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Reaction Chart. Data available in this report series. Notation: 1 indicates that information is 
found in Ref. 1 ,  ORNL/TM-7020; 2 refers to Ref. 2, ORIWTM-9501; and I indicates that the 
data are found in this report. The reactions listed are single ionization of the listed ion except 
where noted for double (7) and triple ($) ionization. 02+ is only discussed in the text in this 
report. Additional measurements in this report include ionization of CD4+ and dissociation of 
H30f, D30', and CD;. 
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Electron-Impact Ionization of Multicharged Ions 

at ORNL: 1985 - 1992 

D. C. Gregory and M. E. Bannister 

ABSTRACT 

Absolute cross sections are presented in graphs and tables for single ionization of 

forty-one ions, multiple ionization of four ions, and for dissociation and ionization of two 

molecular ions by electron impact. This memo is the third in a series of manuscripts 

summarizing previously published as well as unpublished ionization cross section 

measurements at ORNL; contents of the two previous memos are also referenced in this 

work. All work tabulated in this memo involved ion beams generated in the OWL-ECR 

ion source and utilized the ORNL electron-ion crossed beams apparatus. Target ions 

range from atomic number Z=8 (oxygen) to 2=92 (uranium) in initial charge states from 

+1 to +16. Electron impact energies typically range from threshold to 1500 eV. 

I. INTRODUCTION 

Our understanding of the atomic processes which are important in the ionization 

of atomic ions has progressed greatly in the last decade, primarily due to numerous 

collaborations between theoreticians and experimentalists involving ions of widely varying 

atomic number and charge. Advances on the experimental side in ion sources, energy 

resolution, and data collection and analysis techniques have inspired more sophisticated 

theoretical models and calculations. Similarly, theoretical insights and advanced 

computational techniques have led to predictions which guided experimentalists toward 

more meaningful work. 

As a result of the understanding gained from this symbiotic relationship, the cross 

section for ionization of any given ion by electron impact could probably be calculated 

within 20% today, given relatively modest resources and attention. This was certainly not 

true 15 years ago, when direct ionization was considered by most modelers and other 

cross section users to be the only important process for almost all ions. It is now 
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understood that various indirect processes contribute to, and indeed often dominate, total 

ionization. 

One of the purposes behind the collection of measurements summarized here is 

a search for "interesting" cross sections, those that reveal unexpected or seemingly 

unexplainable fcatures. It is these surprises that lead to advances in our understanding of 

the ionization process. Another theme behind the measurements involves the interests of 

the fusion energy community. This research project receives primary support from DOE'S 

Office of Fusion Energy, and it has emphasized specific data needs of the fusion program 

as an important part of the quest for general understanding discussed above. The targets 

presented here are dominated by metallic ions in relatively high charge states, typical of 

impurities commonly found in fusion research plasmas. The final theme found in this 

data collection is the study of trends along isoelectronic (same number of electrons) and 

isonuclear (same element) sequences. These sequences seem to provide the simplest 

trends to guide our understanding of the processes being studied. In addition, some of 

the measurements were made because they were interesting to the experimenters, 

convenient, or being used to test and confirm our experimental capabilities. 

11. EXPERIMENTAL METHOD 

The experimental technique and ion source have been described and 

the references provide considerable detail which will not be repeated here. In general, the 

experiment consists of well-characterized ion and electron beams which intersect at 90". 

Ions which are further ionized by the electron beam are selected by charge state and 

counted. Accurate measurement of critical quantities allows the cross sections to be put 

on an absolute scale. 

Ion Source 

Figure 1 shows a schematic of the ORNL-ECR (Oak Ridge National Laboratory 

Electron Cyclotron Resonance) ion source.4o The source includes unique features in its 

design, although it is similar to several other ECR sources currently in use. For most of 



3 

FIELD SHAPING 
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Fig. 1. O W L  ECR Multicharged Ion Source. 

its eight-year tenure as the primary source for this research group, it was the only ECR 

source in the world dedicated solely to atomic physics research. The source is currently 

inactive, having just been replaced by a more powerful unit, but will be repositioned for 

further use in the same laboratory in the near future. 

In general use, a gas is introduced into the first stage, where a small ECR surface 

produces low charge-state ions. These ions drift into the low-pressure second stage, 

where they are further ionized by electrons accelerated by a larger ECR surface. The 

entire source floats at the acceleration potential (generally 10 kV), and ions are extracted 

by acceleration to the ground potential at the exit of the source. A mixture of gases is 

sometimes used to influence the distribution of charges in the extracted beam, enhancing 

the production of either higher or lower charges. Most metals are not readily available 

in acceptable gases, and another method had to be found to introduce metal vapor into the 

source. Usually, a thin foil is attached to an insulated arm in the second stage ofthe ECR 
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source; the foil can then be raised using an external manipulator until it approaches the 

ECR region. The foil then melts or, if thin enough, slowly vaporizes. There is some 

evidence that a major source of metal vapor is recycled material deposited on the chamber 

walls. 

The metastable content of ion beams extracted from ECR ion sources is still under 

study. In general, ECR sources are Ilhotytl producing extracted ion beams with a wide 

range of charge states. As a rule of thumb, if a source has the energy to produce a 

significant number of ions in charge states higher than the one of interest, it has plenty 

of energy to produce metastable ions in the species of interest. If such metastables live 

long enough to reach the experimental region, the threshold for electron-impact ionization 

will be observed at an energy lower than that expected for ground-state ions. For most 

of the measurements summarized here, the metastable fraction of the target beam was 

determined, or estimated as accurately as possible. 

Ion Optics 

Two different techniques were used to separate signal ions from the main ion 

beam for this data. Prior to 1985, a parallel-plate analyzer was utilized to separate the 

signal ("ionized ions") from the main ion beam." Using that apparatus, physical space 

limitations in the collision chamber limited the range of charge states that could be 

studied. The parallel plate separator could not be made large enough to effectively 

separate beams with initial/final charge ratios greater than 6/7. In addition, apertures had 

to be used to separate the beam paths in order to block scattered particles and even 

photons from the ionized ion detector. Tens of counts/sec of false signal (out of lo1' 

ions/sec in the main beam) would dominate the real signal. A final drawback to the 

parallel-plate analyzer was that the chamber had to be opened and modifications made for 

almost every change in initial-to-final-ion charge ratio. In order to overcome these 

limitations, a new ion analysis apparatus was developed. 

Figure 2 shows the apparatus used for the great majority of the measurements 

presented here. The main chamber houses the initial ion optics, a parallel-plate analyzer 

to reject ions which change charge along the flight path from the ion source, the electron 

gun and interaction volume, and some post-collision steering optics. The ion beams then 

enter a double-focusing 90" analyzing magnet. The signal ions are directed into a channel 
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electron multiplier, while the main beam is captured in a deep Faraday cup. The ions 

effectively see no apertures after the collision volume so that the possibility of "slit- 

scattering" is virtually eliminated. The double-focusing magnet focuses the collision 

volume onto the signal ion detector so that a %pot" signal is obtained. The ion analyzer 

is known as "PACMAG" because of the physical resemblance of the analyzing magnet to 

the video game creature. The original design was intended to be used for initial-to-final 

charge ratios between 4/5 and 15/16. An additional main beam cup extended that range 

down to approximately 1/2, and measurements have been made up to 16/17. Further 

details and an explanation of the available diagnostics are published elsewhere.22 

PRIMARY 
ION 
BEAM 
CUPS 

Fig. 2. Electron-ion crossed beams apparatus. 

Electron Gun 

The electron gun used in this series of experiments is essentially the same as that 

described by Taylor et d4' Electrons emitted from an indirectly heated cathode are 

confined and compressed by an axial magnetic field. It was designed to produce an 
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intense, homogeneous, low-divergence electron beam at energies from a few eV to at least 

3000 eV. In practice, power supplies, feed-thrus, and power dissipation in the beam 

collector limit the electron gun operation to 1500 eV or less. The energy resolution of 

the gun at low energies was measured during early excitation experiments, while the 

resolution at higher energies must be estimated based on excitation-autoionization features 

observed during ionization measurements. The energy resolution of the gun is known to 

be 2 eV or less at 350 eV or less bean1 energy. This resolution may be a conservative 

estimate since sharp ionization features tend to be "softened" or "smeared" by 

recombination resonances associated with the feature being observed. Typical operating 

electron beam currents range from 300 pA at 100 eV to 5 mA at 1000 eV. 

Cross Section Determination 

The one-dimensional spatial distributions of the ion and electron beams, and the 

overlap of these two beams in the collision region is determined using a movable slit 

assembly. The current transmitted through a narrow horizontal slit is measured as the 

probe is moved through the beam vertically. The probe can be rotated so that both the 

ion and electron beam profiles are measured through the same slit. The probe position 

and currcnt measurements are computer-controlled so that the overlap of the beams at any 

absolute vertical position can be determined. The beam profiles and overlap determine 

the "form factor," given by the relation 

where Ii(z) and I,(z) are the beam intensity profiles in the direction (z) perpendicular to 

both beams. 

The quantities which must be measured in order to determine an absolute cross 

section are the ion and electron currents (Ii and I,, in amperes), ion and electron velocities 

(vi and ve, in cdsec) ,  the form factor (F,  in cm), the signal event rate (R, in eventshec), 

and the signal detection efficiency (D, unitless). The charge state of the incident ions (qi) 

must also be known. Given these quantities, the absolute cross section (0, in cm2) as a 

function of the interaction energy (E)  is given by 



7 

where e is the electronic charge (1.6 x C )  and the ion velocity is assumed to be 

much less than the electron velocity. The interaction energy (E> is largely determined by 

the electron beam accelerating voltage, but must be corrected for contact potentials in the 

electron gun, space charge potentials, and the finite velocity of the target ions. In 

practice, there is always a background count rate in the signal detector, so the true signal 

event rate is taken to be the difference between signal-plus-background and background- 

only count rates. 

Uncertainties 

Each cross section measurement at each energy is independently absolute, but 

some quantities in the above formula are assumed constant for a given target ion. For 

example, the signal event detection efficiency will affect the measured signal rate at each 

energy by the same multiplicative factor, and the contact potential (a constant) offsets 

each interaction energy by almost the same mount .  In contrast, the statistical uncertainty 

is independent for each measurement. Thus, to accurately convey the measurement 

uncertainty, we must specify both ''absolute'' and "relative" uncertainties for each set of 

cross section data. 

In the data presented here, relative uncertainties are listed and plotted at the 

equivalent of one standard deviation for a purely statistical uncertainty, unless specified 

otherwise. The relative uncertainty includes (and is usually dominated by) statistical 

uncertainties, but also includes (combined in quadrature) relative form factor uncertainties 

and any other factors which are found to vary during a set of measurements. For a given 

data set, the shape of the cross section curve and any features observed in the curve may 

be judged in light of the relative uncertainties. For most of the cross section curves, one- 

standard-deviation relative uncertainty error bars are plotted when they are larger than the 

plotted points. 

The absolute uncertainty is a combination of the relative uncertainty discussed 

above with any other factors which would affect all data points the same. The detection 
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efficiency, ion velocity and current, and some aspects of the beams overlap measurement 

are examples of additional sources of uncertainty in the absolute measurement. The shape 

and features of the cross section curve will not be affected by the absolute uncertainty, 

but the vertical scale of the entire curve could vary within the limits of the absolute 

uncertainty. 'The absolute uncertainty is generally specified in this report as a percentage 

of the cross section measurement for a typical point near the peak of the curve. It is 

given here at the equivalent of two standard deviations for purely statistical uncertainty, 

corresponding to approximately a 90% certainty for a limited number of measurement 

sets. For most of these measurements, the absolute uncertainty amounts to approximately 

7% before combining it (in quadrature) with the relative uncertainty, which must also be 

taken at the two-standard-deviation level. 

111. UNHJBLISHED DATA 

A number of the data sets included in this report have never been published. 

Some were not considered to be sufficiently detailed to constitute a "complete" 

measurement. Others were not understood in sufficient detail to allow interpretation of 

the observed features. '4 few simply never fit into the pattern of data sets being published 

and were not of sufficient interest to be published alone. In order to make this report 

complete, and for the benefit of users who might find the data interesting (even given the 

limitations), tables and plots of the unpublished data are included. A brief description of 

each unpublished data set is given below, with warnings and such interpretation as can 

be made at this time. 

@+ 
There is no data table or plot presented here for 0". The measurement was made 

in 1980 as an incidental part of another experiment and was not analyzed for several 

years. The data were collected by Dunn et u Z . , ~  analyzed by D. C. Gregory, and first 

printed in the second of this series of memos (ORNL/TM-9501). A re-evaluation of the 

original data by Phaneuf6 for an IAEA-sponsored project revealed that a factor had been 

left out of the original data analysis. The Redbook analysis is now considered to be 

correct, and the 02+ cross sections in ORNIJTM-9501 need $0 be multiplied by 0.87 to 

correct them. 
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- Kr4' 
The data27 for ionization of Kr4+, with a nominal 4s 2 2  4p electron configuration and 

a 64 eV ground configuration ionization threshold, indicate a high percentage of 

metastable ions in the incident beam as well as some excitation-autoionization at energies 

above the ground ionization threshold. The observed threshold is near 41 eV. There are 

some interesting features with sharp energy dependence in the 80 to 100 eV range which 

could indicate the presence of resonances. The resolution of the present data, however, 

does not allow any firm conclusions about the presence of resonances based on the data 

alone. This was one of the last measurements made before the PACMAG energy analyzer 

was installed. 

The absolute magnitude of the overall cross section curve is in some doubt. The 

measurements, which are all independently absolute, shifted by about 5% in magnitude 

from one day to the next during the experiment. We were unable to reproduce the first 

data, but are also unable to find any fault with those initial measurements. A subtle 

change in source conditions could produce a different metastable fraction, or some factor 

involved in the absolute normalization may have changed slightly. The uncertainty in the 

absolute magnitude of the curve made the data suspect, even though only by a small 

percentage, and it has never been published in the open literature. An average of the two 

sets of data is shown and tabulated here. A recent remeasurement of the data at ORNL 

is in good agreement with the data presented here. 

The experimental results are compared in the figure to distorted-wave calculations 

by T. W. Gorczyca, M. S. Pindzola, N. R Badnell, and D. C .  Griffin42 for ground- 

configuration ions. Calculations are shown for both direct and total ionization. The total 

ionization calculation (which includes indirect effects) shows good agreement with the 

present data in magnitude, and fairly good agreement in shape. Permission by the authors 

to use these results prior to publication is acknowledged and greatly appreciated. 

- Krsf 

This measurement2' was a quick first trial of the PACMAG energy analyzer. The 

electron gun was not fully baked before the data collection, and the expected instability 

in electron beam profiles was observed at high energies. The ground electron 
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configuration is 3dl04s. Two high points very close to the 3d direct-ionization onset could 

indicate the presence of resonances, but the possibility was not explored. Despite the 

beam profile instability mentioned above, the energy dependence of the curve at high 

energies is consistent with expectations. 

We should clearly expect the ion source to produce metastable ions for a 

configuration as "unsettled" as this one, although the lifetimes and energy differential from 

thc ground configuration are not at all obvious. In fact, as the measurements were 

extended to lower energies the cross section appeared to increase, a phenomenon which 

is normally taken as an indication of the spurious effect known as space-charge 

modulation. Another process which has been invoked to explain several other similar 

curves since this data was collected is the presence of autoionizing metastables in the 

incident beam. Any perturbation, such as a collision with a low energy electron, would 

stimulate the autoionization process. Lower energy electrons have "longer" collisions, and 

the probability of "stimulated autoionization" might well increase with decreasing electron 

energy. When this data analysis was carried out in 1985, the energy-dependence at low 

energies was assumed to be due to space-charge modulation, and a fit to the below- 

threshold points was subtracted from the raw data. This ''corrected" data is presented 

here. There is a negligible change in the magnitude of the points above threshold due to 

this "correction." The overall absolute uncertainty in the curve for a point near the peak 

cross section is estimated to be 10%. 

The experimental results are compared in the figure to distorted-wave calculations 

by T. W. Gorczyca, M. S. Pindzola, N. R. Badnell, and D. C. Griffin42 for ground- 

configuration ions. Calculations are shown for both direct and total ionization. The total 

ionization calculation (which includes indirect effects) shows fairly good agreement with 

the present data over the energy range covered by the calculation. Permission by the 

authors to use these results prior to publication is acknowledged and greatly appreciated. 

Kr9+ 
This measurement3' was a quick study carried out in preparation for the much 

more difficult Fe15+ experiment. The relatively large signal found for ionization of Kr9' 

was used to obtain approximate settings of various lenses and steering elements which 

were then used as a starting point for FeI5+ diagnostics. The Kr* data were collected in 
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a short time to show that the apparatus was ready for the arduous experiment to come, 

The Lotz calculation shown is for the expected 3p63d9 ground configuration. The data 

follow the general shape of the Lotz prediction, and the experimental curve is only about 

12% higher than direct ionization theory. The measurement was considered incomplete 

due to the relatively large energy steps between data points, and uninteresting since there 

is good agreement with the Lotz prediction. 

Xe&e 
This is probably the second most interesting and detailed measurement in the 

entire series (after ionization of 0"). The initial data,32 published in 1983, was a very 

fruitful collaborative effort between theory and experiment. The near-threshold region is 

dominated by excitation-autoionization, and several major excitation features are clearly 

distinguishable. Overall agreement between theory and experiment is quite good, in shape 

and magnitude. However, there are also several interesting points on which theory and 

experiment disagree, indicating additional processes which could be explored. These 

include early onsets for several major excitation features (indicative of resonant 

recombination features) and a dip in the measured cross section at 120 eV (perhaps some 

sort of interference process). It was decided to remeasure the threshold region in early 

1987 in greater detail, with the advantages of the more intense (and stable) beams from 

the ECR ion source, as well as improved post-collision optics available with PACMAG. 

The 1983 data utilized the old Penning Ion Gauge (PIG) ion source and parallel plate 

analyzer. 

The ECR ion source, as expected, is a "hotter" source than the PIG source which 

provided beams for the initial 1983 data. An unexpected result is that approximately 50% 

of the Xe6+ beam for the present data33 were in a metastable configuration 12 eV above 

ground. The ionization threshold thus moved 12 eV lower, including a major excitation 

feature which was below the ionization threshold for the 1983 data but which was noted 

(at the insistence of Chris Bottcher) in the original publication. By combining the theory 

for that feature with the published 1983 above-threshold theory, and assuming 50% 

metastables in the incident beam, excellent agreement with theory is again observed. The 

relative uncertainty of the new data is smaller than the plotted points, and it can be seen 

that the density of points has been greatly increased over the 1983 data. The two features 
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mentioned above are still present (early excitation onsets and the dip at 120 eV), but 

theoretical analysis would be complicated by the presence of the metastables, and has 

never been attempted. 

The only sure method of measuring the resolution of an electron gun is to measure 

a sharp feature and f i t  thc smoothed edge with a Gaussian shape. An additional hope for 

this data was that a sharp excitation onset could be obtained which would provide a 

measurement of the electron gun resolution. We have since concluded that if Nature 

abhors a vacuum, She also dislikes sharp edges. As has been mentioned here, physical 

processes such as recombination resonances tend to "smear" many sharp features, A 

relativcly sharp onset at 98 eV can be fit with Gaussian distributions of 1.5 eV or 2.0 eV, 

depending on how many data points are included in the fit. This is, then, an upper limit 

on the resolution for this electron gun at 100 eV. 

The 1987 cross section data were never published. While the analysis was under 

way, a subsequent collaborative study of this system was carried out in Giessen utilizing 

their ECR ion source and excellent high-resolution electron gun and scanning technique. 

Although a bit more detail was revealed by the Giessen data (some resonances emerged 

that were lost in the ORNL data), the overall shapes agree amazingly well. In fact, the 

1987 ORNL and the Giessen data overlay almost exactly, with less than 10% difference 

in absolute magnitude. The ORNL data was no longer the most detailed available, and 

so unfortunately was never published. The Giessen data did not reveal any real surprises 

after sceing the ORNL data, and so was not considered worth a priority publication effort. 

As a result, this most interesting curve has not been updated in the literature since the 

initial 1983 data. 

Tas+ 
An effort was made to extend ionization measurements into the heavier metals 

when it appeared that this data would be useful to the fusion effort. Subsequent efforts 

in the fusion program seem to de-emphasize this area of research. It was also found that 

stable beams of refractory metals are quite difficult to produce in ECR ion sources. 

Uncertain identification of beams produced and almost universal charge-to-mass ratio 

overlaps with other more common species make the optimization of high charge states of 

refractory metal beams an adventure in frustration. After several false starts, a very weak 
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beam of Ta8+ was produced. The ground configuration is calculated to be 4fI35s25p4, and 

the theory shown is the Lotz direct ionization calculation for that configuration. 

Unfortunately, a short in the electron gun somewhat limited the available electron beam. 

Combining a weak electron beam with a very weak ion beam, only limited data36 could 

be collected. In general, the experimental curve appears to be about twice the Lotz 

prediction. The two points which do not seem to follow the experimental curve are not 

far enough off to indicate a significant real deviation in light of the experimental 

difficulties. 

A C D +  

Dissociation of CD,' is of great interest to plasma modelers because of its 

expected presence near the edges of fusion plasma devices. It is, however, a difficult 

system for both experimentalists and theoreticians. The theory is difficult because of the 

complex energy levels available and the large number of particles involved in a collision. 

Experimentally, the threshold for dissociation extends to relatively low energies (compared 

to ionization), and the multiple dissociation channels scatter "strayt' beams throughout the 

apparatus. It is also difficult to produce a beam of molecular ions with low internal 

energy. 

The measurements reported here39 extend from 4 to 300 eV interaction energies, 

and investigated the cross sections for dissociation of the parent ion into all possible ion 

fragments. Briefly, it was found that the cross section for ionization of CD,' to stable 

C D F  was smaller than could be measured by this apparatus, as predicted by theory. The 

peak cross sections for dissociation to C', CD', and CD,' were all roughly equal (within 

a factor of three), a result which was surprising. All of the cross sections were measured 

against a "background" cross section which increased with decreasing electron energy. 

This indicates either that the signal detector background (dominated by "stray" dissociation 

products) was modulated by the electron beam, producing an "apparent signal" on top of 

the real signal, or that some of the incident ions were in highly excited states. This last 

view is supported by the fact that this "apparent signal" could be changed by a factor of 

10 by simple adjustments to the ion source. It also indicates that this set of measurements 

was made with incident ions in unknown energy states, probably not in the lowest 

available ones. 
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For ionization of CD;, the best we can do is to estimate the magnitude of cross 

section which could be "hidden" in the observed background signal. Any peak cross 

section greater than approximately 1 x lo-'' cm2 should be visible, so this value is OUT 

estimated maximum, with zero being a likely value. 

The cross section for dissociation to CD,+ was dominated by the false "apparent 

signal," which registers a cross section of 10"' cm2 at 9 eV interaction energy. The 

predicted cross section for this dissociation channel, with a peak value of 2 x cm2, 

is not visible against this overwhelming background. The number of data points and the 

statistics were limited by considerations of time efficiency considering the high 

background count rate. 

The cross sections for dissociation to C', CD', and CD2+ are all similar. 

Thresholds are in the 8 to 10 eV range and peak cross sections are approximately 27, 80, 

and 80 x lo-'' cni2, respectively. The apparent signal background was less important for 

the more complete dissociation products. One can imagine seeing two dissociation 

channels with different energy dependences in the cross sections for CD' and, less 

definitely, for C'. These energy dependences are reminiscent of those for dipole-allowed 

and non-dipole-allowed transitions in electron-impact excitation. Given this distinction, 

dissociation to CD,+ appears to be dominated by the process which falls off faster with 

increasing energy. 

Thc data were reported at a meeting,39 but have never been published in a refereed 

journal. The primary obstacles were lack of theoretical understanding and the 

complicating presence of the apparent signal background under the cross section being 

studied. A long-term commitment would have been required to become literate in the 

molecular dissociation research field, and other efforts had priority. Follow-up studies are 

under way at ORNL and in Japan which may lead to some use of this data. 

IV. EXPLANATION OF TABLES AND FIGURES 

The tables in the front of the publication provide keys to the available data. The 

first table shows all charge states up to 16+ of all elements up to Kr, along with heavier 

elements of interest here, indicating all ions for which electron-impact ionization cross 

sections have been measured by this research group through 1992 (although some of the 

data was published as late as 1994). A "1 or "2" indicates that data tables and plots are 
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found in references 1 or 2, the previous memos in this series. A I'm'' indicates that 

information is provided in this memo. Single, double, and triple ionization measurements 

are indicated on separate lines. 

The second table again lists all reactions for which cross sections have been 

measured, listed by increasing target charge and increasing atomic number. Subsequent 

columns list the page numbers where data tables and figures can be found, and the 

publication reference number. For species found in the previous memos, "TM-7020" 

and/or "TM-9501" are noted in the final column. 

Following this text, the reference list includes all data from all three reports. The 

target ions are listed at the end of each reference. Data tables follow the references, with 

headings adapted from the original publications. Figures follow the data tables, with 

captions again adapted from the publications on the page with the figure. References for 

the experimental data are included in each data table heading and figure caption. 

References for other experiments and theoretical calculations shown in the figures are 

given in the original publications. 
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Corrected experimental cross sections for electron-impact ionization of 0''. The relative 
uncertainties are one-standard-deviation counting statistics only. Corrections applied to these data 
to compensate for apparent spurious signal are explained in the reference. Total absolute 
uncertainty is f l  1% at good confidence corresponding to 90% confidence level. Reference: D. 
H. Crandall et al., Phys. Rev. A 34, 1757 (1986). 

97 
137 
147 
157 
167 
177 
196 
216 
236 
256 
276 
295 
344 

0.005 f 0.018 

0.072 f 0.018 
0.203 f 0.049 
0.255 f 0.027 
0.352 f 0.028 
0.426 f 0.01 8 
0.559 0.026 
0.614 f 0.026 
0.639 f 0.026 
0.676 f 0.029 
0.695 f 0.012 
0.685 f 0.013 

-0.005 0.018 
394 
443 
493 
519 
543 
568 
593 
618 
693 
793 
892 
995 

0.713 f 0.014 
0.752 f 0.012 
0.741 f 0.008 
0.723 st 0.009 
0.719 f 0.009 
0.756 f 0.008 
0.759 f 0.008 
0.764 f 0.009 
0.717 f 0.016 
0.707 f 0.016 
0.642 k 0.017 
0.634 f 0.01 1 
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Electron-impact ionization cross sections for 05+. Uncertainties listed here are one-standard- 
deviation relative only; absolute uncertainty for a typical point near the peak cross section is f8% 
at 90% confidence level. Reference: K. Rim et a/., Phys. Rev. A 36, 595 (1987). 

Energy 0 

(ev) cm2) 

122.9 
132.7 
137.5 
157.1 
176.7 
196.3 
215.8 
23 5.4 
254.9 
274.5 
293.9 
313.5 
332.8 
352.4 
372.0 
391.5 
41 1.2 
431.1 
439.8 
450.0 
459.5 
469.8 
479.3 
489.4 
499.1 
508.9 
5 18.8 
528.7 
538.6 
541.1 
542.3 

0.0008 f 0.0158 
0.0440 f 0.0176 
0.0073 f 0.0100 
0.2224 f 0.0124 
0.3650 f 0.0105 
0.4529 f 0.0064 
0.5194 f 0.0064 
0.5861 f 0.0080 
0.6405 f 0.0072 
0.6468 f 0.0070 
0.6806 f 0.0051 
0.6556 f 0.0052 
0.7004 f 0.0071 
0.7004 f 0.0075 
0.6946 f 0.0066 
0.7035 f 0.0039 
0.7106 f 0.0037 
0.7036 f 0.0033 
0.7039 f 0.0044 
0.7086 f 0.0031 
0.7029 f 0.0042 
0.7107 f 0.0032 
0.7025 f 0.0040 
0.7168 f 0.0029 
0.6992 f 0.0038 
0.7037 f 0.0033 
0.6981 f 0.0037 
0.7032 f 0.0031 
0.6942 f 0.0036 
0.7009 f 0.003 1 
0.6994 f 0.003 1 

543.5 
544.7 
545.8 
547.0 
548.2 
548.4 
549.4 
550.6 
55 1.8 
553.0 
554.2 
555.3 
556.5 
557.7 
558.4 
558.9 
560.1 
561,3 
562.5 
563.7 
564.9 
566.0 
567.2 
568.4 
569.6 
570.8 
572.0 
573.1 
574.4 
575.5 

0.6963 f 0.0031 
0.6999 f 0.0031 
0.6996 f 0.003 1 
0.6958 f. 0.0030 
0.7020 f 0.0030 
0.6985 f 0.0035 
0.6967 f 0.0030 
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0.7025 f 0.0030 
0.7057 f 0.0030 
0.7158 f 0.0030 
0.7200 f 0.0030 
0.7258 f 0.0030 
0.7359 f 0.0030 
0.7314 f 0.0035 
0.741 1 f 0.0030 
0.7398 f. 0.0030 
0.7460 f 0.0030 
0.7412 f 0.0030 
0.7404 f 0.0030 
0.7401 f 0.0030 
0.7458 f 0.0030 
0.75 10 f 0.0030 
0.7522 f 0.0030 
0.7554 f 0.0030 
0.7571 f 0.0030 
0.7588 f 0.0030 
0.7625 f 0.0030 
0.7592 f 0.0030 
0.7603 f 0.0030 
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Experimental electron-impact single-ionization cross sections for Si'. The total relative 
uncertainties listed are at 90% confidence level. Total systematic uncertainties are estimated to 
be +9%. Also included are data using Si' formed by charge exchange of Si2+; this eliminated N,' 
impurity ions in the beam. Reference: N. DjuriC ef al. Phys. Rev. A 47, 4786 (1993). 

Energy U Energy (T 

(eV> cm2) (eV) (10'' cm2) 

16.3 
16.4 
16.6 
16.9 
17.1 
17.4 
17.6 
17.9 
18.1 
18.4 
18.6 
18.9 
19.1 
19.3 
19.6 
19.8 
20.1 
20.3 
20.7 
21.0 
21.4 
21.7 
22.1 
22.4 
22.8 
23.1 
23.4 
23.7 
23.9 
24.2 
24.5 
24.8 
25.2 
25.4 
25.7 
25.9 
26.2 
26.6 
26.9 

1.22 f 0.39 
1.00 f 0.32 
1.55 f 0.19 
2.05 4 0.19 
3.09 f 0.21 
3.98 f 0.19 
4.23 f 0.19 
4.96 f 0.20 
5.30 f 0.20 
5.62 f 0.20 
5.87 f 0.28 
6.26 f 0.27 
7.39 f 0.31 
8.21 * 0.30 
8.33 f 0.30 
9.90 f 0.31 

10.2 f- 0.3 
11.3 f 0.3 
11.8 f 0.4 
12.1 f 0.4 
12.9 f 0.4 
13.1 f 0.4 
13.2 f 0.4 
13.4 f- 0.4 
13.4 f 0.4 
13.5 f 0.4 
13.7 f 0.3 
14.4 f 0.4 
14.5 f 0.4 
14.1 f 0.3 
15.1 f 0.4 
14.5 f 0.4 
14.5 f 0.4 
15.0 f 0.4 
14.7 f 0.4 
14.7 f 0.4 
15.3 f 0.4 
15.2 f 0.4 
15.3 f 0.4 

27.1 
27.4 
27.6 
27.9 
28.3 
28.7 
29.1 
29.4 
29.8 
33.2 
38.2 
43.1 
57.7 
67.4 
77.1 
87.2 
96.9 

1 1 7  1 
1 1 1 . 1  

137.0 
156.8 
176.9 
196.0 
246.2 
295.6 
344.2 
393.2 
492.1 
492.4 
591.3 
689.5 
788.8 
887.7 
987.5 

Si+ from charge transfer: 
38.1 17.6 f 1.1 
98.3 12.3 f 0.6 

245.5 7.23 f 0.30 
49 1.8 4.27 f 0.12 

15.7 f 0.4 
15.4 f 0.4 
15.6 f 0.4 
15.4 f 0.4 
15.5 f 0.4 
15.2 f 0.4 
15.0 f 0.4 
15.0 f 0.4 
15.3 f 0.4 
16.1 f 0.5 
16.3 f 0.4 
15.3 f 0.4 
14.2 f 0.3 
13.5 f 0.3 
12.8 f 0.3 
11.9 -f 0.3 
11.2 * 0.2 
10.7 k 0.2 
9.77 f 0.22 
8.78 f 0.21 
8.22 f 0.20 
7.75 f 0.17 
6.77 f 0.15 
5.98 f 0.14 
5.51 f 0.12 
5.01 f 0.1 1 
4.13 f 0.09 
4.30 f 0.09 
3.75 f 0.08 
3.25 f 0.07 
2.89 f 0.06 
2.72 f 0.06 
2.67 f 0.06 
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Experimental electron-impact singlcionization cross sections for Si2+. The total relative 
uncertainties listed are at 90% confidence level. Total systematic uncertainties are estimated to 
be *9%. Reference: N. DjuriC et al. Phys. Rev. A 47, 4786 (1993). 

25.6 
28.2 
30.4 
32.1 
33.1 
34.0 
38.0 
47.7 
57.8 
67.7 
77.5 
87.2 
97.1 

106.9 
116.6 
118.0 
126.4 

0.002 f 0.17 
0.22 f 0.12 
0.28 f 0.12 
0.29 f 0.15 
0.42 f 0.14 
0.45 f 0.15 
1.08 f 0.13 
1.75 f 0.09 
1.81 3= 0.11 
1.89 f 0.08 
1.94 f 0.07 
1.97 f 0.06 
1.85 f 0.05 
1.82 f 0.05 
1.94 f 0.06 
2.16 f 0.07 
1.98 f 0.05 

137.8 
146.0 
157.4 
170.2 
177.2 
195.8 
245.6 
296.1 
346.7 
395.2 
446.8 
494.5 
594.8 
693.5 
723.0 
893.6 
992.6 

2.07 f 0.07 
1.89 f 0.06 
1.92 f 0.06 
1.87 f 0.05 
1.88 f 0.05 
1.75 f 0.04 
1.67 f 0.04 
1.51 f 0.03 
1.36 f 0.03 
1.26 f 0.03 
1.20 f 0.03 
1.18 f 0.03 
1.07 f 0.02 
0.96 f 0.02 
0.92 f 0.02 
0.91 f 0.02 
0.89 f 0.02 
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Experimental electron-impact single-ionization cross sections for Si4+. Relative uncertainties 
listed are at the two-standard-deviation level. The absolute uncertainties at a 90% confidence 
level are listed in parentheses. Reference: J. S. Thompson and D. C. Gregory, Phys. Rev. A, to 
be published (August 1994). 

33.4 
46.5 
48.4 
60.8 
72.4 
84.6 
96.0 
97.4 

121 
146 
169 
181 
194 
206 
218 
242 
266 
290 

-0.002 f 0.044 (0.044) 
0.043 f 0.028 (0.028) 
0.034 f 0.040 (0.040) 
0.043 f 0.036 (0.036) 
0.151 f 0.030 (0.032) 
0.240 f 0.026 (0.031) 
0.276 f 0.026 (0.032) 
0.282 f 0.028 (0.034) 
0.474 f 0.028 (0.044) 
0.681 f 0.032 (0.057) 
0.847 * 0.030 (0.067) 
1.344 i 0.022 (0.098) 
1.892 f 0.022 (0.136) 
2.289 f 0.024 (0.163) 
2.634 f 0.034 (0.190) 
3.242 f 0.028 (0.231) 
3.718 f 0.028 (0.264) 
4.043 f 0.024 (0.287) 

337 
3 85 
434 
483 
532 
581 
639 
688 
73 8 
788 
836 
886 
93 6 
986 

1085 
1181 
1330 
1487 

4.491 f 0.026 (0.319) 
4.62 f 0.16 (0.36) 
4.929 f 0.042 (0.351) 
5.081 f 0.034 (0.361) 
5.270 f 0.050 (0.376) 
5.349 f 0.102 (0.392) 
5.3 16 f 0.016 (0.376) 
5.07 + 0.30 (0.47) 
5.01 f 0.04 (0.36) 
4.82 f 0.06 (0.35) 
4.78 * 0.04 (0.34) 
4.77 f 0.02 (0.34) 
4.68 f 0.04 (0.33) 
4.85 f 0.16 (0.38) 
4.62 f 0.04 (0.33) 
4.52 f 0.10 (0.33) 
4.62 f 0.20 (0.38) 
4.14 f 0.14 (0.32) 
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Experimental electron-impact single-ionization cross sections for Si5+. Relative uncertainties 
listed are at the two-standard-deviation level. The absolute uncertainties (listed in parentheses) 
are reported at a 90% confidence level. J. S .  Thompson and U. C. Gregory, Phys. Rev. A, to be 
published (August 1994). 

196 
208 
220 
23 1 
243 
268 
293 
317 
34 1 
365 
390 
415 
440 
463 
487 

0.010 f 0.060 (0.060) 
0.093 * 0.044 (0.044) 
0.510 * 0.052 (0.063) 
0.841 * 0.036 (0.070) 
1.108 f 0.040 (0.088) 
1.483 f 0.038 (0.112) 
1.816 f 0.028 (0.131) 
2.042 f 0.034 (0.148) 
2.288 * 0.032 (0.165) 
2.421 f 0.038 (0.175) 
2.566 f 0.030 (0.184) 
2.687 f 0.036 (0.193) 
2.804 f 0.042 (0.202) 
2.861 f 0.024 (0.204) 
2.95 f 0.16 (0.26) 

5 73 
588 
63 5 
683 
733 
783 
83 1 
887 
93 6 
987 

1085 
1185 
1284 
1382 
1481 

3.136 f 0.040 (0.225) 
3.03 f 0.22 (0.31) 
3.136 f 0.030 (0.224) 
3.121 0.034 (0.223) 
3.069 f- 0.020 (0.218) 
3.036 f- 0.016 (0.215) 
3.068 rt 0.026 (0.218) 
2.879 f 0.036 (0.207) 
2.870 f 0.028 (0.205) 
2.804 f 0.036 (0.202) 
2.726 f 0.036 (0.196) 
2.69 rt 0.22 (0.291) 
2.515 f 0.030 (0.180) 
2.56 f 0.13 (0.22) 
2.52 f 0.10 (0.20) 



27 

Electron-impact single ionization cross sections for Si6+. Uncertainties are one-standard- 
deviation relative only; absolute uncertainties are f9% at the two standard deviation level. 
Reference: P. A. Zeijlmans van Emmichoven et al., Phys. Rev. A 47, 2888 (1993). 

196 
220 
245 
254 
269 
279 
294 
317 
342 
365 
3 73 
3 82 
391 
402 
41 1 
42 1 

0.056 f 0.064 
0.061 f 0.058 
0.106 f 0.060 
0.202 f 0.067 
0.382 f 0.047 
0.564 f 0.068 
0.685 f 0.034 
0.909 f 0.073 
1.047 f 0.029 
1.206 k 0.054 
1.123 f 0.094 
1.080 f 0.093 
1.271 k 0.041 
1.410 f 0.091 
1.359 f 0.090 
1.354 f 0.089 

440 
463 
49 1 
516 
536 
566 
588 
63 8 
687 
73 5 
784 
987 

1085 
1183 
1403 

1.546 f 0.037 
1.662 f 0.073 
1.601 f 0.067 
1.580 f 0.064 
1.656 f 0.048 
1.680 f 0.066 
1.81 1 f 0.043 
1.802 f 0.046 
1.779 f 0.064 
1.809 f 0.05 1 
1.750 f 0.054 
1.745 f 0.084 
1.652 f 0.078 
1.670 f 0.078 
1.626 f 0.076 

Electron-impact single ionization cross sections for Si”. Uncertainties are one-standard- 
deviation relative only; absolute uncertainties range from 9% to 12% for the peak cross section 
at the two-standard-deviation level. Reference: P. A. Zeijlmans van Emmichoven et al., Phys. 
Rev. A 47, 2888 (1993). 

200 
249 
298 
323 
3 47 
3 72 
3 86 
396 
42 1 
445 
470 

0.019 f 0.072 

0.004 f 0.047 
0.127 f 0.046 
0.298 f 0.033 
0.355 f 0.044 
0.397 f 0.065 
0.500 f 0.036 
0.552 f 0.045 
0.662 f 0.040 
0.642 f 0.037 

-0.009 f 0.1 15 
494 
5 19 
544 
593 
642 
740 
789 
888 
986 

1182 
1363 

0.756 f 0.059 
0.781 f 0.067 
0.826 i 0.041 
0.860 f 0.067 
0.877 f 0.040 
0.917 f 0.055 
0.878 f 0.069 
0.952 f 0.056 
0.890 f 0.064 
0.821 f 0.057 
0.812 f 0.056 
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Electron-impact ionization cross sections for S4+. Uncertainties are one standard deviation on 
counting statistics. Total uncertainties are f9% at 90% confidence level for a typical point near 
the peak cross section. Reference: A. M. Howald et al., Phys. Rev. A 33, 3779 (1986). 

37.3 
47.2 
57.1 
61.2 
64.2 
67.0 
69.9 
72.0 
74.0 
76.8 
79.0 
81.9 
83.1 
86.9 
91.7 

102.4 
112.3 
122.9 
127 
127 
137 
142 
147 
152 
157 
162 
167 
171 
177 
181 

0.12 rt 0.17 
0.25 f 0.14 
0.20 f 0.1 1 
0.18 f 0.14 
0.28 f 0.15 
0.56 f 0.16 
0.80 f 0.15 
1.14 f 0.18 
1.23 f 0.12 
1.37 f 0.11 
1.84 f 0.16 
2.19 f 0.17 
2.03 f 0.15 
2.46 f 0.1 1 
2.92 f 0.15 
3.59 f 0.13 
3.75 f 0.13 
4.48 4 0.13 
4.48 i 0.13 
4.33 f 0.13 
4.47 f 0.13 
4.35 f 0.10 
4.93 f 0.12 
4.75 f 0.10 
4.66 f 0.13 
4.83 f 0.13 
4.95 f 0.13 
5.31 f 0.13 
5.44 f 0.13 
5.92 f 0.13 

Energy 0 

(ev) (10-18 cm2) 

186 
191 
194 
198 
200 
203 
206 
209 
216 
236 
256 
265 
275 
285 
292 
317 
34 1 
367 
39 1 
440 
490 
539 
5 89 
63 8 
689 
839 
992 

1195 
1392 

6.17 f 0.14 
6.27 f 0.08 
6.24 f 0.07 
6.74 f 0.07 
6.57 rt 0.14 
6.62 f 0.14 
6.75 f 0.14 
6.73 f 0.14 
6.98 f 0.09 
7.21 f 0.09 
7.30 f 0.09 
7.10 f 0.09 
6.89 f 0.07 
6.93 f 0.09 
6.94 f 0.07 
6.74 f 0.09 
6.57 f 0.09 
6.44 f 0.09 
6.31 f 0.09 
6.26 f 0.09 
6.29 f 0.07 
6.16 * 0.18 
5.76 f 0.09 
5.72 f 0.09 
5.56 f 0.06 
4.97 f 0.07 
4.40 f 0.07 
3.97 f 0.07 
3.68 f 0.07 
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Electron-impact single ionization cross sections for Cis+. The listed uncertainties are relative 
only, while the absolute uncertainty for a typical point near the peak cross section is f10% at 90% 
confidence level. Reference: A. M. Howald et al., Phys. Rev. A 33, 3779 (1986). 

Energy (T 

(eV> (IO-'' cm2) 

66.5 
76.4 
86.9 
96.5 

107.4 
116.7 
126.9 
136.4 
147.2 
156.1 
176 
186 
195 
202 
210 
21 1 
214 
215 
220 
22 5 

0.10 f 0.19 
0.02 f 0.27 
0.04 f 0.15 
0.34 * 0.14 
0.65 f. 0.13 
0.85 f 0.17 
1.26 f 0.13 
1.67 f 0.14 
1.83 f 0.13 
1.92 f 0.13 
2.34 f 0.1 1 
2.37 f 0.11 
2.48 f 0.08 
2.93 * 0.10 
2.99 f 0.09 
3.30 f 0.09 
3.82 f 0.09 
3.72 f 0.07 
3.51 f 0.09 
3.82 f 0.07 

235 
250 
255 
275 
294 
3 06 
3 19 
344 
368 
393 
44 1 
49 1 
540 
59 1 
690 
840 
992 

1193 
1393 

3.96 f 0.08 
4.43 f 0.07 
4.55 * 0.08 
4.70 f 0.09 
4.95 f 0.05 
4.83 f 0.05 
4.62 f 0.05 
4.72 f 0.05 
4.47 f 0.15 
4.60 f 0.05 
4.59 f 0.09 
4.50 f 0.05 
4.46 f 0.09 
4.25 f 0.05 
4.03 f 0.05 
3.71 * 0.05 
3.54 f 0.05 
3.25 f. 0.05 
3.05 f 0.05 
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Electron-impact ionization cross sections for Ar6'. Uncertainties are typical relative 
uncertainties, which combine one standard deviation on counting statistics with uncertainties in 
the form factor. Total uncertainty for a typical point near the peak cross section is *8% at 90% 
confidence level. Reference: A. M. I-Iowald et al., Phys. Rev. A 33, 3779 (1986). 

Energy CJ 

(eV> cm2> 
Energy 0 

(eV> (IO"* cm2) 

36.5 
56.5 
76.5 
96.5 

107 
117 
126 
137 
147 
156 
166 
176 
186 
196 
216 
236 
24 1 
246 
25 1 
255 
260 
265 

0.00 
-0.02 f 0.05 
0.0 1 
0.04 
0.08 
0.08 f 0.05 
0.32 
0.66 
0.92 
1.05 
1.19 f 0.07 
1.34 
1.48 
1.51 
1.67 
1.86 =t 0.07 
1.94 
2.09 
2.14 
2.30 
2.53 
2.77 

270 
275 
295 
320 
345 
370 
395 
445 
495 
543 
593 
642 
693 
793 
893 
996 

1100 
1202 
1298 
1398 
1503 

2.81 
2.98 
3.24 
3.47 f 0.07 
3.58 
3.70 
3.68 
3.62 
3.57 f 0.05 
3.47 
3.38 
3.27 
3.20 
2.96 f 0.05 
2.80 
2.69 
2.58 
2.52 
2.45 f 0.05 
2.41 
2.34 
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Cross sections for electron impact ionization of Ar", with relative uncertainties. The absolute 
uncertainty is f12% for the measured data and *20% for the corrected data* at the two-standard- 
deviation level for a typical point near the peak cross section. Reference: Y. Zhang et ul., Phys. 
Rev. A 45, 2929 (1992). 

Ionization cross sections 
u (IO"8 cm2) 

Electron energy 
(eV) Measured data Corrected data* 

18.1 
28.8 
48.0 
73.8 
97.2 

122.3 
170.2 
195.0 
243 .O 
267.1 
29 1.8 
364.3 
390.0 
413.0 
440.0 
489.0 
538.0 
561.0 
586.9 
593.6 
643.5 
692.7 
742.3 
792.1 
840.0 
890.0 
988.0 

1087.0 
1 186.0 

26.63 f 4.34 
18.15 f 2.41 
11.24 f 1.41 
4.23 * 0.67 
0.81 f 0.44 
2.91 f 0.40 
3.11 f 0.69 
1.83 f 0.14 
1.56 f 0.21 
1.76 f 0.26 
1.83 f 0.29 
3.19 f 0.23 
3.28 f 0.29 
3.45 f 0.20 
2.99 f 0.26 
3.21 f 0.24 
3.09 f 0.36 
3.51 f 0.22 
3.04 f 0.08 
2.91 f 0.13 
2.77 f 0.23 
2.88 k 0.18 
2.76 f 0.17 
2.94 f 0.16 
3.07 f 0.27 
2.85 f 0.23 
2.56 f 0.23 
2.31 f 0.22 
2.20 f 0.22 

-2.29 f 8.21 
1.30 f 4.73 
2.25 f 2.87 

-0.83 f 1.88 
-0.58 f 1.49 
0.56 f 1.27 
1.82 f 1.18 
0.87 f 0.89 
1.02 f 0.80 
1.37 f 0.77 
1.56 * 0.75 
3.16 f 0.64 
3.31 f 0.65 
3.53 f 0.59 
3.12 f 0.60 
3.40 f 0.56 
3.33 f 0.60 
3.78 f 0.52 
3.32 f 0.46 
3.20 f 0.47 
3.10 rt 0.49 
3.22 f 0.45 
3.13 f 0.43 
3.32 f 0.42 
3.46 f 0.46 
3.25 f 0.43 
2.99 f 0.41 
2.75 f 0.39 
2.64 f 0.38 

*The data have been corrected for below-threshold apparent signal which is assumed to be due 
to a combination of spurious space charge effects and excitation autoionization from highly 
metastable ions. 
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Ionization cross section data for ATs+: The second column lists the measured data with their 
absolute uncertainties. The third column gives data reduced by 0.30- (where E is in eV). 
Absolute uncertainties in the third column include the contribution from the uncertainties due to 
correction for space-charge modulation. The absolute uncertainties listed are at the one-standard- 
deviation level. Reference: Y. Zhang et al., Phys. Rev. A 44, 4368 (1991). 

Ionization cross sections ( 1 0 - l ~  cm2> 

Energy Data after the correction 
(eV> Measured data for space-charge modulation 

50.0 
70.3 
74.5 
98.4 

121.1 
145.1 
148.1 
169.1 
193 .O 
196.8 
200.0 
210.8 
221.0 
235.0 
241.0 
245.6 
258.1 
264.9 
268.3 
28 1.8 
289.0 
294.0 
304.5 
313.1 
328.0 
342.3 
351.9 
374.9 
385.6 
391.8 
407.3 
421.6 
44 1 .O 

0.053 f 0.018 
0.052 f 0.028 
0.039 f 0.019 
0.034 f 0.002 
0.011 f 0.015 
0.014 f 0.013 
0.024 f 0.012 
0.036 f 0.01 1 
0.035 f 0.016 
0.034 f 0.01 1 
0.006 f 0.012 
0.033 f 0.010 
0.050 f 0.014 
0.028 f 0.012 
0.026 f 0.008 
0.046 f 0.003 
0.022 f 0.001 
0.018 f 0.008 
0.018 f 0.007 
0.040 f 0.009 
0.041 f 0.008 
0.065 f 0.004 
0.050 f 0.008 
0.052 f 0.007 
0.064 + 0.008 
0.088 f 0.010 
0.068 + 0.007 
0.082 f 0.006 
0.073 f 0.005 
0.089 f 0.005 
0.092 f 0.010 
0.1 10 f 0.01 1 
0.174 f 0.010 

0.006 f 0.019 
0.012 =t 0.028 
0.001 f 0.019 
0.001 f 0.003 

-0.019 f 0.015 
-0.014 f 0.013 
-0.003 f 0.012 
0.010 f 0.01 1 
0.011 f 0.017 
0.010 f 0.01 1 

-0.017 * 0.012 
0.010 f 0.010 
0.028 f 0.014 
0.006 f 0.012 
0.004 f 0.008 
0.024 f 0.003 
0.001 f 0.011 

-0.003 f 0.008 
-0.002 zt 0.008 
0.020 f 0.009 
0.022 f 0.008 
0.045 f 0.004 
0.031 f 0.008 
0.033 f 0.007 
0.045 f 0.008 
0.070 f 0.010 
0.051 f 0.007 
0.065 f 0.006 
0.056 f 0.005 
0.072 i 0.005 
0.075 i 0.010 
0.094 f 0.01 1 
0.159 f 0.011 



33 

(Continued) 

Ionization cross sections (IO-'' cm2> 

Energy Data after the correction 
(eV> Measured data for space-charge modulation 

445.2 
489.0 
492.0 
538.0 
542.0 
588.0 
591.3 

0.218 * 0.016 
0.374 * 0.024 
0.354 f 0.024 
0.514 =t 0.032 
0.481 * 0.033 
0.597 f 0.037 
0.615 f 0.038 

0.203 f. 0.016 
0.359 * 0.024 
0.339 i 0.024 
0.500 f 0.032 
0.466 f 0.034 
0.584 f 0.037 
0.602 f 0.038 
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Experimental cross sections for ionization of Ti5+. Relative uncertainties are quoted at the 
statistical one-standard-deviation level or equivalent. The absolute uncertainty for a typical point 
near the peak cross section is f7% at good confidence level (two standard deviations). Reference: 
S. Chantrenne et al., Phys. Rev. A 41, 140 (1990). 

75.9 
80.7 
86.0 
95.6 

105.7 
115.3 
125.0 
135.1 
144.7 
154.9 
164.3 
174.4 
184.0 
194.3 
214.1 
233.9 
253.0 
272.9 
292.9 
3 17.5 
342.7 
367.3 
391.8 

-0.68 f 0.071 
0.10 f 0.08 
0.288 f 0.063 
0.80 f 0.08 
1.04 $: 0.07 
1.3 8 * 0.07 
2.26 f 0.07 
3.61 f 0.07 
4.51 f 0.07 
5.05 f 0.08 
5.51 f 0.06 
5.79 f 0.06 
6.05 -rt 0.06 
6.39 f 0.06 
6.84 f 0.09 
7.20 f 0.08 
7.34 f 0.08 
7.51 * 0.06 
7.36 f 0.03 
7.28 f 0.05 
7.29 f 0.04 
7.20 f 0.04 
7.09 f 0.04 

405.0 
420.0 
441.2 
460.1 
479.5 
489.9 
499.5 
519.0 
539.0 
588.0 
637.2 
687.0 
736.3 
785.3 
834.0 
884.0 
984.0 

1082.0 
1 179.0 
1273.0 
1372.0 
1467 

7.41 * 0.08 
7.20 Ifr. 0.08 
7.24 * 0.03 
7.60 f 0.09 
7.37 f 0.09 
7.39 f 0.02 
7.58 f 0.09 
7.60 f 0.08 
7.28 f 0.04 
7.04 4: 0.05 
6.96 It 0.04 
6.63 f- 0.02 
6.48 f 0.03 
6.32 f 0.03 
6.19 f 0.03 
6.06 f 0.03 
5.99 f 0.02 
5.58 f 0.07 
5.29 f 0.07 
4.94 f 0.05 
4.89 f 0.09 
4.57 f 0.07 
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Cross-section measurements for electron-impact ionization of Ti"'. The uncertainties listed 
are relative at the equivalent of one standard deviation for statistics; absolute uncertainties are 
dominated by the statistics. Reference: D. C. Gregory et ul., Phys. Rev. A 41, 6512 (1990). 

Energy U Energy U 

(eV> (10'8 cm2) ( W  (IO-'* cm2) 

292 
34 1 
391 
440 
490 
539 
549 
554 
559 
5 64 

-0.022 f 0.067 
-0.009 * 0.072 
0.154 k 0.056 
0.067 f 0.043 
0.365 f 0.082 
0.81 1 * 0.034 
0.696 A 0.027 
0.802 f 0.038 
0.834 f 0.028 
0.851 f 0.035 

5 69 
578 
5 89 
599 
608 
624 
639 
688 
73 8 
788 

0.684 rt 0.025 
0.817 f 0.058 
0.824 f 0.038 
0.897 f 0.046 
0.813 f 0.032 
0.812 f 0.049 
0.780 f 0.028 
0.711 f 0.038 
0.740 f 0.037 
0.785 f 0.021 
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Electron-impact single ionization cross sections for Cr6'. Uncertainties are typical relative 
uncertainties, which combine one standard deviation on counting statistics with uncertainties in 
the form factor. Total uncertainty for a typical point near the peak cross section is f8% to 10% 
at 90% confideiace level. Reference: M. Sataka ei al., Phys. Rev. A 39, 2397 (1989). 

Energy U 

(eV) cm2> 

55.0 
65.0 
75.1 
85.0 
94.2 

104.3 
114.2 
116.5 
118.2 
118.8 
120.4 
122.0 
124.5 
125.9 
128.3 
129.0 
129.9 
132.1 
134.2 
139.0 
143.6 
148.9 
153.7 
163.4 
168.1 
173.6 
178.2 
192.8 

0.07 f 0.10 
0.11 f 0.16 
0.20 f 0.12 
0.05 f 0.08 
0.1 1 f 0.08 
0.10 f 0.06 
0.18 f 0.08 
0.31 f 0.08 
0.50 f 0.08 
0.84 f 0.09 
0.88 f 0.08 
1.17 f 0.08 
1.55 f 0.05 
1.71 f 0.08 
1.84 f 0.08 
1.81 f 0.08 
1.93 f 0.08 
2.05 f 0.08 
2.54 f 0.08 
2.81 f 0.08 
2.80 f 0.05 
3.20 f 0.08 
3.22 f 0.04 
3.60 f 0.04 
3.73 f 0.04 
4.18 f 0.04 
4.77 f 0.04 
4.96 f 0.03 

21 7 
242 
267 
29 1 
316 
341 
3 66 
39 1 
41 5 
440 
465 
489 
514 
539 
5 64 
5 89 
63 7 
687 
73 6 
785 
883 
93 1 
982 

1080 
1173 
1267 
1363 
1460 

5.59 f 0.05 
5.97 f 0.06 
6.14 f 0.05 
6.49 f 0.03 
6.63 f 0.04 
6.42 f 0.07 
6.60 f 0.03 
6.68 f 0.03 
6.61 f 0.04 
6.34 f 0.05 
6.44 h 0.04 
6.43 f 0.07 
6.37 f 0.04 
6.40 f 0.05 
6.45 f 0.04 
6.54 f 0.04 
6.37 f 0.04 
6.45 f 0.03 
6.29 f 0.03 
6.05 f 0.02 
6.1 1 f 0.04 
5.75 f 0.04 
5.55 f 0.04 
5.26 f 0.04 
4.80 f 0.04 
4.60 f 0.03 
4.39 f 0.04 
4.17 f 0.02 
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Electron-impact single ionization cross sections for Cr". Uncertainties are typical relative 
uncertainties, which combine one standard deviation on counting statistics with uncertainties in 
the form factor. Total uncertainty for a typical point near the peak cross section is f8% to 10% 
at 90% confidence level. Reference: M. Sataka et al., Phys. Rev. A 39, 2397 (1989). 

118.9 
124.5 
134.5 
143.7 
153.8 
163.7 
173.9 
183 .O 
185.5 
187.8 
189.3 
191.7 
193.1 
195.3 
197.1 
199.2 
200.8 
202.9 
213 
223 
232 
242 
252 
272 

0.01 * 0.05 
0.00 f- 0.07 
0.03 f 0.08 

0.28 f 0.06 
0.53 f 0.05 
0.51 f 0.05 
0.58 f 0.04 
0.70 f 0.05 
0.79 f 0.04 
0.78 f 0.06 
1.05 f 0.05 

1.24 f 0.04 
1.28 f 0.05 
1.37 f 0.05 
1.34 f 0.05 
1.53 f 0.04 
1.80 * 0.04 
2.19 f 0.05 
2.40 + 0.04 
2.46 f 0.06 
2.61 f 0.05 
2.89 f 0.04 

0.1 1 f 0.08 

0.98 f 0.08 

292 
3 12 
33 1 
341 
35 1 
371 
391 
440 
489 
539 
5 89 
639 
686 
73 7 
786 
83 3 
883 
932 
983 

1081 
1171 
1275 
1370 
1465 

3.05 f 0.05 
3.27 f 0.04 
3.32 f 0.04 
3.33 5 0.04 
3.31 f 0.04 
3.45 * 0.04 
3.45 f 0.01 
3.53 f 0.03 
3.57 f 0.03 
3.55 f 0.03 
3.65 * 0.04 
3.74 * 0.03 
3.74 f 0.01 
3.75 f 0.02 
3.69 f 0.02 
3.72 f 0.03 
3.59 f 0.03 
3.64 f 0.03 
3.51 f 0.02 
3.27 f 0.02 
3.08 f 0.03 
2.81 f 0.02 
2.71 f 0.02 
2.67 f 0.02 
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Electron-impact single ionization cross sections for Cr'". Uncertainties are typical relative 
uncertainties, which combine one standard deviation on counting statistics with uncertainties in 
the form factor. Total uncertainties for a typical point near the peak cross section is f8Y0 to 10% 
at 90% confidence level. Reference: M. Sataka et al., Phys. Rev. A 39, 2397 (1989). 

154.0 
164.0 
174.1 
183.2 
193.3 
203.1 
213 
215 
218 
220 
223 
233 
243 
253 
263 
273 
282 
292 
3 12 
33 1 
35 1 
371 

0.06 f 0.1 1 
0.17 f 0.10 
0.05 f 0.10 
0.20 f 0.09 
0.26 % 0.09 
0.22 f 0.12 
0.31 f 0.08 
0.45 k 0.07 
0.43 f 0.08 
0.68 f 0.07 
0.84 f 0.06 
0.86 f 0.06 
1.05 f 0.07 
1.28 f 0.07 
1.36 f 0.07 
1.48 f 0.06 
1.60 f 0.07 
1.68 f 0.07 
1.78 f 0.08 
1.85 f 0.07 
1.84 f 0.08 
2.01 f 0.08 

39 1 
415 
440 
465 
489 
539 
5 89 
63 8 
688 
73 8 
786 
834 
8 83 
93 2 
983 

1032 
1081 
1175 
1271 
1369 
1489 

2.10 f 0.06 
2.03 f 0.08 
2.08 f 0.07 
2.23 f 0.07 
2.15 f 0.06 
2.28 f 0.07 
2.49 f 0.01 
2.45 f 0.05 
2.40 f 0.05 
2.53 f 0.05 
2.53 f 0.04 
2.51 f 0.04 
2.48 f 0.04 
2.40 f 0.03 
2.42 f 0.04 
2.39 f 0.04 
2.31 f 0.04 
2.14 f 0.04 
2.01 f 0.04 
1.95 f 0.04 
1.92 f 0.04 
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Electron-impact single ionization cross sections for Cr"'. Uncertainties are typical relative 
uncertainties, which combine one standard deviation on counting statistics with uncertainties in 
the form factor. Total uncertainty for a typical point near the peak cross section is f8% to 10% 
at 90% confidence level. Reference: M. Sataka et ul., Phys. Rev. A 39, 2397 (1989). 

Energy U 

(W (IO-'' cm2) 

242 
252 
262 
2 72 
2 82 
292 
3 12 
33 1 
351 
371 
390 
415 
440 
465 
489 
514 
539 
564 

-0.06 f 0.08 
-0.01 * 0.07 
-0.04 * 0.07 
0.13 f 0.09 
0.41 rf; 0.13 
0.29 f 0.1 1 
0.36 f 0.09 
0.52 f 0.09 
0.50 * 0.08 
0.70 * 0.08 
0.71 f 0.06 
0.62 f 0.07 
0.72 * 0.09 
0.71 f 0.07 
0.84 f 0.05 
0.80 f 0.06 
0.83 f 0.05 
0.96 f 0.05 

588 
613 
63 8 
663 
686 
736 
786 
833 
8 82 
93 2 
982 

1032 
1078 
1174 
1269 
1364 
1461 

1.03 f 0.05 
1.11 f 0.05 
1.18 f 0.04 
1.19 jz 0.04 
1.22 f 0.05 
1.24 f 0.04 
1.29 * 0.03 
1.23 f 0.04 
1.32 f 0.04 
1.22 f 0.04 
1.25 f 0.03 
1.14 f 0.05 
1.17 4 0.03 
1.10 4 0.07 
1.09 f 0.06 
0.97 f 0.05 
0.90 4 0.05 

Cross-section measurements for electron-impact ionization of CrI3+. The uncertainties listed 
are relative at the equivalent of one standard deviation for statistics; absolute uncertainties are 
dominated by the statistics. Reference: D.C. Gregory et ul., Phys. Rev. A 41, 6512 (1990). 

Energy U 

(eV) (10-18 cm2) 

490 0.024 f 0.034 
539 0.129 rt 0.036 
686 0.371 f 0.050 
720 0.373 f 0.032 
83 5 0.369 f 0.035 

885 0,449 f 0.043 
93 1 0.379 f 0.033 

1028 0.387 f 0.032 
1225 0.481 f 0.048 
1480 0.422 f 0.038 
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Experimental electron-impact ionization cross sections for Fe5+. Uncertainties here are one- 
standard-deviation relative only. Absolute uncertainty for a typical point near the peak cross 
section is f8Y0 at 90% confidence level. Reference: D.C. Gregory et al., Phys. Rev. A 34, 3657 
(1 986). 

Energy U 

(eV) (IO-'' cm2) 

81.5 
91.3 
97.0 
99.8 

101.9 
106.8 
11 1.8 
114.7 
116.9 
118.7 
120.6 
122 
126 
132 
136 
141 
146 
151 
156 
166 
176 
196 

0.04 It 0.12 

0.60 It 0.10 
1.58 * 0.13 
2.75 * 0.19 
4.57 f 0.17 
5.84 f 0.16 
6.61 f 0.16 
7.07 f 0.15 
7.30 f 0.15 
7.48 f 0.15 
7.79 f 0.28 
8.74 f 0.29 
9.74 f 0.15 

10.41 f 0.26 
11.13 f 0.13 
11.45 f 0.1 1 
12.01 f 0.16 
12.43 f 0.12 
12.92 f 0.10 
13.32 f 0.11 
14.07 k 0.06 

-0.03 f 0.1 1 
216 
23 5 
255 
275 
292 
317 
3 42 
3 66 
391 
415 
465 
490 
539 
588 
63 8 
688 
787 
885 
988 

1236 
1484 

14.17 f 0.13 
15.02 f 0.14 
15.21 f 0.13 
15.56 f 0.12 
15.40 f 0.23 
15.48 f 0.06 
15.26 f 0.10 
14.90 f 0.08 
14.62 f 0.05 
14.51 f 0.04 
14.26 f 0.06 
14.18 f 0.05 
13.91 f 0.04 
13.69 f 0.03 
13.23 f 0.06 
13.05 f 0.05 
12.19 f 0.02 
11.29 f 0.06 
10.72 f 0.03 
9.1 1 f 0.07 
8.37 f 0.07 
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Experimental electron-impact ionization cross sections for Fe6'. Uncertainties here are one- 
standard-deviation relative only. Absolute uncertainty for a typical point near the peak cross 
section is f8% at 90% confidence level. Reference: D.C. Gregory et al., Phys. Rev. A 34, 3657 
(1 986). 

Energy U 

(eV) cm') 

96.6 
106.2 
11 1.3 
116.5 
121.2 
126 
131 
136 
141 
146 
151 
155 
166 
176 
I86 
195 
215 
23 5 
245 

0.06 f 0.23 
-0.14 f 0.23 
-0.17 f 0.24 
0.13 f 0.17 

0.52 f 0.19 
1.96 f 0.30 
2.61 f 0.15 
4.10 f 0.19 
4.46 * 0.15 
5.62 f 0.18 
5.65 f 0.27 
6.20 f 0.36 
7.08 f 0.26 
7.53 f 0.28 
7.70 f 0.08 
8.34 f 0.09 
8.76 f 0.09 
9.10 f 0.16 

-0.05 f 0.21 

255 
275 
295 
317 
342 
367 
391 
44 1 
490 
540 
589 
63 8 
689 
788 
888 
990 

1236 
1485 

9.03 f 0.09 
9.29 f 0.09 
9.50 f 0.05 
9.57 f 0.21 
9.69 f 0.15 
9.39 f 0.15 
9.45 f 0.10 
9.30 f 0.13 
9.10 f 0.10 
9.01 f 0.07 
9.03 f 0.06 
9.02 f 0.06 
8.85 f 0.06 
8.16 f 0.07 
7.79 f 0.05 
7.28 f 0.04 
6.69 f 0.08 
5.85 f 0.05 
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Experimental electron-impact ionization cross sections for Fe9+. Uncertainties here are one- 
standard-deviation relative only. Absolute uncertainty for a typical point near the peak cross 
section is +8% at 90% confidence level. Reference: D.C. Gregory et al., Phys. Rev. A 34, 3657 
(1 986). 

Energy U 

(eV) cm2> 

145 
170 
182 
194 
21 1 
219 
243 
268 
293 
318 
343 
367 
3 92 
443 
492 
540 

0.09 k 0.07 

0.19 f 0.1 1 
0.04 k 0.06 

0.23 f 0.07 
0.42 f 0.05 
0.52 f 0.05 
0.96 f 0.04 
1.13 f. 0.05 
1.38 5 0.04 
1.50 f 0.05 
1.64 f 0.05 
1.73 f 0.05 
1.80 f 0.03 
1.91 f 0.06 

-0.02 f 0.09 

-0.05 f 0.08 

565 
589 
639 
690 
740 
789 
839 
888 
992 

1094 
1191 
1247 
1299 
1400 
1504 

2.03 f 0.07 
1.99 f 0.04 
2.04 f 0.04 
2.03 f 0.03 
2.04 f 0.04 
2.16 f 0.03 
1.97 f 0.06 
2.07 f 0.03 
1.95 f 0.16 
1.87 f 0.07 
1.68 f 0.05 
1.78 f 0.05 
1.65 f 0.05 
1.67 f 0.05 
1.50 f 0.05 
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Experimental electron-impact ionization cross sections for Fe"'. Uncertainties listed here are 
one-standard-deviation relative only, while the absolute uncertainty for a typical point near the 
peak cross section is f14% at 90% confidence level. Reference: D.C. Gregory et al., Phys. Rev. 
A 35, 3256 (1987). 

293 
317 
3 42 
391 
440 
490 
540 
590 
639 
664 
68% 
713 
73 8 
763 

0.02 f 0.05 
-0.02 f 0.07 
0.19 f 0.06 
0.36 f 0.05 
0.52 * 0.06 
0.60 rt 0.06 
0.73 It 0.04 
0.79 rt 0.04 
0.80 f 0.04 
0.83 f 0.05 
0.84 f 0.06 
0.90 f 0.05 
0.95 f 0.04 
1.06 f 0.05 

788 
812 
83 8 
862 
887 
93 5 
988 

1039 
1090 
1138 
1189 
1288 
1385 
1481 

1.17 f 0.03 
1.09 f 0.04 
1.16 f 0.04 
1.09 f 0.05 
1.11 f 0.04 
1.08 f 0.05 
1.12 f 0.04 
1.15 f 0.03 
1.04 f 0.04 
1.07 f 0.05 
1.05 f 0.04 
1.04 f 0.04 
0.93 f 0.04 
0.80 f 0.03 

Experimental electron-impact ionization cross sections for FeI3+. Uncertainties listed here are 
one-standard-deviation relative only, while the absolute uncertainty for a typical point near the 
peak cross section is f23% at 90% confidence level. Reference: D.C. Gregory et al., Phys. Rev. 
A 35, 3256 (1987). 

Energy IT 

(eV) (1 0-18 cm2) 

3 42 
392 
41 G 
442 
490 
540 
590 
639 
688 
739 

-0.04 f 0.09 
-0.006 f 0.077 
0.02 f 0.14 
0.28 f 0.08 
0.21 f 0.10 
0.27 f. 0.09 
0.13 f 0.08 
0.20 f 0.1 1 
0.38 f 0.10 
0.44 f 0.08 

763 
788 
83 8 
885 
93 5 
986 

1086 
1183 
1282 
1381 

0.50 f 0.09 
0.68 f 0.08 
0.71 f 0.06 
0.78 f 0.07 
0.85 f 0.10 
0.68 f 0.07 
0.54 f 0.10 
0.64 f 0.09 
0.63 f 0.10 
0.58 f 0.09 



44 

Experimental electron-impact ionization cross sections for Fe’”. Uncertainties listed here are 
one-standard-deviation relative only, while the absolute uncertainty for a typical point near the 
peak cross section is *2 1 YO at the two-standard-deviation level. Reference: D.C. Gregory et al., 
Phys. Rev. A 35, 3256 (1987). 

634.2 
686.1 
727.3 
741.5 
751.1 
757.0 
760.4 
769.1 
778.1 
785.7 
796.6 
800.9 
804.8 
805.7 

0.071 f 0.048 
0.076 f 0.042 
0.058 f 0.043 
0.155 f 0.046 
0.105 f 0.026 
0.151 f 0.026 
0.172 h 0.032 
0.190 f 0.056 
0.175 f 0.043 
0.242 f 0.046 
0.198 f 0.051 
0.3 17 f 0.042 
0.305 f 0.042 
0.250 f 0.027 

806.2 
806.7 
807.3 
8 16.0 
820.8 
835.2 
850.2 
855.6 
870.4 
872.0 
904.5 
924.6 
956.9 
988.0 

0.150 f 0.050 
0.210 f 0.025 
0.355 f 0.042 
0.253 f 0.028 
0.298 f 0.065 
0.257 f 0.027 
0.353 f 0.033 
0.278 f 0.047 
0.287 f 0.029 
0.349 f 0.045 
0.271 f 0.027 
0.302 f 0.034 
0.339 f 0.034 
0.321 f 0.047 



45 

Electron-impact single ionization cross sections for Ni9. Uncertainties are one-standard- 
deviation relative only, while the absolute uncertainty is about +lo% at 90% confidence level for 
a typical point near the peak cross section. Reference: L.J. Wang et al., J. Phys. B 21, 2117 
(1 988). 

Energy U 

(eV> cm2) 

91.6 
96.1 

100.8 
103.2 
105.8 
108.2 
110.5 
113.0 
115.6 
125.5 
135.5 
145.1 
155.0 
174.7 
194.5 
213.7 
233.7 
252.9 
272.7 

0.064 * 0.144 
0.255 f 0.123 
0.491 * 0.157 
0.90 f 0.20 
1.67 f 0.13 
2.68 f 0.22 
3.32 f 0.14 
4.59 * 0.18 
5.26 f 0.16 
6.96 f 0.15 
8.23 f 0.13 
9.40 f 0.12 

10.15 f 0.12 
11.86 f 0.10 
12.86 f 0.11 
13.64 f 0.15 
14.51 f 0.13 
15.22 f 0.13 
15.29 f 0.12 

292.6 
316.9 
342.2 
366.7 
391.1 
440 
490 
539 
589 
63 7 
688 
73 6 
787 
885 
985 

1131 
1279 
1478 

~ ~ 

15.29 Ifr 0.10 
15.13 f 0.15 
15.29 f 0.14 
15.08 f 0.15 
15.19 f 0.13 
15.03 f 0.16 
15.26 f 0.08 
14.87 f 0.1 1 
14.52 f 0.14 
14.30 * 0.12 
14.21 f 0.27 
14.65 f 0.14 
14.13 f 0.15 
13.14 f 0.14 
12.90 f 0.15 
11.55 * 0.13 
10.64 f 0.1 1 
9.40 f 0.13 
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Electron-impact single ionization cross sections for Ni6'. Uncertainties are one-standard- 
deviation relative only, while the absolute uncertainty is about *lo% at 90% confidence level for 
a typical point near the peak cross section. Reference: L.J. Wang et al., J. fhys. B 21, 21 17 
(1 988). 

Energy U 

(eV> (IO-'' cm2) 

116.1 
120.8 
125.5 
130.8 
133.2 
135.5 
140.4 
145.1 
155.0 
164.7 
174.7 
194.5 
2 19.2 
243.6 
268.1 
292.6 

-0.099 f 0.158 
-0.096 f 0.125 
-0.043 f 0.134 
0.500 f 0.102 
1.24 f 0.15 
1.28 f 0.11 
2.56 f 0.10 
3.23 f 0.15 
4.35 f 0.17 
5.21 f 0.14 
5.98 f 0.13 
7.14 f 0.13 
8.16 f 0.16 
9.13 f 0.13 
9.70 f 0.17 

10.04 f 0.12 

342.2 
391.1 
440 
490 
539 
5 89 
63 7 
688 
73 6 
787 
885 
985 

1083 
1183 
1327 
1478 

9.92 f 0.09 
9.84 f 0.13 
9.87 f 0.13 
9.89 rt 0.10 
9.82 f 0.07 
9.58 f 0.07 
9.58 f 0.06 
9.44 f 0.06 
9.69 f 0.08 
9.77 f 0.12 
9.42 f 0.08 
8.90 f 0.18 
8.41 f 0.06 
8.07 f 0.06 
7.35 f 0.07 
6.81 f 0.05 



47 

Electron-impact single ionization cross sections for Ni". Uncertainties are one-standard- 
deviation relative only, while the absolute uncertainty is about f10% at 90% confidence level for 
a typical point near the peak cross section. Reference: L.J. Wang et al., J. Phys. B 21, 21 17 
(1988). 

145.1 
155.0 
159.7 
164.7 
169.9 
174.7 
174.7 
179.4 
184.5 
194.5 
204.3 
2 14.3 
233.7 
252.9 
272.7 
292.6 
316.9 
342.2 
366.7 

0.03 f 0.22 
0.14 f 0.20 
0.37 f 0.27 
0.51 f 0.21 
1.38 f 0.25 
1.86 * 0.20 
2.49 f 0.22 
2.75 f 0.20 
3.11 * 0.14 
3.93 f 0.13 
4.58 rt 0.20 
5.10 f 0.13 
5.69 f 0.14 
6.02 f 0.13 
6.50 =t 0.13 
6.43 * 0.26 
6.82 f 0.1 1 
6.81 f 0.15 
6.87 f 0.1 1 

391.1 
415.7 
440 
465 
490 
539 
589 
63 7 
688 
736 
787 
83 7 
885 
934 
985 

1083 
1183 
1327 
1478 

6.78 f 0.09 
7.17 i 0.13 
6.98 f 0.13 
7.16 * 0.15 
7.12 f 0.13 
7.06 f 0.13 
7.07 f 0.12 
7.09 f 0.11 
6.92 * 0.10 
7.07 f 0.09 
6.98 f 0.13 
6.99 f 0.08 
6.66 f 0.13 
6.48 * 0.13 
6.58 f 0.12 
6.21 f 0.11 
5.94 rt 0.10 
5.43 f 0.1 1 
5.13 4 0.08 



48 

Electron-impact single ionization cross sections for Nis+. Uncertainties are one-standard- 
deviation relative only, while the absolute uncertainty is about *lo% at 90% confidence level for 
a typical point near the peak cross section. Reference: L.J. Wang et al., J. Phys. B 21, 2117 
(1 988). 

135.5 
145.1 
155.0 
164.7 
174.7 

194.5 
199.5 
204.3 
209.2 
2 14.3 
224.0 
233.7 
243.6 
252.9 
263.1 
272.7 
292.6 
316.9 
342.2 

184.5 

0.04 f 0.19 
0.12 f 0.10 
0.09 k 0.14 
0.15 f 0.11 
0.24 f 0.12 
0.19 f 0.13 
0.26 f 0.13 
0.74 f 0.12 
1.37 f 0.13 
1.58 f 0.12 
1.78 f 0.12 
2.22 f 0.1 1 
2.67 f 0.12 
3.13 f 0.12 
3.13 f 0.09 
3.54 f 0.14 
3.61 f 0.12 
3.71 f 0.13 
4.01 f 0.15 
4.24 f 0.14 

366.7 
391.1 
415.7 
440 
465 
490 
539 
589 
63 7 
688 
736 
787 
837 
885 
934 
985 

1083 
1183 
1327 
1478 

4.37 f 0.13 
4.38 f 0.10 
4.59 f 0.08 
4.43 f 0.10 
4.61 f 0.11 
4.52 f 0.12 
4.45 f 0.1 1 
4.44 f 0.1 1 
4.58 f 0.10 
4.57 f 0.09 
4.51 f 0.11 
4.44 f 0.09 
4.50 f 0.1 1 
4.69 f 0.15 
4.62 f 0.1 1 
4.41 f 0.12 
4.17 f 0.15 
4.03 f 0.16 
3.83 f 0.06 
3.71 f 0.08 
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Electron-impact single ionization cross sections for Nil2+. Uncertainties are one-standard- 
deviation relative only, while the absolute uncertainty is about f l O %  at 90% confidence level for 
a typical point near the peak cross section. Reference: L.J. Wang et al., J. Phys. B 21, 21 17 
( 1 9 8 8). 

Energy a 
(eV> cm2) 

303.3 
327.5 
352.2 
371.7 
391.1 
410.8 
43 1 .O 
45 1 
470 
490 
515 
539 
5 64 
5 89 
63 7 
688 

-0.023 -f 0.038 
0.025 It 0.038 
0.101 f 0.029 
0.058 f 0.028 
0.072 f 0.029 
0.206 f 0.050 
0.327 f 0.037 
0.427 f 0.040 
0.404 f 0.040 
0.465 f 0.053 
0.536 f 0.039 
0.538 * 0.036 
0.605 f 0.034 
0.656 f 0.032 
0.638 f 0.032 
0.674 f 0.040 

736 
787 
83 7 
860 
8 85 
910 
934 
959 
985 

1034 
1083 
1183 
1279 
1379 
1478 

0.680 f 0.034 
0.747 f 0.028 
0.734 f 0.032 
0.813 -f 0.029 
0.877 f 0.031 
0.946 f 0.028 
0.971 f 0.029 
0.928 f. 0.037 
0.912 f 0.023 
0.994 f 0.023 
0.940 f 0.021 
0.961 * 0.028 
0.940 f 0.028 
0.881 f 0.020 
0.898 f 0.021 

Electron-impact single ionization cross sections for Nil4+. Uncertainties are one-standard- 
deviation relative only, while the absolute uncertainty is about *lo% at 90% confidence level for 
a typical point near the peak cross section. Reference: L.J. Wang et aZ., J. Phys. B 21, 21 17 
(1988). 

440 
490 
589 
688 
787 
812 
837 
860 
885 

0.016 f 0.027 
0.129 f 0.035 
0.238 f 0.029 
0.275 f 0.024 
0.3 19 f 0.023 
0.306 * 0.019 
0.261 * 0.015 
0.331 f 0.018 
0.403 f 0.019 

910 
934 
985 

1034 
1083 
1131 
1183 
1279 
1379 

0.443 f 0.033 
0.508 f 0.019 
0.532 f 0.019 
0.621 f 0.024 
0.604 f 0.046 
0.587 .f: 0.048 
0.582 f 0.043 
0.586 f 0.033 
0.514 f 0.035 
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Electron-impact single ionization cross sections for Kr4'. Uncertainties are one-standard- 
deviation relative only; absolute uncertainty at the two-standard-deviation level is approximately 
f12%. Reference: A.M. Howald et al., unpublished (1985), ref. 27. 

36.5 
40.8 
41.5 
42.5 
46.5 
47.4 
51.4 
56.2 
58.1 
59.1 
60.0 
61.8 
64.4 
65.2 
66.4 
68.0 
69.0 
70. I 
71.7 
72. I 
73.8 
76.3 
77.9 
79.9 
81.5 
84.0 
86.2 
87.8 
89.8 
91.5 
94.1 
96.5 
99.8 

101.5 
103.5 

0.04 f 0.07 

0.12 f 0.06 
0.14 f 0.10 
0.56 f 0.08 
0.73 f 0.09 
0.72 f 0.06 
0.87 f 0.06 
0.83 f 0.09 
0.83 f 0.09 
0.76 f 0.09 
1.05 f 0.06 
2.40 f 0.06 
4.38 f 0.10 
4.73 f 0.05 
6.18 f 0.10 
7.65 f 0.1 1 
7.68 f 0.08 
9.24 f 0.06 

10.06 f 0.1 1 
10.94 f 0.08 
11.87 f 0.05 
12.45 f 0.09 
13.73 f 0.10 
14.34 f 0.06 
15.31 f 0.09 
16.44 f 0.05 
16.27 f 0.09 
16.24 f 0.09 
16.59 f 0.07 
16.14 * 0.09 
16.84 f 0.04 
17.56 + 0.12 
16.89 0.06 
17.3-9 f 0.1 1 

-0.07 f 0.08 
106.3 
111.0 
116.2 
121.0 
125.6 
130.9 
135.9 
145.5 
151.1 
155.4 
165.7 
175.3 
184.5 
195.5 
220 
225 
244 
255 
269 
274 
294 
3 19 
344 
394 
443 
493 
593 
692 
842 
997 

1198 
1240 
1397 
1500 

17.68 f 0.05 
17.90 f 0.07 
17.88 f 0.06 
18.17 f 0.06 
18.50 f 0.06 
18.57 f 0.07 
18.78 f 0.04 
18.97 f 0.06 
18.77 f 0.12 
18.66 f 0.08 
18.15 f 0.05 
17.40 f 0.08 
17.05 f 0.09 
16.96 f 0.04 
16.38 f 0.07 
16.65 f 0.08 
16.20 f 0.06 
15.74 f 0.07 
15.91 f 0.06 
14.98 f 0.06 
15.04 f 0.02 
14.04 f 0.06 
13.21 h 0.04 
12.34 f 0.08 
11.99 f 0.06 
11.10 f 0.04 
10.42 f 0.04 
9.65 f 0.04 
8.48 f 0.03 
7.76 f 0.02 
6.48 f 0.08 
6.96 0.05 
5.53 f 0.08 
6.40 f 0.03 
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Kr" ionization cross section data: The second column lists the measured data with their 
absolute uncertainties. The third column gives data reduced by 9 . 2 5 m  (where E is in eV). 
Absolute uncertainties in the third column include the contribution from the uncertainties due to 
correction for space-charge modulation. Reference: D.C. Gregory and A.M. Howald, unpublished 
(1985). 

Ionization cross sections ( 1 0 ~ " ~  cm2> 

Energy Data after the correction 
(eV) Measured data for space-charge modulation 

. 

75.5 
85.3 
95.2 
96.4 

106 
116 
125 
136 
145 
154 
157 
160 
165 
171 
175 
183 
195 
213 
22 1 
232 
243 
2s 1 
271 
29 1 
309 
329 
341 
3 49 
368 
3 89 
42 0 
454 
488 
495 
538 
587 

1.01 f 0.21 
1.48 f 0.50 
1.11 f 0.16 
0.98 f 0.27 
0.71 f 0.17 
0.81 f 0.14 
0.96 f 0.16 
1.72 f 0.16 
3.24 f 0.15 
3.45 f 0.16 
4.51 f 0.11 
4.98 f 0.09 
5.12 f 0.12 
5.32 k 0.57 
5.29 f 0.15 
5.48 f 0.17 
6.16 f 0.14 
6.57 f 0.16 
7.61 f 0.37 
6.73 f 0.15 
7.74 f 0.19 
6.83 f 0.14 
7.37 f 0.13 
8.04 f 0.07 
8.21 f 0.11 
8.50 f 0.09 
8.38 f 0.24 
8.68 f 0.08 
8.65 f 0.09 
8.94 f 0.07 
8.90 f 0.10 
9.12 f 0.09 
9.35 f 0.06 
9.48 f 0.1 1 
9.57 f 0.17 
9.48 f 0.12 

-0.06 * 0.22 
0.47 f 0.50 
0.16 f 0.17 
0.03 f 0.28 

-0.19 * 0.18 
-0.05 f 0.15 
0.13 f 0.17 
0.92 * 0.17 
2.47 f 0.16 
2.70 f 0.17 
3.77 f 0.12 
4.25 f 0.10 
4.40 f 0.13 
4.61 f 0.57 
4.59 i 0.16 
4.79 f 0.18 
5.49 f 0.15 
5.93 * 0.17 
6.98 f 0.37 
6.12 f 0.16 
7.14 f 0.19 
6.24 f 0.15 
6.81 f 0.14 
7.50 f 0.08 
7.68 f 0.12 
7.99 f 0.10 
7.88 f 0.24 
8.18 f 0.09 
8.17 f 0.10 
8.47 f 0.08 
8.45 f 0.10 
8.68 f 0.09 
8.93 f 0.07 
9.06 f 0.1 1 
9.17 f 0.17 
9.10 f 0.12 
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(Continued) 

Ionization cross sections (1 o-'* cm2) 

Energy Data after the correction 
(eV> Measured data for space-charge modulation 

63 7 
687 
736 
786 
83 5 
885 
934 
989 

1090 
1187 
1284 
1385 
1485 

9.37 f 0.09 
8.99 f 0.12 
9.10 f 0.1 1 
8.95 f 0.1 1 
8.72 f- 0.08 
8.75 f 0.08 
8.61 f 0.07 
8.28 f 0.07 
7.97 f 0.07 
7.76 f 0.07 
7.59 f 0.05 
7.17 f 0.06 
6.95 f 0.06 

9.00 f 0.09 
8.64 f 0.12 
8.76 f 0.1 1 
8.62 f 0.1 1 
8.40 f 0.08 
8.44 f- 0.08 
8.31 f 0.07 
7.98 f 0.07 
7.69 f 0.07 
7.49 f 0.07 
7.33 f 0.05 
6.92 f 0.06 
6.71 f 0.06 
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. Experimental electron-impact ionization cross sections for Kr”. Uncertainties are 
one-standard-deviation relative ody;  absolute uncertainty of the curve is &8% at 90% confidence 
level for a point near the peak o f  the curve. Reference: M.E. Bannister et al., Phys. Rev. A 38, 
38 (1988). 

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 

0.03 f 0.09 
0.06 f 0.09 

0.09 f 0.05 
0.12 f 0.05 
0.35 f 0.07 
0.58 f 0.05 
0.64 It 0.06 
0.79 f 0.06 
0.86 f 0.06 
0.91 It 0.06 
1.07 * 0.06 
1.03 f 0.06 
1.04 f 0.05 
1.08 f 0.05 
1.22 f 0.05 
1.53 f 0.04 
1.75 f 0.06 
1.79 .f 0.06 
2.14 f 0.06 
2.48 rt 0.06 
2.64 f 0.06 
2.98 It 0.06 
3.47 f 0.06 

-0.02 jz 0.08 

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 

3.70 f 0.05 
3.87 f 0.04 
4.06 f 0.05 
4.40 f 0.06 
4.56 f 0.05 
4.80 f 0.06 
4.98 f 0.05 
5.16 f 0.05 
5.29 f 0.05 
5.37 f 0.05 
5.43 f 0.04 
5.45 f 0.05 
5.59 f 0.04 
5.65 f 0.03 
5.73 f 0.03 
5.71 f 0.04 
5.71 f 0.03 
5.66 f 0.03 
5.63 f 0.03 
5.46 f 0.05 
5.27 f 0.03 
5.03 f 0.03 
4.88 f 0.03 
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Electron-impact single ionization cross sections for K?. Uncertainties are one-standard- 
deviation relative only. Reference: D.C. Gregory, K. Rim, and L.J. Wang, unpublished (1986). 

208 
247 
296 
346 
396 
495 
594 
693 

-0.12 * 0.16 
0.32 f 0.16 
0.73 Ifi 0.17 
1.65 * 0.17 
2.48 * 0.17 
3.45 f 0.15 
3.84 f 0.16 
3.60 f 0.14 

792 3.54 * 0.14 
893 3.46 f 0.11 
994 3.55 * 0.11 

1193 3.34 k 0.13 
1293 3.64 * 0.14 
1393 3.53 f 0.12 
1492 3.13 5 0.08 
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Electron-impact single ionization cross sections for Xe6+. Uncertainties are one-standard- 
deviation relative only. Reference: D.C. Gregory, K. Rinn, and L.J. Wang, unpublished (1986). 

66.4 
69.3 
72.3 
74.0 
76.1 
78.5 
79.7 
80.9 
82.2 
83.5 
84.6 

86.1 
87.2 
88.2 
89.5 
90.8 
92.2 
93.3 
93.6 
94.2 
94.8 
95.4 
95.8 
96.0 
96.5 
97.1 
97.8 
98.2 
98.4 
98-8 
99.5 

100.0 

85.7 

-0.16 f 0.42 
0.26 f 0.38 
0.38 f 0.39 

0.52 f 0.39 
-0.04 k 0.33 
0.77 f 0.27 
1.71 f 0.36 
4.01 It 0.38 
4.78 f 0.24 
6.32 f 0.38 
7.83 f 0.28 
8.30 f 0.42 

11.67 f 0.37 
11.15 f 0.34 
11.48 f 0.36 
10.85 k 0.26 
10.92 f 0.35 
12.36 f 0.38 
11.29 f 0.36 
12.30 f 0.43 
13.45 f 0.40 
15.33 f 0.28 
16.43 f 0.23 
15.83 f 0.28 
15.80 f 0.34 
16.65 * 0.30 
18.75 f 0.30 
20.02 f 0.24 
21.15 f 0.28 
24.98 f 0.28 
26.13 f 0.29 
25.91 * 0.28 

-0.31 f 0.46 

Energy 0 

(eV) ( 1 0 ” ~  cm2> 

100.4 
100.6 
101.3 
101.3 
101.8 
101.8 
102.5 
102.5 
103.0 
103.7 
105.4 
107.9 
110.2 
112.9 
1 14.3 
114.9 
115.4 
115.6 
116.1 
116.7 
117.2 
117.5 
117.8 
118.4 
119.3 
120.2 
120.2 
121.2 
122.0 
122.7 
123.7 
124.7 
125.5 

27.70 f 0.59 
28.14 f 0.28 
28.83 f 0.29 
27.95 f 0.31 
30.82 f 0.28 
28.61 f 0.33 
28.92 f 0.35 
28.01 f 0.30 
28.28 f 0.22 
29.89 f 0.30 
30.65 f 0.32 
3 1.84 f 0.30 
31.66 f 0.35 
32.51 rt 0.33 
33.69 4 0.32 
33.33 f 0.29 
33.66 f 0.30 
34.65 f 0.38 
36.01 f 0.29 
36.91 f 0.48 
38.70 f 0.29 
38.92 f 0.34 
40.00 f 0.36 
40.40 f 0.29 
39.83 f 0.55 
40.35 f 0.30 
38.60 f 0.55 
37.74 f 0.32 
37.89 f 0.28 
38.79 f 0.14 
38.63 f 0.28 
38.69 f 0.28 
38.26 f 0.27 
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Electron-impact double ionization cross sections for Xe6+. Uncertainties are one-standard- 
deviation relative only; absolute uncertainty is f8Y0 at good confidence level. Reference: A.M. 
Howald et al., Phys. Rev. Lett. 56, 1675 (1986). 

Energy U 

(eV> (IO-'' cm2) 

144 0.03 f 0.24 
194 0.55 f 0.18 
218 1.13 f 0.31 
244 1.42 f 0.15 
267 1.99 ;t 0.18 
292 2.26 f 0.12 
3 42 2.52 f 0.13 

49 1 2.85 I 0 . 0 9  
59 1 2.80 f 0.15 
640 2.95 f 0.15 
69 1 2.95 f 0.15 
742 2.86 f 0.15 
84 1 2.52 f 0.15 
988 2.21 f 0.15 

3 92 2.82 f 0.13 

Electron-impact triple ionization cross sections for Xe6'. Uncertainties are one-standard- 
deviation relative only; absolute uncertainty is f12% at good confidence level. Reference: A.M. 
Howald et al., Phys. Rev. Lett. 56, 1675 (1986). 

293 
392 
426 
458 
493 
525 
559 
592 
643 

0.0 
0.01 f 0.01 
0.026 f 0.01 
0.07 f 0.01 
0.10 =k 0.012 
0.098 f 0.01 1 
0.122 + 0.01 1 
0.120 f 0.010 
0.140 f 0.011 

692 
742 
792 
843 
892 
942 
995 

1094 
1194 

0.143 f 0.010 
0.166 f 0.008 
0.196 f 0.007 
0.221 f 0.009 
0.247 f 0.008 
0.279 f 0.008 
0.289 f 0.007 
0.312 f 0.010 
0.321 f 0.010 
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Experimental electron-impact ionization cross sections for Xes+. Uncertainties are one- 
standard-deviation relative only; absolute uncertainty of the curve is f8% at 90% confidence level 
for a point near the peak of the curve. Reference: M.E. Bannister et al., Phys. Rev. A 38, 38 
( 1 9 8 8). 

Energy 0 

(eV> cm2) 
Energy U 

(eV) cm2> 

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 
2 14.7 
2 19.7 
224.1 
234.0 

0.46 f 0.54 

0.38 f 0.73 
1.06 & 0.58 
2.36 f 0.58 
2.94 f 0.69 
2.79 f 0.50 
2.46 f 0.48 
2.50 h 0.63 
3.18 It 0.36 
3.13 f 0.23 
2.94 f 0.36 
5.00 f 0.44 
5.20 k 0.34 
5.58 * 0.46 
5.93 f 0.32 
6.96 f 0.35 
7.44 f 0.35 
7.44 * 0.29 
7.95 f 0.20 
7.79 =k 0.27 
8.91 f 0.30 

-0.02 f 0.47 
243.1 
268.0 
29 1.9 
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 
1476 

9.47 f 0.18 
9.59 f 0.22 
9.65 f 0.23 

10.09 f 0.19 
10.10 f 0.16 
10.27 f 0.12 
10.38 f 0.12 
10.28 f 0.13 
10.35 f 0.12 
9.91 f 0.11 
9.42 f 0.13 
9.60 f 0.08 
9.66 f 0.07 
9.53 f 0.1 1 
8.87 f 0.13 
8.41 f 0.12 
8.28 4 0.15 
7.25 f 0.12 
6.63 * 0.09 
6.23 f 0.09 
5.89 f 0.12 
5.77 f 0.11 
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Cross section measurements for double ionization of Xes' by electron impact. Uncertainties 
are relative only at the equivalent of one-standard-deviation confidence level; absolute uncertainty 
for a point near the peak cross section is f8% at 90% confidence level. Reference: D.W. Mueller 
et al., Phys. Rev. A 39, 2381 (1989). 

286 
335 
383 
41 1 
420 
43 1 
440 
450 
460 
470 
479 
490 
5 09 
527 
547 
563 
577 
597 
612 
623 
646 
66 1 
668 
686 

-0.013 f 0.065 
0.008 f 0.059 
0.021 5 0.048 
0.082 f 0.032 
0.033 f 0.046 
0.146 f 0.046 
0.158 f 0.044 
0.163 f 0.043 
0.099 f 0.031 
0.134 f 0.043 
0.096 f 0.040 
0.156 f 0.040 
0.167 f 0.041 
0.222 f 0.038 
0.262 f 0.041 
0.186 f 0.04 1 
0.214 f 0.030 
0.229 f0.038 
0.227 f 0.038 
0.231 f 0.030 
0.242 f 0.031 
0.320 f 0.037 
0.272 f 0.036 
0.259 f 0.027 

688 
698 
720 
754 
768 
784 
817 
833 
854 
882 
884 
93 1 
980 
984 

1032 
1082 
1131 
1180 
1229 
1278 
1327 
1376 
1425 
1476 

0.3 11 f 0.032 
0.310 f 0.030 
0.354 f 0.031 
0.349 f 0.030 
0.367 f 0.026 
0.387 f 0.027 
0.410 f 0.031 
0.406 f 0.029 
0.445 f 0.036 
0.454 f 0.023 
0.510 f 0.010 
0.5 15 f 0.03 1 
0.547 f 0.029 
0.599 f 0.028 
0.546 f 0.021 
0.579 f 0.030 
0.618 f 0.028 
0.567 f 0.020 
0.578 f 0.026 
0.566 f 0.016 
0.567 f 0.023 
0.517 f 0.012 
0.582 f 0.024 
0.567 f 0.016 



Electron-impact single ionization cross sections for Tas+. 
deviation relative only. Reference: D.C. Gregory and F.W. Meyer, unpublished (1988). 

Uncertainties are one-standard- 

43 7 20.1 f 1.9 146 3.24 f 4.2 
195 15.3 f 2.4 486 20.8 * 1.7 

5 82 18.1 f 1.3 243 12.0 * 2.0 
29 1 20.2 f 1.8 680 16.4 f 0.9 
34 1 20.5 f 1.7 777 15.9 113 1.0 
3 89 17.3 st 1.6 
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Single ionization cross sections for UIO+ ions. Cross section uncertainties are relative only at the 
equivalent of one standard deviation for statistics; collision energy uncertainties range from f0.2 
(at low energies) to f l  eV (at high energies). Absolute uncertainty for a point near the peak cross 
section is f8% at the two-standard-deviation level. Reference: D.C. Gregoly et al., Phys. Rev. 
A 41, 106 (1990). 

Energy 0 

(eV> (IO-'* cm2) 

115.4 
120.3 
125.3 
128.4 
129.4 
130.0 
130.5 
131.4 
132.5 
133.3 
134.4 
135.0 
135.4 
136.2 
13 7.2 
138.2 
139.8 
144.8 
149.5 
154.5 
159.4 
164.3 
169.2 
174.2 
179. I 
183.9 
188.7 
193.9 
198.7 

0.38 f 0.16 

1.14 f 0.19 
1.51 I 0 . 1 7  
1.72 f 0.17 
2.06 f 0.15 
1.91 f 0.16 
1.86 f 0.16 
1.84 f 0.14 
1.84 f 0.14 
1.92 f 0.14 
2.17 f 0.20 
2.15 rt 0.16 
2.30 f 0.13 
2.56 f 0.16 
2.40 f 0.21 
2.44 f 0.15 
4.85 f 0.11 
6.40 f 0.21 
7.95 f 0.15 
9.30 f 0.23 

11.90 f 0.15 
13.52 f 0.17 
15.79 f 0.09 
17.40 f 0.13 
18.20 f 0.1 1 
19.20 f 0.28 
19.98 f 0.13 
20.62 f 0.15 

-0.04 * 0.16 
203.5 
213.3 
223.9 
233.0 
242.6 
252.4 
272.3 
292.5 
317.5 
343.4 
367.0 
392.0 
416.0 
440.7 
465.0 
489.9 
539.3 
588.4 
637.4 
687.4 
735.8 
784.9 
883.1 
98 1.9 

1080 
1179 
1276 
1396 
1451 

20.72 f 0.1 1 
21.29 f 0.16 
21.46 f 0.16 
21.79 f 0.13 
21.69 f 0.13 
21.32 f 0.13 
21.62 f 0.12 
21.22 -P. 0.09 
20.47 f 0.18 
19.85 f 0.12 
18.88 f 0.1 1 
17.89 f 0.1 1 
17.10 f 0.18 
16.85 * 0.1 1 
16.58 f 0.12 
16.15 f 0.05 
15.63 f 0.12 
15.05 f 0.13 
14.39 f. 0.12 
13.99 f 0.05 
13.81 f 0.07 
13.23 f 0.08 
12.66 f 0.08 
11.91 f 0.05 
11.27 f 0.05 
10.48 f 0.08 
10.09 f 0.05 
9.08 f 0.04 
8.91 f 0.06 
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Electron-impact double ionization cross sections for U'O'. Uncertainties listed are relative 
combining one standard deviation on counting statistics with uncertainties in the form factor, 
Total uncertainties are approximately *lo% at 90% confidence level for a typical point near the 
peak cross section. Note that the cross section is listed in units of cm2. Reference: D.C. 
Gregory et al., Phys. Rev. A 41, 106 (1990). 

Energy (T 

(eV) (10-l~ cm2) 

243.5 
292.3 
302.1 
311.9 
321.7 
33 1.4 
341.2 
350.7 
360.7 
370.4 
380.1 
389.9 
404.3 
419.0 
433.7 
448.2 
463.2 
477.6 
487.6 
507.1 

-0.61 f 0.22 
-0.84 f 0.19 
-0.79 f 0.19 
-0.53 =k 0.20 
-0.38 f 0.19 
0.42 f 0.18 
1.61 f 0.21 
3.82 f 0.17 
5.68 f 0.16 
7.98 * 0.16 
9.95 f 0.16 

12.22 f 0.18 
15.23 f 0.17 
17.36 f 0.19 
18.94 * 0.25 
20.18 f 0.27 
20.84 f 0.26 
2 1.92 f 0.28 
21.91 f 0.21 
22.67 f 0.24 

526.7 
546.3 
565.9 
585.2 
609.6 
634.2 
658.7 
687.6 
707.5 
732.2 
78 1.4 
830.2 
879.1 
928.0 
980.5 

1082 
1180 
1279 
1378 
1478 

23.73 f 0.26 
23.94 f 0.45 
24.08 f 0.22 
24.17 f 0.24 
24.32 f 0.28 
23.88 f 0.24 
24.71 f 0.22 
24.28 f 0.09 
24.46 f 0.21 
24.83 f 0.21 
24.52 f 0.25 
25.11 f 0.21 
24.67 f 0.28 
25.11 f 0.21 
24.88 f 0.19 
23.49 =t 0.19 
23.45 f 0.18 
22.84 * 0.19 
23.10 f 0.20 
22.14 f 0.15 
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Single ionization cross sections for UL3+ ions. Cross section uncertainties are relative only at the 
equivalent of one standard deviation for statistics; collision energy uncertainties range from f0.2 
(at low energies) to f 1  eV (at high energies). Absolute uncertainty for a point near the peak cross 
section is f9% at the two-standard-deviation level. Reference: D.C. Gregory et al., Phys. Rev. 
A 41, 106 (1990). 

Energy u 
(ev) (10-18 cm2) 

186.8 
197.0 
206.2 
215.9 
226.0 
235.6 
245.3 
245.7 
255.1 
264.9 
274.6 
284.6 
294.4 
294.7 
304.1 
313.9 
323.9 
333.5 
343.9 
353.2 
363.1 
372.6 
382.3 
392.6 
401.9 
41 1.8 
42 1.6 
43 1.3 
441.6 
450.8 
461.1 
470.7 
480.6 
491.0 
5 10.0 
529.0 
549.4 
569.1 

0.00 f 0.10 
0.19 f 0.13 
1.22 f 0.1 1 
1.74 f 0.08 
2.37 -f 0.09 
2.86 f 0.08 
3.87 It 0.07 
4.04 f 0.1 1 
4.55 f 0.06 
5.18 f 0.05 
5.51 f 0.06 
6.07 f 0.05 
6.23 f 0.05 
6.47 f 0.10 
6.66 f 0.05 
6.79 f 0.07 
7.13 f 0.07 
7.72 f 0.07 
7.86 f 0.09 
8.08 f 0.07 
7.82 =k 0.08 
8.1 1 f 0.07 
8.12 f 0.08 
8.26 f 0.06 
8.08 f 0.08 
8.40 f 0.07 
8.38 f 0.07 
8.56 f 0.08 
8.50 f 0.07 
8.72 f 0.08 
8.66 rt 0.08 
8.75 It 0.08 
8.83 rfr 0.08 
8.73 f 0.13 
8.70 f 0.06 
8.67 h 0.08 
8.61 f 0.06 
8.44 f 0.05 

588.6 
613.1 
637.8 
662.5 
667.1 
672.0 
673.9 
676.9 
687.0 
698.6 
711.3 
723.4 
736.1 
760.8 
785.4 
794.6 
804.8 
807.6 
809.6 
814.8 
824.4 
834.3 
844.1 
859.0 
883.5 
907.9 
932.6 
935.8 
957.3 
982.0 
985.3 

1084 
1182 
1281 
1281 
1379 
1478 

8.23 f 0.05 
8.06 f 0.06 
7.92 f 0.06 
7.94 f 0.06 
7.93 f 0.05 
7.68 f 0.05 
7.58 f 0.04 
7.84 f 0.05 
7.65 f 0.04 
7.66 f 0.04 
7.80 f 0.06 
7.59 f 0.04 
7.58 f 0.05 
7.50 0.04 
7.50 f 0.06 
7.38 f 0.03 
7.53 f 0.05 
7.14 f 0.03 
7.16 f 0.03 
7.49 f 0.05 
7.46 f 0.05 
7.49 f 0.07 
7.40 f 0.04 
7.15 * 0.04 
7.11 f 0.05 
6.90 0.04 
6.96 f 0.05 
6.83 f 0.05 
6.85 f 0.03 
6.48 f 0.04 
6.66 f 0.05 
6.23 It 0.04 
6.01 4 0.03 
5.87 f 0.04 
5.59 f 0.04 
5.58 f 0.03 
5.34 f 0.03 
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Electron-impact double ionization cross sections for UI3+. Uncertainties are typical relative 
uncertainties, which combine one standard deviation on counting statistics with uncertainties in 
the form factor. Total uncertainties are approximately *lo% at 90% confidence level for a typical 
point near the peak cross section. Note that the cross section is listed in units of cm2. 
Reference: D.C. Gregory et al., Phys. Rev. A 41, 106 (1990). 

Energy 0 

(W (10-l~ cm2) 
Energy Q 

(eV> (10-l~ cm2) 

487.8 
500.6 
510.4 
520.2 
530.1 
538.4 
549.7 
559.6 
569.3 
579.1 
589.1 
598.7 
608.7 
618.5 
628.4 
638.8 
648.3 
658.1 
667.9 
677.9 
688.3 
697.5 
707.3 
717.3 
727.0 
736.8 
746.9 
756.7 

-0.08 f 0.15 
0.08 f 0.13 
0.00 f 0.14 

-0.18 f 0.12 
0.13 f 0.15 
0.13 f 0.09 
0.47 4 0.14 
0.60 A 0.16 
0.81 f 0.11 
1.03 f 0.16 
1.56 f 0.14 
1.73 f 0.14 
1.83 f 0.18 
2.43 f 0.14 
3.03 f 0.14 
2.85 f 0.22 
3.08 f 0.20 
3.60 f 0.12 
3.74 f 0.17 
4.24 f 0.13 
4.30 f 0.04 
4.67 If: 0.13 
5.15 f 0.13 
5.17 * 0.13 
5.36 4 0.15 
5.56 k 0.14 
5.85 * 0.1 1 
6.07 * 0.1 1 

766.7 
776.5 
784.4 
795.9 
805.7 
815.6 
825.5 
835.5 
845.5 
855.4 
865.3 
875.0 
885.6 
894.8 
904.8 
914.7 
924.4 
934.3 
944.3 
954.2 
964.1 
974.0 
984.5 

1083 
1182 
1281 
1380 
1479 

6.02 f 0.1 1 
6.37 f 0.11 
6.63 f 0.08 
6.86 f 0.1 1 
6.98 f 0.14 
7.28 f 0.17 
7.23 f 0.1 1 
7.28 f 0.13 
7.59 f 0.16 
8.01 f 0.15 
8.05 f 0.13 
8.26 f 0.13 
8.46 f 0.10 
8.81 f 0.14 
8.75 f 0.13 
9.05 f 0.13 
8.90 f 0.13 
8.81 f 0.12 
8.76 f 0.12 
9.01 f 0.15 
9.61 f 0.22 
9.54 f 0.13 
9.58 f 0.12 
9.79 f 0.13 

10.07 f 0.12 
10.57 f. 0.09 
10.81 f 0.10 
10.78 f 0.08 
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Single ionization cross sections for U16+ ions. Cross section uncertainties are relative only at the 
equivalent of one standard deviation for statistics; collision energy uncertainties range from f0.2 
(at low energies) to f 1  eV (at high energies). Absolute uncertainty for a point near the peak cross 
section is *lo% at the two-standard-deviation level. Reference: D.C. Gregory et al., Phys. Rev. 
A 41, 106 (1990). 

292.2 
341.1 
35 1.4 
361.3 
371.1 
380.8 
390.2 
399.7 
410.1 
419.8 
429.7 
439.4 
444.3 
449.2 
453.8 
458.6 
464.3 
469.1 
474.3 
478.9 
484.1 
489.2 
494.0 
489.9 
503.7 
508.7 
513.5 
5 18.3 
523.2 
528.3 

0.02 f 0.10 
0.16 f 0.09 
0.16 f 0.08 
0.10 f 0.08 
0.1 1 $- 0.08 
0.21 0.09 
0.52 f 0.06 
0.89 f 0.08 
1.22 f 0.06 
1.58 f 0.08 
1.86 * 0.09 
2.08 f 0.06 
2.09 f 0.07 
2.31 f 0.08 
2.35 f 0.08 
2.17 f 0.07 
2.47 * 0.05 
2.58 * 0.03 
2.53 f 0.04 
2.62 f 0.04 
2.68 f 0.03 
2.65 f 0.03 
2.77 It 0.03 
2.71 f 0.03 
2.80 f 0.06 
2.82 f 0.06 
2.87 f 0.04 
2.83 f 0.04 
3.20 k 0.03 
3.03 f- 0.03 

533.1 
538.1 
543 .O 
548.0 
552.7 
557.7 
562.5 
567.6 
572.3 
577.4 
587.4 
597.0 
606.8 
616.6 
626.4 
646.1 
665.8 
688.2 
709.9 
734.5 
783.8 
832.5 
881.7 
979.7 

1082 
1180 
1279 
1378 
1476 

3.11 f 0.03 
3.03 f 0.05 
3.04 f 0.06 
3.04 f 0.06 
3.14 f 0.04 
3.17 f 0.04 
3.08 2 0.03 
3.30 f 0.03 
3.21 f 0.04 
3.31 3r 0.03 
3.14 * 0.06 
3.29 f 0.05 
3.29 f 0.05 
3.26 f 0.05 
3.46 f 0.06 
3.45 f 0.05 
3.35 * 0.07 
3.45 f 0.03 
3.43 f 0.05 
3.68 f 0.08 
3.63 f 0.07 
3.68 f 0.07 
3.53 f 0.10 
3.59 * 0.06 
3.45 f 0.05 
3.33 f 0.06 
3.22 f 0.05 
3.22 f 0.04 
3.09 f 0.05 



65 

. 

Cross sections for production of ion fragments in electron impact dissociation of H30+ and 
D,O'. Error bars are one standard deviation based on counting statistics. Reference: P.A. Schulz 
et al., J.  Chem Phys. 85, 3386 (1986). 

Energy U 

( e V  (1 o-'' cm2) 
Energy U 

(eV> (10'8 cm2) 

e + D,O+ ---$ D20+ 

45.3 55.6 * 12.0 
94.9 69.9 * 7.8 

194 66.6 f 5.1 
293 61.5 It 3.2 
492 54.5 f 2.4 
692 46.4 f 2.4 
995 37.2 k 2.5 

e + H,O' + ON' 

11.7 
16.8 
26.8 
36.7 
46.6 
56.4 
66.3 
76.4 
86.1 
96.7 

146 
196 
246 
296 
394 
494 
594 
694 
794 
894 
998 

3.3 f 9.2 
44.9 f 7.8 
41.5 f 5.8 
36.5 f 6.9 
44.2 f 3.9 
44.5 f 4.2 
35.3 f 2.5 
38.9 f 3.1 
42.4 f 2.8 
37.0 f 2.2 
35.6 f 1.7 
30.2 f 1.2 
31.5 f 0.9 
29.1 * 0.6 
24.1 * 0.9 
24.0 It 0.7 
20.8 f 0.7 
19.3 f 0.7 
17.1 f 0.6 
16.9 f 0.6 
15.2 f 0.5 

16.5 
21.7 
26.7 
31.9 
36.7 
46.6 
56.4 
66.4 
76.3 
81.5 
86.4 
91.2 
96.6 

122 
146 
171 
196 
22 1 
245 
296 

e + H,O' 3 0' 

0.29 f 0.86 
3.18 f 0.51 
3.85 f 0.57 
4.12 f 0.41 
4.94 f 0.56 
6.14 f 0.39 
6.06 f 0.46 
6.47 f 0.39 
7.07 f 0.21 
7.50 f 0.39 
7.68 f 0.15 
7.19 f 0.23 
7.44 * 0.09 
8.19 f 0.21 
8.34 f 0.17 
8.13 * 0.17 
7.92 f 0.14 
7.45 f 0.12 
7.54 f 0.1 1 
6.86 f 0.08 
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Cross sections for production of ion fragments in electron impact dissociation and ionization 
of CD,'. Error bars are one standard deviation based on counting statistics. Cross sections for 
the process of interest are small compared to the background apparent cross section. Reference: 
D.C. Gregory et al., unpublished (1989), ref. 39. 

Energy (I Energy U 

(eV) cm2) (eV ( cm2) 

e + CD,' 3 CD,' e + CD,' 4 C D F  

8.7 1308. f 242 
13.4 463. * 142 
17.6 450. * 76 
17.9 521. k 79 
27.1 236. f 43 
36.2 165. f 28 
45.4 160. f 20 

8.8 16.3 f 6.1 
13.6 18.6 f 4.7 
15.6 12.4 * 3.6 
28.2 5.80 f 0.77 
47.4 4.02 f 0.49 
77.2 3.61 k 0.62 
96.7 1.93 k 0.55 
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CD: - CD,' dissociation cross section data: The second column lists the measured data with 
their absolute uncertainties. The third column gives data with a functional form (294 x 
where E is the energy in eV) subtracted to approximate the cross section for dissociation of a 
ground-energy molecule. Absolute uncertainties in the third column include the uncertainty in the 
correction, assuming that the functional form used was correct. Reference: D.C. Gregory et al., 
unpublished (1989), ref. 39. 

Ionization cross sections 
n cm2) 

Electron energy 
(eV> Measured data Data after correction 

4.0 
5.6 
6.7 
8.5 

10.5 
12.4 
13.3 
16.3 
18.2 
23.0 
27.7 
37.2 
46.8 
70.6 
94.6 
95.9 

145.8 
194.8 
243.4 
292.5 

140.6 f 19.3 
126.6 f 13.8 
119.7 f 10.7 
134.8 f 11.3 
166.1 f 10.9 
169.4 f 7.8 
166.1 f 7.6 
147.8 f 12.8 
108.0 f 4.9 
78.0 f 6.0 
85.0 f 4.1 
75.1 f 2.4 
71.7 f 3.8 
62.8 f 2.3 
61.3 f 1.8 
52.4 h 1.4 
48.5 f 1.5 
42.3 & 1.0 
40.1 
39.1 

-6.4 z t  21.3 
2.4 f 15.8 
6.1 f 12.8 

34.0 f 12.9 
75.4 4 12.3 
85.9 f 9.4 
85.5 f 9.1 
75.0 13.6 
39.1 f 6.5 
16.7 f 7.1 
29.1 f 5.4 
26.9 f 3.8 
28.7 f 4.6 
27.8 f 3.2 
31.1 f 2.6 
22.4 f 2.3 
24.2 f 2.1 
21.2 f 1.6 
21.3 
21.9 
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CD; + CD' dissociation cross section data: The second column lists the measured data with 
their absolute uncertainties. The third column gives data with a functional form (400 x lo-**& 
where E is the energy in eV) subtracted to approximate the cross section for dissociation of a 
ground-energy molecule. Absolute uncertainties in the third column include the uncertainty in the 
correction, assuming that the functional forni used was correct. Reference: D.C. Gregory et al., 
unpublished (1989), ref. 39. 

Ionization cross sections 
(T (10-l~ cm2) 

Electron energy 
(eV> Measured data Data after correction 

4.1 
5 .O 
6.9 
8.7 

10.6 
12.4 
14.3 
16.2 
17.5 
17.9 
22.4 
24.8 
27.1 
29.4 
31.6 
33.9 
36.3 
45.3 
54.6 
63.8 
72.8 
82.0 
91.3 

137 
183 
229 
275 

103.2 f 18.0 
78.2 f 16.3 
61.0 f 10.0 
59.0 f 14.0 
79.0 f 11.0 
74.4 f 7.6 
92.8 It 6.4 

122.5 It 5.4 
115.2 f 4.8 
116.0 f 7.6 
106.2 It 5.2 
93.0 f 2.6 
99.2 f 4.1 
91.1 f 2.0 
91.7 f 3.5 
86.7 f 1.6 
90.2 f 1.5 
90.0 * 1.5 
90.1 f 2.1 
85.5 f 1.2 
84.9 f 1.0 
80.8 
78.4 
68.0 
64.7 
55.5 
55.2 

5.6 f 20.6 

3.0 f 11.7 
13.0 f 14.8 
41.3 k 11.7 
42.1 f 8.3 
64.8 f 7.0 
97.8 f 6.0 
92.3 f 5.4 
93.7 f 7.9 
88.3 f 5.5 
76.9 f 3.1 
84.4 f 4.4 
77.5 f 2.4 
79.0 i 3.7 
74.9 f 2.0 
79.2 f 1.9 
81.2 f 1.8 
82.8 f 2.2 
79.2 f 1.4 
79.4 f 1.2 
75.9 
74.0 
65.1 
62.5 
53.8 
53.7 

-1.8 f 18.3 
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CD; 9 C+ dissociation cross section data: The second column lists the measured data with 
their absolute uncertainties. The third column gives data with a functional form 36 x lo-'' E-"*, 
where E is the energy in eV, subtracted to approximate the cross section for dissociation of a 
ground-energy molecule. Absolute uncertainties in the third column include the uncertainty in the 
correction, assuming that the functional form used was correct. Reference: D.C. Gregory et QZ., 
unpublished (1989), ref. 39. 

Ionization cross sections 
(T (IO-'* cm2) 

Electron energy 
(eV> Measured data Data after correction 

6.5 
8.4 
9.3 

11.2 
13.0 
14.0 
16.0 
17.7 
21.1 
27.5 
36.9 
46.2 
52.1 
70.1 
95.0 

121.5 
146.0 
194.8 
243.5 
292.6 

16.9 f 3.0 
12.8 f 2.3 
9.3 f 3.0 

15.4 f 2.3 
20.1 f 2.9 
28.3 f 2.5 
35.6 f 3.3 
37.4 32 2.0 
32.2 f 3.0 
33.0 f 1.7 
31.1 f 1.2 
30.0* 1.1 
27.2 + 1.1 
28.2 f 1.9 
28.9 f 0.7 
26.0 f 1.1 
24.6 f 0.6 
22.3 f 0.4 
19.3 f 0.4 
18.7 f 0.4 

2.7 f 3.4 
0.4 f 2.7 

4.1 f 2.6 
10.0 f 3.1 
18.6 f 2.7 
26.5 f 3.5 
28.8 f 2.2 
24.3 f 3.1 
26.1 f 1.9 
25.1 f 1.4 
24.7 f 1.3 
22.2 f 1.2 
23.9 k 2.0 
25.2 f 0.8 
22.7 f 1.2 
21.6 f 0.7 
19.7 f 0.5 
17.0 f 0.5 
16.6 f 0.5 

-2.6 f 3.3 
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Electron-impact ionization of 0% Solid points are present experiment [D. €3. Crandall 
et al., Phys. Rev. A 34, 1757 (1986)l with relative uncertainties at one standard deviation 
except outer bars on point at 344 eV which are absolute uncertainty at 90%-confidence 
level. Open circles are previous experimental results with one-standard-deviation relative 
uncertainties. Solid curve is a distorted wave (DW) direct ionization calculation by 
Younger. The inset shows the excitation-autoionization region in greater detail with 
Younger's DW direct ionization multiplied by 1.07 to obtain the best fit to the data 
between 400 and 550 eV. The inset includes Henry's calculation for ls22s -+ El ls2s21 
excitation as a solid line added to the renormalized DW calculations. Actual excitation 
calculations are indicated by "X" on the figure. 



74 

ORNL-DWG 94-5760 

0*9 , 
0.7 
Oa8 I 

03 
7 0.6 - 
0 
r- 0.5 

0.4 
0 

0 0.3 
0 

- 
W 

- 
.- 
-tJ - 

v> 0.2 - 
cn 
cfl 0.1 
0 

- 

e + 05+ - e + 06+ + e 

1 do 200 300 400 500 600 

Electron Energy (eV) 

Cross section vs. interaction energy for electron-impact ionization of 05+. The circles 
are present results [K. Rinn er d., Phys. Rev. A 36, 595 (1987)l with one-standard- 
deviation relative uncertainties shown where larger than the symbol. The crosses are 
previous experimental results with typical relative uncertainties. Several distorted-wave 
calculations are represented by one curve since on the scale of this figure the theoretical 
results are indistinguishable. 
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Ionization of 05'. Energy range from 530-580 eV in more detail [K. Rinn et al., Phys. 
Rev. A 36,595 (198711. The onsets of the transitions leading to excitation-autoionization 
are marked. The transition strenghts are based on excitation calculations by Henry. 
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Ionization of 05+. Energy range from 430-455 eV [K. Rinn et al., Phys. Rev. A 36,595 
(1987)l. For reasons of clarity these results have been omitted from the previous two 
figures. Plotted uncertainties are one-standard-deviation relative only. The energies for 
two levels which could lead to the resonant excitation auto-double ionization (READI) 
process in this range are indicated. 
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Absolute cross section vs. electron energy for electron-impact single ionization of Si'. 
The solid circles represent the measured cross sections [N. Djurii ef al,, Phys. Rev. A 47, 
4786 (1993)l and the error bars represent total relative uncertainties at a 90%-confidence 
level. The solid line is a distorted-wave @W) calculation for total ionization while the 
dashed line is a DW calculation for direct ionization only. 
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Absolute cross section vs. electron energy for electron-impact single ionization of Si2+. 
The solid circles represent the measured cross sections [N. Djuri6 et al., Phys. Rev. A 47, 
4786 (1993)l and the error bars represent total relative uncertainties at a 90%-confidence 
level. The solid and long dashed lines are distorted-wave @W) calculations for total 
ionization and direct ionization only, respectively, for the 3s2 ground configuration. The 
short dashed line is a DW calculation for total ionization of the 3s3p metastable 
configuration. The medium dashed line represents a DW calculation for total ionization 
assuming a mix of 65% ground state ions and 35% metastable ions. 
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Absolute cross sections for electron-impact single ionization of Si4+ as a function of 
incident electron energy. The solid circles represent the measured cross sections [J. S. 
Thompson et al., Phys. Rev. A, to be published (August 1994)l. The error bars represent 
absolute uncertainties at the 90%-confidence level. The solid line represents the Lotz 
cross section with 5% of the incident ion beam in the (ls22s22p53s) metastable state. The 
dashed line is the Lou cross section times 1.17. 
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Absolute cross sections for electron-impact single ionization of Si5+ as a function of 
incident electron energy. The solid circles represent the measured cross sections [J. S. 
Thompson et al., Phys. Rev. A, to be published (August 1994)l. The error bars represent 
absolute uncertainties at the 90%-confidence level. The solid line represents the Lotz 
cross section. The dashed line is the Lotz cross section times 125. 
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Absolute cross sections as a function of electron-impact energy for single ionization 
of Si'+. The present experimental results are indicated by solid circles [P. A. Zeijlmans 
van Emmichoven et al., Phys. Rev. A 47,2888 (1993)l. Relative uncertainties are shown 
at the one-standard-deviation level. Results of distorted-wave calculations by Pindzola 
for direct ionization are indicated by the solid curve. 
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Cross sections for electron-impact ionization of 9'. Experiment: =, present results [A. 
M. Howald ef af., Phys. Rev. A 33, 3779 (1986)J. Theory: - - -, Lotz semiempirical 
formula; - , distorted-wave result for scaled for Sdc. The change in slope near 
160 eV in the experimental data is attributed to the onset of 2p-nf excitation- 
autoionization. 
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Low-energy cross sections for electron-impact ionization of S4+. Experiment: 0 ,  present 
results [A. M. Howald et al., Phys. Rev. A 33, 3779 (1986)l. Theory: - - -, Lotz 
semiempirical formula, - (lower), distorted-wave @W) result for A P  by Younger 
scaled for Sdt, - (upper), DW result by Griffin for metastable S4+ including excitation- 
autoionization. 
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Cross sections for electron-impact ionization of C15'. Experiment: ., present results [A. 
M. Howald et al., Phys. Rev. A 33, 3779 (1986)l. Theory: - - -, Lotz semiempirical 
formula; - , distorted-wave result for by Younger scaled for Cl-. The change in 
slope near 200 eV in the experimental data is attributed to the onset of 2p-nl excitation- 
autoionization. 
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Cross sections for electron-impact ionization of Ar6+. Experiment: 0 ,  present results 
[A. M. Howald et al., Phys. Rev. A 33, 3779 (1986)l. Theory: - - -, Lotz semiempirical 
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Ionization of Ar7+. Cross sections near and above the direct-ionization threshold. Closed 
circles, present measurement with corrections for space-charge modulation and metastable 
ions [Y. Zhang et aZ., Phys. Rev. A 45,2929 (1992)l; crosses, measurements of Defrance 
et al.; solid line, distorted-wave calculations by Griffin et aZ. including excitation- 
autoionization from the ground state; short-dashed line, distorted-wave calculation with 
only 3s direct ionization. 
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Total ionization cross sections for A?. Solid circles, present measurements [Y. Zhang 
et al., Phys. Rev. A 44,4368 (1991)l; crosses, previous measurements by Defrance et al; 
dashed line, calculation for direct ionization using the Lotz formula; solid line, distorted 
wave calculation by Pindzola et al. Both the Lotz and distorted-wave calculations assume 
97% of the target ions in the ground configuration and 3% of the ions in the 2p53s 
metas table configuration. 
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Electron-impact ionization cross section for Ti”. Solid points are the present 
measurements [ S .  J. Chantrenne et al., Phys. Rev. A 41, 140 (1990)l; relative 
uncertainties at the one-standard-deviation level are smaller than the plotted points and 
have not been included in the graph. The two lower curves represent distorted-wave 
calculations for direct ionization only (dashed curve) and direct ionization plus excitation- 
autoionization (solid curve) assuming the ions are initially in the ground state. The two 
upper curves correspond to the same processes for 100% of the ions initially in the 
3s23p43d metastable configuration. 
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Electron-impact ionization cross section of Ti"+. The solid points are the present data 
[D. C. Gregory et al., Phys. Rev. A 41, 6512 (1990)J; the dashed curve is a distorted- 
wave calculation for direct ionization only, while the solid curve includes excitation- 
autoionization (Griffin et al.). Uncertainties are relative at the one-standard-deviation 
level. 
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Electron-impact ionization cross section of Cr6+. The closed circles are the present 
experiments [M. Sataka et al., Phys. Rev. A 39, 2397 (1989)l; relative uncertainties for 
experimental data are plotted at the one-standard-deviation level where they are larger 
than the plotted circles. The solid curves are Lotz calculations for direct ionization from 
the ground- (lower curve) and metastable-state (upper curve) configurations. 
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Electron-impact ionization cross section of Cr7*. The closed circles are the present 
experiments [M. Sataka et al., Phys. Rev. A 39, 2397 (1989)l; relative uncertainties for 
experimental data are plotted at the one-standard-deviation level where they are larger 
than the plotted circles. The solid curves are Lotz calculations for direct ionization from 
the ground- (lower curve) and metastable-state (upper curve) configurations. 
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Electron-impact ionization cross section of C?'. The closed circles are the present 
experiments [M. Sataka et al., Phys. Rev. A 39, 2397 (1989)l; relative uncertainties for 
experimental data are plotted at the one-standard-deviation level. The solid curves are 
Lotz calculations for direct ionization from the ground- (lower curve) and metastable-state 
(upper curve) configurations. 
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Electron-impact ionization cross section of Cr''". The closed circles are the present 
experiments [M. Sataka et al., Phys. Rev. A 39, 2397 (1989)j; relative uncertainties for 
experimental data are plotted at the one-standarddeviation level. The solid curve is a 
h t z  calculation for direct ionization from the ground-state configuration (3s23p2). 
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Electron-impact ionization cross section of Crt3+. The solid points are the present data 
[D. C. Gregory et al., Phys. Rev. A 41, 6512 (1990)l; the dashed curve is a distorted- 
wave calculation for direct ionization only, while the solid curve includes excitation- 
autoionization (Griffin et al.). Uncertainties are relative at the one-standard-deviation 
level. 
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Cross section vs interaction energy for electron-impact ionization of Fe”. Solid 
circles are the present experimental data [D. C. Gregory et al., Phys. Rev. A 34, 3657 
(1986)J, with one-standard-deviation relative uncertainties shown. The dashed curve is 
the cross section predicted by the semiempirical Lotz formula and the solid curve is a 
distorted-wave calculation by Younger, both based on direct ionization of 3d and 3p 
electrons. 
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circles are the present experimental data [D. C. Gregory et al., Phys. Rev. A 34, 3657 
(1986)], with representative uncertainties at the one-standard-deviation level shown. The 
solid curve is a distorted-wave calculation by Younger for direct ionization from the 3d, 
3p and 3s subshells, and the dashed curve is from the Lotz formula for ionization from 
the same subshells. 
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Cross section vs interaction energy for electron-impact ionization of Fe9+. Solid 
circles are the present experimental data [D. C. Gregory et al., Phys. Rev. A 34, 3657 
(1986)l. Relative uncertainties are shown at the one-standard-deviation level. The lower 
solid curve is a distorted-wave calculation by Younger for direct ionization of ground- 
state ions, while the upper solid curve is a similar calculation by Pindzola er al. for ions 
in the 3p43d metastable state. The dashed curve is the prediction of the semiempirical 
Lou formula for ionization of ground-state ions. 
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Cross section vs interaction energy for electron-impact ionization of Fell+. Solid 
points are the present data [D. C. Gregory et al., Phys. Rev. A 35, 3256 (1987)l; plotted 
uncertainties are one-standard-deviation relative only. The solid curves are distorted-wave 
calculations for direct ionization of ground-state (3s23p3) ions (lower curve, by Younger) 
and of metastable ions in a 3s23p23d configuration (upper curve, by Pindzola et al.) 
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Electron-impact single ionization of Fe"'. The experimental data pD. C. Gregory et al., 
Phys. Rev. A 35, 3256 (1987)J are compared with distorted-wave calculations for total 
ionization, including direct ionization and excitation-autoionization effects. The 
calculations (from Pindzola et al.) include five transitions involving excitation of inner- 
shell 2p and 2s electrons. The lower curve is for initially ground-state (3s23p3) ions, and 
the upper curve is for metastable (3s23p23d) ions. Note that additional transitions at lower 
energies contribute to autoionization of metastable ions. 
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Electron-impact ionization of Fe”+. The data [D. C. Gregory et al., Phys. Rev. A 35, 
3256 (1987)l are compared to distorted-wave calculations for direct ionization of ground- 
state (3s23p) ions (lower curve, by Younger) and including the effects of excitation- 
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Electron-impact ionization of Fe15+. Present data [D. C. Gregory et al., Phys. Rev. A 
35, 3256 (1987)l are compared to Lotz predictions for direct ionization (dashed curve), 
direct ionization added to distorted-wave calculations including excitation-autoionization 
(lower solid curve, from Mertz et al.), and calculations including resonant-excitation 
double autoionization (upper solid curve, LaGattuta and Hahn). The hatched region 
indicates the predicted cross-section enhancement due to resonant-excitation double 
autoionization (REDA). 
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Cross sections for electron-impact single ionization of N?'. Solid circles are the 
present data [L. J. Wang et al., J. Phys. B 21, 2117 (1988)l; relative uncertainties at the 
one-standard-deviation level are smaller than the plotted points. The curve is a distorted- 
wave calculation for direct ionization by Buie and Pindzola. 
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Cross sections for electron-impact single ionization of Ni6+. Solid circles are the 
present data [L. J. Wang et al., J. Phys. B 21, 21 17 (1988)l; relative uncertainties at the 
one-standard-deviation level are smaller than the plotted points. The curve is a distorted- 
wave calculation for direct ionization by Buie and Pindzola. 
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Cross sections for electron-impact single ionization of Ni7+. Solid circles are the 
present data [L. J. Wang et ai., J. Phys. B 21, 21 17 (1988)l; typical relative uncertainties 
are shown at the one-standard-deviation level. The curve is a distorted-wave calculation 
for direct ionization by Buie and Pindzola. 
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Cross sections for electron-impact single ionization of Ni*+. Solid circles are the 
present data [L. J. Wang et af., J. Phys. B 21, 2117 (1988)l; relative uncertainties are 
plotted at the one-standard-deviation level. The curve is a distorted-wave calculation for 
direct ionization by Buie and Pindzola. 
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Cross sections for electron-impact single ionization of Nil2+. Solid circles are the 
present data [L. J. Wang et al., J. Phys. B 21, 2117 (1988)J; relative uncertainties are 
plotted at the one-standard-deviation level. The curve is a distorted-wave calculation for 
direct ionization by Buie and Pindzola. 
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Cross sections for electron-impact single ionization of Nil4+. Solid circles are the 
present data &. J. Wang et al., J. Phys. B 21, 2117 (1988)l; relative uncertainties are 
plotted at the one-standard-deviation level. The curve is a distorted-wave calculation for 
direct ionization by Buie and Pindzola. 
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Electron-impact ionization of Kr4+. Solid circles are the present data [A. M. Howald 
et al., unpublished (19831. One-standard-deviation relative uncertainties are smaller than 
the plotted points. The below-threshold energy dependence of the cross section indicates 
the presence of a significant metastable component in the incident beam. The dashed 
curve is a distorted-wave calculation for direct ionization from the ground configuration; 
the solid curve includes excitation-autoionization effects (calculations from T. W. 
Gorczyca et al., ref. 42). 
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Electron-impact ionization of Kr". Solid circles are the present data [D. C. Gregory 
and A. M. Howald, unpublished (1985)l. The below-threshold data has been "comcted 
for what was assumed to be space-charge modulation effects; the correction is negligible 
above threshold. The dashed curve is a distorted-wave calculation for direct ionization; 
the solid curve includes excitation-autoionization effects (theory by T. W. Gorczyca et al., 
ref. 42). 
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Single ionization of KP+ by electron impact, The points are the present data [M. E. 
Bannister et al., Phys. Rev. A 38, 38 (1988)l; the dashed curves are CADW calculations 
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 
(3d1', lower curve) and first-excited (3d94s, upper curve) configurations. Relative 
uncertainties for the experimental data at the one-standard-deviation level are smaller than 
the symbol size. 
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Electron-impact ionization of Kr9+. The data (D. C. Gregory et al., unpublished (1986)] 
are shown with one-standarddeviation relative uncertainties. The solid curve is a Lotz 
calculation for direct ionization from the 3d and 3p subshells. 
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Electron-impact single ionization of Xe6+. Solid squares are the present data [D. C. 
Gregory et al., unpublished (1986)l; relative uncertainties are smaller than the plotted 
symbols. The open squares are previously published results (by Gregory and Crandall) 
with relative uncertainties at the one-standard-deviation level. Distorted-wave calculations 
by Pindzola et al. are shown for direct ionization from the ground configuration (long- 
dash cuxve), total ionization for ground-state ions including excitation-autoionization (solid 
curve), and excitation to a configuration which is bound for ground-state ions but 
autoionizing for metastable ions (short-dash curve). 
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Measured cross sections for double ionization of Xe" by electron impact. Open 
squares are the present data [A. M. Howald et al., Phys. Rev. Lett. 56, 1675 (1986)l; 
plotted uncertainties are counting statistics at the one-standard-deviation level. The 
dashed line is a distorted-wave calculation of double ionization due to direct ejection of 
an inner-shell 4p or 4s electron followed by the emission of an Auger electron. 



116 

0.5 

n 
(v 

E 
0.4 

03 

I 
0 
''- 0.3 

I- 

W 

c 
0 

0 0.2 
Q) 
m 
OY 

0 

0 

.- + 

0.1 
L 

ORNL-DWG 94-5792 
I I I I I I I I 1 

e + Xe6+ -+ e + 

0.0 
200 400 600 800 1000 1200 

Electron Energy (eV) 

Measured cross sections for triple ionization of Xe6' by electron impact. All triple 
ionization below 600 eV must be due to multiple-target-electron collisional processes. 
The data [A. M. Howald et al., Phys. Rev. Lett. 56, 1675 (1986)l are shown with error 
bars based on counting statistics at the one-standard-deviation level. The dashed line is 
the BEA classical prediction for the direct ejection of a 4p and a 4d electron; the solid 
curve is the sum of the BEA result plus distorted-wave calculations for the ejection of a 
single 3d electron. 
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Single ionization of Xe8' by electron impact. The points are the present data [M. E. 
Bannister et al., Phys. Rev. A 38, 38 (1988)], shown with typical relative uncertainties 
at the one-standard-deviation level; the dashed curves are DW calculations for direct 
ionization from the ground (short-dash curve, by Younger) and fist-excited (long-dash 
curve) configurations; the solid curves are CADW calculations for total ionization of 4'' 
ground-state (lower curve) and M95s excitedconfiguration (upper curve) ions. 
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Cross sections for double ionization of Xes'. The circles are the present data p. W. 
Mueller et af., Phys. Rev. A 39, 2381 (1989)], with one-standard-deviation relative 
uncertainties. The solid line is the Lotz prediction for ionization-autoionization of 4s, 3d, 
and 3p electrons from metastable Xeh (4d95s). The dashed curve is the Lotz prediction 
for ionization of 3d and 3p electrons from the ground state of Xeh. 
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Electron-impact ionization of Ta". The data [D. C. Gregory and F. W. Meyer, 
unpublished (19SS)l are shown with one-standard-deviation relative uncertainties. The 
solid curve is a Lotz calculation for direct ionization of electrons from the ground 
4P35s25p4 configuration. 
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calculation for direct ionization of ground-configuration 5d''6s26p2 electrons. 
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Double ionization cross sections for U1'+. The present data ip. C. Gregory ef al., Phys. 
Rev. A 41, 106 (1990)l are shown as solid circles; relative uncertainties at the one- 
standarddeviation level are smaller than the plotted symbols. The solid curve is a Lotz 
calculation for direct single ionization of 4fl45s25p6 electrons, which should contribute to 
double ionization following autoionization. 



10 

8 

6 

4 

2 

0 

122 

ORNL-DWG 94-5797 

+ e  14+ - e  + U 13+ e + U  

8 
e 
e 
e 

8 

100 1000 
Electron Energy (eV) 

Single ionization cross sections for U13+. The present data [D. C. Gregory et al., Phys. 
Rev. A 41, 106 (1990)l are shown as solid circles; relative uncertainties at the one- 
standard-deviation level are smaller than the plotted symbols. The solid curve is a Lotz 
calculation for direct ionization of ground-configuration 5p65d"6s electrons. 
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Single ionization cross sections for UI6+. The present data [D. C. Gregory et al., Phys. 
Rev. A 41, 106 (1990)l are shown as solid circles; relative uncertainties at the one- 
standard-deviation level are shown where larger than the plotted symbols. The dashed 
curve is a Lotz calculation for direct ionization of electrons from the metastable 
4f145s25p65d76s configuration. The solid curve is a distorted-wave calculation by Pindzola 
and Buie for the ground configuration which includes excitation-autoionization effects. 
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Resonance structures in the single-ionization cross section of U16+. [D. C. Gregory ez 
al., Phys. Rev. A 41, 106 (1990)l 
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Cross section for D,O+ fragment production following electron impact on D,O+, as 
a function of energy. [P. A. Schulz er al., J. Chem. Phys. 85, 3386 (1986)j 
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Cross section for OH+ fragment production following electron impact on H,O+, as 
a function of energy. The cross section peaks at the threshold (14 k 3 eV). [P. A. 
Schulz et al., J. Chem. Phys. 85, 3386 (1986)] 
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Cross section for 0' fragment production following electron impact on H,O+, as a 
function of electron energy. Note that the energy scale is logarithmic, emphasizing the 
energy region near threshold. [P. A. Schulz et al., J. Chem. Phys. 85, 3386 (1986)l 
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Cross section for ionization of CD,+, producing CDP. No significant features are seen 
against the "background" cross section, which is represented in the figure by an analytical 
fit to the data. [D. C. Gregory et af., unpublished (1989)l 
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Cross section for the dissociation of CD,+ to CD,'. No features are apparent against 
the overwhelming background signal. [D. C. Gregory et al., unpublished (1989)] 
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Cross section for the dissociation of CD,+ to CD,'. A "background" cross section has 
been subtracted from the experimental data to emphasize the structure. The subtracted 
function, 294 x lo-'* E-'n, where E is the energy in eV, is a reasonable guess, but other 
forms could as easily have been chosen. [D. C. Gregory et al., unpublished (1989)l 
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Cross section for the dissociation of CD4' to CD'. A "background" cross section has 
been subtracted from the data to emphasize the structure. The subtracted function, 400 
x lO-"/E, where E is the energy in eV, is a reasonable guess, but other forms could as 
easily have been chosen. D. C. Gregory et al., unpublished (1989)J 
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Cross section for the dissociation of CD,+ to C". A "background" cross section has 
been subtracted from the data to emphasize the structure. The subtracted function, 36 x 
lo'* where E is the energy in eV, is a reasonable guess, but other forms could as 
easily have been chosen. [D. C. Gregory et al., unpublished (1989)] 
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