of cross section with decreasing energy below 50
eV, indicative of spurious beam effects. This data set was
corrected by subtracting a least-squares fit curve of the
form AE™* (with 4=3.59X10""° cm® eV?) and then
was averaged with the other Kr*" data sets. The mea-
sured cross sections below 50 eV are zero within the ex-
perimental uncertainties. The nonzero cross sections
from about 50 eV to the ground-state ionization thresh-
old [20] of 64.7 eV indicate the presence of metastable
jons in the Kr*" beam, possibly in the 4s4p’
configuration which lies 16.2 eV above the ground state
[20]. Assuming a metastable threshold of 48.5 eV, the
point at 63.4 eV, just below the ground-state threshold,
corresponds, to an energy of 1.31 threshold units. Using
the assumption that the ionization cross section is essen-
tially the same from the ground and metastable
configurations when the energy is expressed in threshold
units, we estimate that the metastable fraction of the
Kr*" ion beam was 0.076+0.030.

The measured cross sections are in good agreement
with the CADW calculations for the ionization of the
Kr** ground configuration, particularly above 125 eV
and since about 10% of the cross section appears to be
from metastable ions. In the region between the
ground-state threshold and 125 eV, where the largest
contributions from excitation-autoionization occur, the
measured cross sections are significantly larger than the
CADW predictions, although the difference is less than
15% above 110 eV.

B.Kr’"

Figure 3 shows the measured absolute total cross sec-
tions for electron-impact single ionization of Kr’" from
below threshold to 400 eV, with the error bars represent-
ing 1 s.d. relative uncertainties only. The data are also
given in Table II, with relative uncertainties at 1 s.d. and
absolute uncertainties at a high confidence level (see dis-
cussion of uncertainties above). The curves in Fig. 3 are
the results of CADW calculations for direct ionization
only (dotted curve) and for direct ionization plus
excitation-autoionization (solid curve) for the 4s24p
ground configuration [14]. The energy levels for the exci-
tations included, as calculated with Cowan’s HFR code
[19], are given in Ref. [14].

Nonzero cross sections between 60 eV and the
ground-state ionization threshold [20] of 78.5 eV indicate
Kr’" ions in a metastable configuration, most likely a
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4s4p? configuration whose configuration-average energy
is 13.98 eV above the ground state. Taking the metasta-
ble ionization threshold to be 64.5 eV and making the as-
sumptions used for estimating the Kr** ion beam meta-
stable fraction, we calculate that the metastable fraction
was 0.163+0.037 for the Kr’t ion beam.

For electron energies above 125 eV, the measured cross
sections for ionization of Kr°" are in excellent agreement
with the CADW predictions. However, as for the Kr**
case, the measured cross sections between the ground-
state threshold and 125 eV are consistently higher than
the CADW calculations.

C. Kr't

Measured absolute total cross sections for electron-
impact single ionization of Kr’" are plotted in Fig. 4,
with the error bars representing 1 s.d. relative uncertain-
ties only. Table III gives the measured data along with
absolute uncertainties at a high confidence level
(equivalent to 90% confidence level for the relative uncer-
tainties). The dotted curve in Fig. 4 is a CADW calcula-
tion for direct ionization of the 3d'%4s ground
configuration. The solid curve is a semirelativistic
intermediate-coupled distorted-wave (DWIC) calculation
including both term dependence and relaxation effects
[14]. As a guide, configuration-average energies (LS cou-
pling) calculated with the HFR code [19] are also given
in Ref. [14].

The zero cross section below the ground-state thresh-
old [20] of 125.8 eV indicates an absence of metastables in
the Kr’'" beam. Excellent agreement exists between the
measured cross sections and the theoretical predictions,
from the ionization threshold up to 500 eV. The largest
difference between the two is about 15% near 190 eV, al-
though the difference is much smaller over most of the
measured energy range. When contrasted with the re-
sults of the Kr** and Kr’' cases, the improved agree-
ment achieved for the Kr’" ions emphasizes the need for
term-dependent calculations in order to predict the con-
tribution of excitation-autoionization to the total cross
section near threshold.

Although no sharp feature such as a resonance was
found, an upper limit of 2.5 eV for the electron energy
resolution for the electrostatic gun can be inferred from
the measured excitation onset near 178 eV.

IV. SUMMARY

Absolute total cross sections for electron-impact single
ionization of Kr?* (¢ =4,5,7) ions were measured using
the ORNL crossed-beams apparatus, with absolute un-
certainties of 12% or less. The measurements agree well
with distorted-wave calculations detailed in the following
paper, although there are some discrepancies near thresh-
old for the configuration-average calculations done for
the Kr*" and Kr’" cases. Agreement was greatly im-
proved by the term-dependent calculations used for
Kr’t. Metastable fractions of 0.076+0.030 and
0.163+0.037 were estimated for the Kr** and Kr’ " ion
beams, respectively. An absence of metastables was in-
ferred for the Kr't ion beam. The ionization cross sec-
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tions for all three ions showed significant contributions
from excitation-autoionization, particularly near thresh-
old, as expected from published results on the xenon
isonuclear sequence [13].
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