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Experimental and theoretical cross section data for electron impact ionization of light
atoms and ions have been assessed. Based on this assessment and, in some cases, on the
classical scaling laws, a recommended cross section has been produced for each species.

This has been used to evaluate recommended Maxwellian rate coefficients over a wide
range of temperatures. Convenient analytic expressions have been obtained for the recom-
mended cross sections and rate coefficients. The data are presented in both graphical and
tabular form and estimates of the reliability of the recommended data are given.
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1. Introduction

Cross sections and rates for electron impact ionization
of positive ions are needed for the development of realistic
models for high temperature plasmas and for the interpreta-
tion of diagnostic observations in such plasmas. Until re-
cently, however, very little quantitative information con-
cerning the electron impact ionization of positive ions has
been available and relatively simple and approximate meth-
ods of calculating the rates have often been adopted (cf. Jor-
‘dan’?; Summers>*; Jacobs ef al.5).

In particular, the semiempirical formula of Seaton,® the
exchange classical impact parameter (ECIP) method of Bur-
gess,” and the empirical formula of Lotz®° have all been
widely used. Seaton’s formula was designed to be applicable
only in the near threshold energy range (the most important
region for ionization balance calculations), and the accuracy
of the ECIP method is also best in this range (Burgess et
al.'%). The Lotz formula, on the other hand, was designed to

" reproduce the available experimental data over a wide ener-
gy range and to predict cross sections for other atoms and
ions using the classical scaling law. During the last five
years, there have been considerable advances in calculating
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. and measuring cross sections for ionization of positive ions.

For example, it is only within the last five years that excita-

-tion autoionization has been recognized as an important ion-

ization process. It is therefore timely to assess the state of the
data and present a set of recommended cross sections and
rate coefficients. ]

Most of the recent calculations have employed varia-
tions of the Coulomb-Born method (Moores'’'?; Ja-
kubowitz and Moores'), the scaled hydrogenic method
{Golden and Sampson'?) or the distorted wave Born ex-
change (DWBE) approximation (Younger'>-17).

Experimental data on the ionization of positive ions by
electron impact have been derived from intersecting beam
studies, plasma measurements, and ion trap methods. There
are considerable difficulties inherent in each of these three
different approaches, but intersecting beam methods have
produced the most reliable and extensive data to date.

The general principles underlying methods based on in-

* - tersecting beams have been reviewed by Dolder and Peart.'®

A well defined monoenergetic beam of ions in the required
charge state is arranged to intersect a beam of electrons. The
interaction energy is specified according to the laboratory
energies and angle of intersection of the beams. Ions arising
as products of ionization must be carefully separated by the
electrostatic or magnetic analyzers from the (typically at

 least 10°® times) more intense primary ion beam. The product

ion yield measured in conjunction with the intensity and
spatial distribution of the intersecting beams then allows the
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ionization cross section to be determined on an absolute ba-
sis.

The main difficulties in the intersecting beams ap-
proach stem from the low signal to background ratios, the
need for proper account of space charge effects in the inter-
action of the beams, and the possible presence of unknown
fractions of long lived excited states in the primary ion beam.
Most of the measurements to date have been carried out with
singly and doubly charged ions and it is only in the past few
years that suitable beams have been provided to permit stud-
ies of ions with-charges-up to-5-{See review-by-Crandall:'}

Studies based on plasma measurements in magnetically
confined high temperature plasmas (Kunze,® Kallne 'and
Jones?') make use of a model which describes the time evolu-
tion of spectral lines in terms of ionization rates, electron
densities, and electron temperatures. The model assumes a
Mazxwellian temperature distribution, thermodynamic equi-
librium, and radiation produced through collisions with
electrons. Jonization rates are determined by fitting the ob-
served time evolution of spectral lines to the model. Large
uncertainties in the derived ionization rates arise through
the uncertainties in the measured electron temperatures and
densities. While the method does not permit the energy de-
pendence of the ionization process to be studied, it has pro-
vided some data in the ionization threshold region for ions in

-eharge states greaterthan-5; whichhave sofar beenunattain-
able in intersecting beam experiments.

In the ion trap approach (see review by Dunn®?), ions
may be trapped in a suitable combination of electric and
magnetic fields and then bombarded with a well defined elec-
tron beam. Alternatively, the ions may be contained in the

22)
3

space charge of an electron beam (Baker and Hasted?®). The
method provides only relative cross sections which require
other techniques for normalization. Other difficulties arise
from the dependence of trapping efficiency on electron ener-
gy, the presence of excited ions in the trap and the inability of
the method to distinguish between products formed by sin-
gle and multiple ionization. In the ion trap approach used by
Doncts,?* obscrvations have been carried out using an clec-
tron beam ion source {EBIS) in which plasma modeling is
used to determine ionization rates. The method has provided
datafor ions of high charge state at energies well above the
ionization threshold.

Although the theoretical and experimental data are
now quite extensive, they sometimes exhibit significant dif-
ferences. Indeed significant differences often occur for a spe-
cific atom or ion among the various theoretical treatments.
Where such discrepancies have arisen, we have attempted to
assess the results by consideration of (i) the sophistication of
the target wave function employed, (ii) the sophistication of
the scattering approximation employed, and (iii) where the
results extend to sufficiently high energy, comparison of the
Bethe coefficient 4 [Eq. (1)] with that obtained independent-
ly from photoionization cross sections. We believe that an
assessment of the data is timely with a view to providing the
potential user with an indication of the most reliable cross.
sections and rates for ionization by electron impact.

2. Method of Evaluation

At large impact energies, the Born or Coulomb-Born
approximations should produce reliable results if accurate

" TABLE 1. The recommended cross sections for carbon and its ions. The energy is given in terms of the ionization potential for each species, and the cross

sections are in cm”. The estimated errors are given Table 5.

E/T C1 Cun Cm 2Cm Civ Cv Cwvi
I=11.26¢eV I1=2438¢eV I=4789¢V I=41.38eV I=64.49¢V I=1392.08¢V I=48998¢V

1.25 3433E-17 2.453E — 17 5.523E — 18 3.736E — 18 1.576E — 18 5.880E — 20 2.974E — 20
1.50 7.077E— 17 3.628E — 17 8.595E — 18 7.151E — 18 2.360E — 18 1.103E — 19 4.504E — 20
1.75 1.033E-—16 4.332E — 17 1.033E—-17 9.473E - 18 2.741E - 18 1.463E — 19 5.328E — 20
200 1.305SE—16 4.784E — 17 1.131E — 17 1.093E — 17 2.933E — 18 1.700E — 19 5.7 —20
225 1.525E—16 5.078E — 17 1.184E — 17 1.181E— 17 3.030E — 18 1.852E — 19 6.005E — 20
250 L1701E—16 5.265E — 17 1.210E — 17 1.231E - 17 3.075E — 18 1.945E — 19 6.10TE — 20
275 1.841E—16 5.377E— 17 1.218E - 17 1.256E — 17 3.090E — 18 1.999E — 19 6.129E — 20
3.00 1951E—16 5.436E — 17 1.215E — 17 1.265E — 17 3.086E — 18 2.025E — 19 6.101E — 20
3.50 2.106E — 16 5.451E — 17 1.191E — 17 1.254E — 17 3.044E — 18 2.028E — 19 5.964E — 20
400 2.198E— 16 5.383E — 17 1.154E — 17 1.225E — 17 2.978E — 18 1.993E — 19 5.774E — 20
450 2.250E — 16 5.274E — 17 1.114E — 17 1.188E — 17 - 2.903E— 18 1.942E — 19 5.569E — 20
500 2273E—16 5.144E — 17 1.073E—17 . 1.148E — 17 2.823E—18 1.882E — 19 5.363E — 20
600 2272E—16 4.863E — 17 9.945E — 18 1.070E — 17 2.665E — 18 1.760E — 19 4.975E — 20
7.00 2.234E -~ 16 4.588E — 17 9.248E — 18 9.994E — 18 2.516E — 18 1.645E — 19 4.632E — 20
8.00 2.180E — 16 4.334E — 17 8.638E — 18 9.367E — 18 2.380E — 18 1.541E—19 4.331E—-20
9.00 2.119E—~16 4.102E — 17 8.104E — 18 8.816E — 18 2.258E — 18 1.448E — 19 4.068E — 20
1000 2.056E — 16 3.892E — 17 7.636E — 18 8.329E — 18 2.147E — 18 1.365E — 19 3.836E — 20
12.50 1.904E — 16 3453E—17 6.684E — 18 7.336E — 18 1.914E — 18 1.196E — 19 3.367E — 20
1500 1.767E—16 3.108E — 17 5.960E — 18 6.575E —-'18 - 1.730E — 18 1.066E -- 19 3.008E —- 20
20.00 1.545E—16 2.602E — 17 4929E — 18 5.483E — 18 1.459E — 18 8.806E — 19 2.496E — 20
30.00 1.242E—16 1.987E — 17 3.715E — 18 4.179E — 18 . 1.124E — 18 6.614E — 19 1.889E — 20
40.00 1.046E — 16 1.624E — 17 3.013E— 18 3.416E — 18 9.240E — 19 5.349E — 20 1.537E — 20
50.00 9.087E —17 1.381E — 17 2.551E — 18 2.909E — 18 7.894E — 19 4.518E — 20 1.304E — 20
75.00 6.937E — 17 1.02IE—17 1.870E — 18 2.154E — 18 5.871E—19 3.299E — 20 9.591E — 21
10000 5.674E — 17 8.182E — 18 1.493E — 18 1.730E — 18 4.727E - 19 2.626E — 20 7.673E —21

* Includes contributions from ions in metastable states (see text).
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TABLE 3. The recommended rate coefficients for carbon and its ions. The electron temperature is given in eV and the rates are in cm® s~

Tev) Ci Cu Cmr *Cum Civ Cv Cw
1.0 1.341IE—13 2.445E— 19 3.100E — 30 9.165E — 28 5.376E — 38 0.000E 00 0.000E 00
2.0 "6.259E — 11 6.382E — 14 1.088E — 19 1.414E — 18 7.681E — 24 0.000E 00 0.000E 00
3.0 5.588E—10 4.327E — 12 3.860E — 16 1.864E — 15 4.366E — 19 4.073E — 68 0.000E 00
40 1.778E—-09 3.661E — 11 2.386E — 14 7.202E — 14 1.081E — 16 7.388E — 54 1.399E — 64
5.0 3.685E—09 1.339E — 10 2.893E— 13 6.680E — 13 3.015E—~15 2.735E — 45 6.812E — 54
7.0 8.893E—09 6.045E — 10 5.170E — 12 8.966E — 12 1.395E — 13 1.784E — 35 1.160E — 41
100 1.815E — 08 1.929E — 09 4.661E — 11 6.656E — 11 2.562E — 12 4.383E —28 1.816E — 32
15.0 3.325E —08 4.916E — 09 2.679E — 10 3347E—10 2.552E — 11, 2.677E — 22 2.730E — 25
20.0.-4.618E-—08 7.994E — 09 -6.558E—10 F720E—10- 8211E—H 2.221E—19- 1:100E=21
300 6.571E—08 1.325E — 08 1.641E — 09 1.830E — 09 2.699E — 10 2.001E — 16 4.657TE — 18
40.0 7.930E — 08 1.722E — 08 2.623E — 09 2.852E — 09 4.957E — 10 6.370E — 15 3.137E— 16
50.0 8.909E — 08 2.021E — 08 3491E — 09 3.738E — 09 7.185E — 10 5.251E— 14 3.998E — 15
70.0 1.020E — 07 2.428E — 08 4.851E — 09 5.104E — 09 1.108E — 09 6.150E — 13 7.543E — 14
100.0 1.126E — 07 2.776E — 08 6.201E — 09 6.434E — 09 1.545E — 09 4.120E — 12 7057E— 13
150.0 1.205E — 07 3.044E — 08 7446E — 09 7.637E — 09 2.012E — 09 1.916E — 11 4.158E — 12
200.0 1.234E—07 3.153E - 08 8.089E — 09 8.247E — 09 2.297E —09 4.256E — 11 -1.028E— 11
300.0 1.244E—07 3.201E — 08 8.642E — 09 8.769E — 09 2.612E — 09 9.743E — 11 2.593E—11
400.0 1.230E—07 3.174E — 08 8.805E — 09 8.922E — 09 " 2.768E — 09 1.495E — 10 4.160E — 11
500.0 1.210E—07 3.123E - 08 8.819E — 09 8.936E — 09 2.850E — 09 1.943E — 10 5.544E — 11
700.0 1.167E — 07 3.010E — 08 8.683E — 0% 8.809E — 09 2.912E — 09 2.630E — 10 7.718E — 11
1000.0 1.108E — 07 2.852E — 08 8.377E — 09 8.518E — 09 2.908E — 09 3.293E— 10 9.884E — 11
2000.0 9.694E — 08 2.481E — 08 7.478E — 09 7.650E — 09 2.742E — 09 4.172E— 10 1.295E — 10
4000.0 8.203E — 08 2.084E — 08 6.397E — 09 6.589E — 09 2.450E — 09 4.443E — 10 1.419E — 10
5000.0 7.729E — 08 1.959E — 08 6.041E — 09 6.238E — 09 2.341E — 09 4.422E — 10 1.424E — 10
10000.0 6.329E — 08 1.593E - 08 4972E — 09 5.172E — 09 1.989E — 09 4.130E— 10 1.362E — 10

®Includes contributions from ions in metastable states (see text).

wave functions are used for both the initial and final states.
The Born and Coulomb-Born approximations are not valid
at low energies and hence in deciding on the recommended
cross sections we- have generally used experimental data
where they are available and extrapolated to high energies if
necessary, using the Born or Coulomb-Born approxima-
tions or theoretical estimates of the Bethe coefficients. When
different experiments yicld conflicting results, we have nor-
mally used the experimental results which agree best with
the theoretical prediction at high energies. If no experimen-
tal data are available, we have used theoretical data. Where
possible, we have tested the classical scaling law for ioniza-
tion cross sections in each isoelectronic sequence and also
used this scaling to predict recommended cross sections,
particularly for highly charged hydrogenlike and heliumlike
ions. For these ions, few experimental data are available and
the simple scaling law should be reasonably accurate.

All the recommendcd cross scctions and rates are pre-
sented in graphical form in Figs. 1-55, and in the form of
analytic fits. Numerical data are also presented for carbon
and oxygen and their ions in Tables 1-4. The cross section
graphs for all atoms and ions include a repreésentative selec-

J. Phys. Chem. Ref. Data, Vol. 12, No. 4, 1983

_ tion of the available data. To ensure clarity it has not been

possible to include all the data in every case but a full bibliog-
raphy for each species is provided in a separate report
(Smith, Gilliland, and Hughes®). Tabular values of cross
sections for other atoms and ions apart from carbon and
oxygen are given in a Culham report (Bell et al.?%). The rec-
ommended rates for a few representative species are com-
parcd in Figs. 911 with recent measurements in plasma ma-
chines and with the calculated rates of other authors. It is
clear that there is a considerable difference between the pres-
ent rates and those obtained using semiempirical methods.

Estimates of the reliability of the recommended cross
sections are given in the tables as percentages. The percen-
tage error in the rates for each atom or ion should be the
same as for the cross sections. These estimates are based ona
review of the uncertainties or errors published with the origi-
nal data. They normally adopt the error limits given by the
author or authors of the “best” data mecasurcment when
these are available but are sometimes modified from an as-
sessment of the scaled cross sections for each isoelectronic
sequence. They have a confidence level of 67% except near
threshold where the uncertainty is greater.
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FIGURE 2. Recommended rates for helium and its ion.
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3. Approximate Analytic Formulas

For each species investigated, the recommended cross
section has been fitted by the following equation

1 N I i

o= fowsn+ $a(-2)]. o
where E is the incident electron energy, I is the ionization
potential, and the coefficients B; are determined by a least
squares fitting procedure. These coefficients are given in Ta-
ble 5. This formula ensures the correct behavior of the cross
section at both high and low impact energies. In many cases,
two-or threecoefficientsare sufficientIf ionization by exci-
tation autoionization is important (N v and O Vi), it is not
possible to fit the cross section using Eq. (1). For these ions,

fit for energies above the autoionization threshold. The pa-
rameter 4 is a Bethe coefficient and determines the high
energy behavior of the cross section. It may be calculated by
fitting the equation

-1
U(E)"IE

to the high energy form of the Born approximation, or from
the equation

A:-—I—L f-;i e, (3)

T

{AIn(E)+ B}, 2

where o, is the photoionization cross section and a is the
fine structure constant. We have evaluated the 4 coefficient
for a number of the atoms and ions under investigation and

we use two fits of the form of Eq. (1), one fit from the ioniza-

this value has been incorporated in Eq. (1) to enable high
tion threshold to the autoionization threshold and a second ‘

energy extrapolation.

TABLE 5. The parameters I, 4, and B, of Eq. (1) of the text for the recommended cross sections. The ionization potential /is given in eV and the parameters 4-
and B are in units of 10~ eV%.cm?. The reliability has a confidence level of 67%.

Species I(eV) 4 B, B, B, B, B, Reliability (%)

Hi 13.60 0.1845 —0.0186 0.1231 - 0.1901 0.9527 +7

He1 2460 0.5720 —0.3440 —0.5230 3.4450 —6.8210 5.5780 +5

Hen 5442  0.1845 0.0887 0.1315 0.3877 — 1.0910 1.3541 +10

Lix 539 0.0854 —0.0040 0.7573 -0.1779 +10

nan 7564 07220 =0.1492 — 1.3007 1.9443 +12

Lim 122.45  0.4000 , +10

Ber 9.32 09239 —0.7697 0.3619 +20

Beu 1821 0.7542 —0.0189 —2.9618 7.5182 — 8.5431 3.1108 +20

Bem  153.89 0.7960 —0.5004 0.8836 : +20

Beiv  217.71 0.4000 ) ‘ +10

Bl 830 11063 — 1.0694 —0.0879 +20

Bu 2515 09070 —0.4770 0.1970 : , ‘ +20

B 3793 07542 —0.0189 —2.9618 7.5182 —8.5431 3.1108 +20

Biv 259.37 0.7960 —0.5004 0.8836 +20

Bv 340.22  0.4000 +10

Ci 1126 21143 —1.9647 —~0.6084 - +5

Cn 2438 1.0824 —0.1611 —0.8563 0.9062 +10

Cm 4789 07150 —0.0410 0.1754 +10

*Cm 4138 0.6910 —0.5081 0.6993 0.0142 —0.4325 . 410

Civ 6449 04667 —0.1298 0.2577 —0.9561 ©0.6441 +20

Cv 392.08 0.7960 — 0.5004 0.8836 : ) +20

Cvi 489.98  0.4000 + 10

N1 14.53 22648 — 17100 —2.3220 1.7324 +5

N1 29.60 10755 —0.8287 0.8724 —0.1618 1.5331 +10

N 4745 0.5004 0.2234 2.2074 —4.1555 3.7686 +10

Niv 7747 0.8125 —0.0066 — 0.0459 +10

aN1v 69.13  0.3270 0.3570 —0.0420 —0.8740 2.1670 + 10 .

Nv 9789 02182 0.2376 —0.2201 —0.4463 2.5227 —1.9021 -+ 10 for E<4.21

97.89 0.8368 —0.2135 —2.5377 7.4882 — 11.0056 5.5226 + 10 for E>4.21

N vi 552.06 0.7960 — 0.5004 0.8836 +20

N v 667.03  0.4000 + 10

O1 - 13.62 24554 —21811 —1.5701 +5

on 3512 15257 —0.5935 —0.3994 —0.5833 3.2355 +10

om 5493  1.0657 0.4420 0.4751 — 29613 4.4700 +7

o 7741 10446 —0.6519 1.2988 +10

201 68.60 0.5605 —0.6091 46523 — 8.9404 6.7354 +5

ov 113.90 0.7268 0.0911 0.0220 +10

Qv 103.68  0.3287 0.6097 —2.1048 5.9130 — 3.0004 +10

ovi 138.12  0.3362 0.0803 0.1432 —0.7309 1.3363 —0.7846 + 20 for E <4.01
138.12 06362 —0.3127 1.3187 —5.2457 6.3866 —2.4415 + 20 for E>4.01

ovn 73932 07960 —0.5004 0.8836 - +20

Ovm 87139

0.4000 + 10

2 Includes contributions from ions in metastable states {see text).
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The form of Eq. (1) was also dictated by the classical
scaling law by which the electron ionization cross section
o{E)for anion of ionization potential / at energy Eis given by

I’o(E)=0.(X), 4)

where X = E /I and where o,_(X) is a scaled cross section
which is the same for all ions in a given isoelectronic se-
quence.

In this work, we found that for hydrogen- and helium-
like ions the experimental and theoretical data closely satis-
fied the scaling law except for low values of the nuclear
charge. However, for more complex systems, the available

data doesnot satisfy the classical scaling lawand in thiswork

classical scaling is used only if no other data is available.
The rate coefficients {o-v) (cross sections at a given en-

ergy multiplied by electron velocity v at the same energy,

evaluated over a Maxwellian velocity distribution) are given

by
(ov) = (SkT) f oEE /KT Je= 5" (B /KT), 5

where m is the electron mass.
For the temperature range 7 /10<k7T<101, we fit the
rate coefficient with the following functional form

(owy = e~ 4 T(KT /T )2 25; a, {log, kT /I)}", (6)

n=0
and for kT> 10] we use the formula

(o) —(kT/I)_l/ZI'V ln(kT/I) + 2 B ( kT )4 o

The coefficients ay, ..., s are given in Table 6 and the param-
eters ¥,3,, By, and 3, are given in Table 7. For TinK, Iin eV,
and k =0.8617X 10—*eV/K, these coefficients give the rate

TABLE 6. The coefficients gy, ..., a5 in cm® s ™! of Eq. (6) of the text for the recommended rate coefficients.

Species ay a, a, a, a, as
Hi 2.3742E — 08 — 3.6866E — 09 — 1.0366E — 08 — 3.8010E — 09 3.4159E — 09 1.6834E — 09
He1 1.4999E — 08 5.6656E — 10 ~— 6.0821E — 09 — 3.5894E — 09 1.5529E — 09 1.3207E — 09
Hen 3.4356E — 09 — 1.6865E — 09 — 6.9236E — 10 9.7863E — 11 1.5591E — 10 6.2236E — 11
Lit 9.9655E — 08 Z'5.5941E — 08 -5.5228E — OL 4.0589E — 08 1.4800E — 08 — 1.3120E — 08
Lin 3.4023E — 09 — 7.6588E — 10 — 8.6078E — 10 — 8.9748E — 10 4.1661E — 3.3188E — 10
Lim 1.1786E — 09 — 8.7637E — 10 —9.3373E—11 2.1173E— 10 1.9017E — 11 — 4.0679E — 11
Bel 7.4206E — 08 — 1.5520E — 08 — 3.9403E — 08 7.2155E — 09 1.1098E — 08 — 2.5501E — 09
Ben 2.0072E — 08 —1.2724E—08 — 2.6991E — 09 3.7890E — 09 5.1141E — —9.769TE— 10
Be 11 1.6039E — 09 — 6.4336E — 10 — 7.7804E — 10 3.3527E— 10 2.1889E — — 1.0600F —
Be1v 4.9587E — 10 — 3.6870E — 10 —3.9284E — 11 8.8928E — 11 8.0007E — 12 — L714E — 11
BI 5.8365E — 08 1.0047E — 08 — 3.6230E — 08 — 7.3448E — 09 1.0220F — 08 1.6951E — 09
Bu 2.0590E — 08 ~— 9.8899E — 09 — 6.0949E — 09 2.7762E — 09 1.6499E — 09 — 6.7692E — 10
Bm 6.6770E — 09 — 4.2326E — 09 — 8.9787E — 10 1.2604F — 09 1.7012E — — 3.2499E — 10
Biv 7.3539E — 10 — 2.9498E — 10 —~3.5612E—10 - 1.5372E— 10 1.0036E — 10 — 4.8602E — 11
Bv 2.5458E — 10 '~ 1.8930E — 10 — 2.0169E — 11 4.5657E — 11 4.1076E — 12 —8.7867E — 12
C1 5.9848E — 08 1.1903E — 08 . — 3.0140E — 08 — 1.3693E — 08 8.3748E — 09 4.0150E — 09
Cu 2.8395E — 08 — 1.6698E — 08 +2.355TE— 09 3.2161E — 10 9.6016E — 10 5.2713E— 10
cm _ " 9.0555E —09 — 6.3206E — 09 — 1.3256E — 09 1.7441E — 09 3.2680E — 10 —3.8303E— 10 -
*C 8.0945E — 09 — 3.6568E — 09 —3.9572E — 09 2.3802E — 09 1.0515E — 09 —7.9301E —
CIv 2.7464E — 09 — 2.0070E — 09 —2.3595E — 11 42011E — 10 — 8.1600E — 11 —3.9729E — 11
Cv 3.9495E — 10 — 1.5842E — 10 — 1.9158E — 10 8.2555E — 11 5.3899E — 11 —2.6102E — 11,
Cvi 1.4715E — 10 — 1.0941E — 10 — 1L1657E — 11 2.6389E — 11 2.37492E — 12 — 5.0786E —
N1 4.6209E — 08 9.2264E — 09 — 1.2092E — 08 —2.4852E — 08 5.1361E — 09 8.3068E — 09
Nu 2.4369E — 08 —2.2155E — 09 — 1.4805E — 08 —4.4218E — 10 4.5211E — 09 1.7874E — 10
N 1.2964E — 08 — 8.3408E — 09 —2.3684E — 09 2.2485E — 09 2.6234E — 10 —2.6333E— 10
N1v 4.6322E — 09 — 3.4645E — 09 —3.1014E — 10 8.0576E — 10 5.7791E — 11 — 1.4907E — 10
N1V 4.5344E — 09 ~— 2.3692E — 09 —3.5513E— 10 —49395E— 10 1.2611E — 10 3.3892E — 10
Nv 1.5862E — 09 —9.8633E — 10 7.5130E — 11 3.1005E — 11 —8.1970E — 12 2.6759E — 11
Nwvi 2.3635E — 10 —9.4805E — 11 — 1.1465E — 10 4.9404E — 11 3.2255E — 11 — 1.5620E — 11
N v 9.2653E — 11 — 6.8892E — 11 — 7.3402E — 12 1.6616E — 11 1.4949E — 12 —3.1978E — 12
o1 , 3.3559E — 08 1.3449E — 08 — 6.7112E — 09 — 1.9976E — 08 1.6214E — 09 6.5852E — 09
on. 2.4476E — 08 —5.3141E — 09 —7.3316E — 09 —4.4515E — 09 2.4257E — 09 1.9791E — 09
om 1.4741E — 08 — 8.7905E — 09 — 8.6099E — 10 —24143E— 10 1.2598E — 10 6.4901E — 10
o 6.2130E — 09 — 2.5047E — 09 — 3.0813E — 1.3559E — 09 8.6816E — 10 —4.3189E — 10
0w 5.7525E — 09 —2.3510E — 09 —2.3387E — 09 1.4063E — 09 1.2451E — 10 — 1.9423E — 10
ov 2.6145E — 09 — 2.0276E — 09 — 1.6569E — 10 5.0245E — 10 - 3.0067E — 11 —9.8231E — 11
*0v 3.1263E — 09 — 1.6820E — 09 —9.4803E — 10 8.4311E — 11 5.0188E — 10 —4,1921E—11
ovi 1.0099E — 09 — 6.5165E — 10 2.8863E — 12 3.0336E — 11 — 1.4065E — 11 4.5106E — 11
ovn 1.5258E — —6.1203E — 11 —74014E — 11 3.1894E — 11 2.0823E — 11 — 1.0084E — 11
O v 6.2090E — 11 —46167TE—11 —49189E—12 1.1135E — 11 1.0018E —

—2.1430E—12

*Includes contributions from ions in metastable states (see text).
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TABLE 7. The parameters 7, B, B,, and B, in cm®

BELL ETAL.

57! of Eq. (7) of the text for the recommended rate coefficients.

Species 14 Bo B B,

Hi 2.4617E — 08 9.5986E — 08 —9,2463E — 07 3.9973E — 06
He1 3.1373E - 08 4.7893E — 08 —71.7359E — 07 3.7366E — 06
Henn 3.0772E — 09 1.1902E — 08 — 1L1514E — 07 . 5.0489E — 07
Li1 4.5456E — 08 2.7800E — 07 — 1.5830E — 06 5.4650E — 06
Lin 7.3504E — 09 5.3459E — 10 — 5.6387E — 08 2.9577E — 07
Limx 1.9767E — 09 — 1.0926E — 09 8.8700E — 10 6.0764E — 09
‘Bel 2.1743E — 07 — 2.1649E — 07 2.8120E — 07 5.3031E — 07
Benr 6.4950E — 08 — 1.1093E — 07 4.8139E — 07 — 1.4844E — 06
Be 1 2.7873E — 09 —2.4333E - 10 —9.7973E — 09 5.2094E — 08
Be1v 8.3163E— 10 — 4.5966E — 10 3.7317E —- 10 2.5564E — 09
B1 3.0952E — 07 — 4.9240E — 07 1.3750E — 06 — 2.5387E — 06
Bu 4.7980E — 08 —4.1361E — 08 5.5259E — 08 9.9841E — 08
Bm 2.1606E — 08 — 3.6902E — 08 1.6014E — 07 — 4.9379E — 07
Biv 1.2780E — 09 — L.1156E — 10 — 1.4902E — 09 2.3885E — 08
Rv 42697E - 10 — 2.3600E — 10 1.9150E- 10 1.3125E — 09
Ci1 3.7442E — 07 — 6.5826E — 07 2.0521E — 06 — 4.4694E — 06
Cn 6.0150E — 08 —4,0217E - 08 — 2.7908E — 08 5.5499E — 07
Cm 1.4501E — 08 — 5.3596E — 09 — 1.0473E — 08 1.0629E — 07
aCm 1.7372E — 08 — 1.5019E — 08 4.1275E — 08 — 8.8581E — 08
Civ 6.0330E — 09 —5.7710E — 09 9.9302E — 09 7.4462E — 09
Cv 6.8634E — 10 — 5.9916E — 11 —2.4124E — 09 1.2828E — 08
Cvi 2.4679E — 10 — 1.3640E — 10 1.1074E — 10 7.5862E — 10
N1 2.7367E — 07 — 4.2976E — 07 9.8352E — 07 —9.5745E — 07
Nu 4.4690E — 08 3.0430E — 08 — 5.2696E — 07 2.4863E — 06
N 1.0243E — 08 3.4218E — 08 —2.9155E — 07 1.2324E — 06
Niv 7.9743E — 09 —4.9184E — 09 6.3763E — 09 1.4917E — 08
*Niv 3.8072E — 09 1.5619E — 08 — 1.4346E — 07 6.1960E — 07
N S5T712E-—~09- =8 5163 E=09- 1:8527E=08 — 7818TE—09~
Nvi 4.1073E — 10 — 3.5856E — 11 — 1.4437E — 09 7.6765E — 09
Nwvn 1.5539E — 10 — 8.5888E — 11 6.9728E — 11 4.7767E — 10
01 3.2721E—-07 — 6.7484E — 07 2.3938E — 06 — 6.0438E — 06
Oon 4.9003E — 08 2.1747E — 08 — 5.4612E — 07 2.7213E — 06
om 1.7523E — 08 2.8129E — 08 —3.1692E — 07 1.4381E — 06
[03\Y 1.0270E — 08 4.8134E — 10 —4.3936E — 08 2.1924E — 07
201v 6.6074E — 09 1.6481E — 08 — 1.7855E — 07 8.0359E — 07
Oov 4.0023E - 09 — 1.5957E — 09 — 7.2485E — 10 1.9724E — 08 .
20v 2.0855E — 09 7.7559E — 09 —4.8816E — 08 1.7611E — 07
Oowv: 2.6228E — 09 — 2.6662E — 09 2.8968E — 09 1.7246E — 08
O v 2.6516E — 10 — 2.3148E — 11 —9.3201E — 10 4.9557E — 09
O vt 1.0413E - 10 -~ 5.7557TE — 11 4.6727E — 11

- 3.2010E — 10

2 Includes contributions from ions in metastable states (see text).

in cm®s 1. It should be noted that many of the figures and
tables in this paper refer to an “electron temperature” which

eV.

At
LAILCLLL

is actually the equivalent electron energy (k7") expressed in

cly, the raics may be accuraicly compuied

from the cross sections using the following equation:

(ov) = 6.692X107 e~ /*T KT S wxolv).  (8)

i=1

where y; = kTx; + I and w, and x; are, respectively, the
weights and abscissas of the Gauss-Laguerre quadrature
formula of degree n. We find that n = 8 gives the rate to
within 1% accuracy.

4. Review of Data Sources

In this section, we describe the experimental and theo-
rctical cross section data available for cach specics and out-

J. Phys. Chem. Ref. Data, Vol. 12, No. 4, 1983

line the decisions made in determining a recommended
curve.

4.1. The Hydrogen Séquence
H1i

Despiteits apj)arent simplicity, the electron impact ion-
ization of hydrogen atoms presents a difficult problem for
both theorists and experimentalists. There have been no re-
cent measurements of this cross section but some recent cal-
culations by Klar*” confirm that at low impact energies the
ionization cross section rises as (E — I)"'*’ (Wannier®®). Ex-
perimental measurements by McGowan and Clarke?® show
an (E — I')"** dependence at 0.4 eV above threshold and a
linear relationship for 1 eV <(E — I) <3 eV. However, for
most practical applications the form of the cross sections
given in Eq. (1) should be adequate.



ELECTRON IMPACT IONIZATION OF LIGHT ATOMS AND IONS

In fitting his empirical formula to the experimental
data, Lotz chose to follow the unpublished data of Boksen-
berg, but we believe the measurements of Fite and Brack-
mann?! are more accurate and our recommended curve fol-
lows their data. At high energies, it merges smoothly into the
curve based on the Born approximation (Mott and Mas-
sey>?). General support for the validity of the Born approxi-
mation at impact energies above about 300 eV is provided by
the close accord between measured ionization cross sections
for electron and equivelocity protons in a number of gas tar-
gets (Hooper et al.>®).

Hen

The measurements of Peart et al.>* and Dolder et al.*®
are in good agreement except near the peak in the cross sec-
tions where the older measurements are about 10% higher.
Our recommended curve favors the measurements of Peart
et al. which agree well with the Coulomb—Born and Bethe
approximations at high energies (Mott and Massey*?). The
calculations of Younger?® are in good agreement with exper-
iment.

Li m~O vin

‘T'he only available data for the six ions between Li HI

913

agreement with the Coulomb-Born calculations of Moores
and Nussbaumer.*

Be 11—-0 viI

Crandall et al.*> have measured the cross sections for
B1v, Cv, and N vI, but crossed beam experiments with
such highly charged ions are very difficult and their data are
sparse with large associated uncertainties. For the case of
B 1v however, we have been able to generate a reasonable fit
to the experimental data, which also agrees well with the-

-DWBE -calculations- of-Younger-'¢- Cross-sections-for the
other ions have then been obtained by scaling the B 1v curve
according to classical scaling laws.

4.3. The Lithium Sequence
Lit
Our recommended curve for.Li 1 follows the measure-
ments of Zapesochyni and Aleksakhin** out to about 30 €V,
and the data of Jalin ez al.*° at high energies which are in

good accord with the theoretical calculations of McGuire.*S

Ben

and-O v are the calculations of “Younger'>for-C vi:-We
find that these data are accurately simulated by formula (1)
with A = 4.03< 10~ eV2 om? and B, =~ O for all .- Although
this A coeflicient differs significantly from the value,
A =1.8X10"", of the Bethe approximation it provides a
good fit to Younger’s calculations, and should be a good
approximation to the cross section for the range of energies
covered in the tables.

Noting that Younger’s calculations are, in general, in
good agreement with experiment for He I and for highly
charged ions in other isoelectronic sequences, we have scaled
the C V1 curve to give recommended curves for the other
members of the sequence with charge state > 3. This scaled
curve agrees well with Younger’s calculations for Ne x
(Younger™).

4.2. The Helium Sequence
He1l

The recommended cross section for Helium is that due
to Montague et al.3%%7 which is a smooth curve fit to a large
number of experimental measurements. At 750 eV this curve
merges smoothly with the Born values (Bell and Kingston®®),
The recommended curve is in good agreement with the ear-
lier measurements of Rapp and Englander-Golden®® and
Brook et al.*®

Lin

The recommended curve is based on the data of Peart
and Dolder®! up to 3 keV and the data of Peart e 2l.** from 4
. 10 25 keV. These high energy data of Peart ef al. are in good

Our recommended curve follows the experimental data
of Falk and Dunn.*

B

The recommended curve has been derived ffom that of
Be 11 using the classical scaling law, there being no experi-

-mental or theoretical data available.

Civ

The data of Crandall e al.*? include a significant contri-
bution from autoionization at energies above the inner shell
excitation-threshold. However, there is a large difference
between the experimental data and the theoretical calcula-
tions of Jakubowitz'? and Sampson and Golden.*” Compari-
son of the scaled cross sections also shows that the scaled
experimental curve for C 1v lies well below those of the other
members in the sequence. Our recommended curve ihere-
fore follows the theoretical calculations for this ion. There is
however, good agreement with experiment at high energies.

Nv
Our recommended curve follows the data of Crandall ez

al.*® In this case (unlike C 1v), there is good agreement with
theory.

Oovl

The recommended curve is based mainly on the data of
Crandall ef ul.** Account is also taken of the theoretical cal-
culations of Jakubowitz and Moores,”> Younger,” and

J. Phys. Chem. Ref. Data, Vol. 12, No. 4, 1983
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Sampson and Golden*’, all of which are in good accord with
each other. In particular, the magnitude of the second peak
(due to autoionization) is surprisingly large in the experimen-
tal data and cannot be accounted for by either the measured
or calculated inner shell excitation cross sections.

4.4. The Beryllium Sequence

Be,B1u1

There are no reliable experimental or theoretical data
forionization of the ground state of Be1 or B1I and our
recommended curves are empirical estimates based on an
analysis of the scaled cross sections.

cm

The experimental measurements by Woodruff e al.*®
and by Crandall ¢f a/.*° include contributions from the ioni-
zation of both (15?25%)'S ground state and (15°252p)°P metas-
table ions; Crandall et al. have estimated roughly a 40%
contribution from metastables but no estimate of the contri-
bution from metastables is given by Woodruff et al. For
ground state ionization, we have therefore followed the Cou-
lomb-Born calculations of Jakubowitz and Moores,* add-
ing to these a small contribution from inner shell ionization.
The recent distorted wave calculations by Younger'’ for the
ground state are close to these calculations, adding some
confidence to our recommendation.

Also in the tables, we present a fit to the experimental
data of Crandall et al.*® and to the rate derived from these
data.

Niv

The experimental measurements of Crandall ez al.* in-
clude estimated contributions of 50% from ions in metasta-
ble states. Because of this uncertainty, as for C 11, our rec-
ommended cross section for ionization of the ground state
was obtained by fitting to the Coulomb-Born calculation of
Jakubowitz and Moores*® which are close to the distorted
wave calculations of Younger. However, we also present fits
based on the data of Crandall et al.

Ov

As for C 1 and N 1v, the experimental values of Cran-
dall ez al.®® for O v include contributions from ions in both
the ground state and metastable state, estimated to be about
50% metastable. Because of the uncertainty, we have again
used the theoretical calculations of Jakubowitz and Moores
for the ground state which are close to Younger’s ground
state calculations. The experimental values lie well above
these values indicating that the ionization cross section for
ions in the metastable state is considerably larger than for
ions in the ground state. This is supported by Younger’s
calculations. There is also evidence in Crandall’s data of a
contribution from autoionization for energies greater than
about 600 V. As for C 1 and N 1v the tables also include
fits based on Crandall’s data.
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4.5. The Boron Sequence
B1

In the absence of any reliable experimental data for B 1
we adopt an empirical estimate based on an analysis of the
scaled cross sections. The recommended curve is in reasona-
ble accord with the Born calculations of McGuire.*¢

Cnu

The—recommended curve “followsthe crossed-beam
measurements of Aitken ez al.*° and, at the higher energies,
the Coulomb-Born calculations of Moores.!! The recom-
mended curve lies within the error bars of the relative,
trapped-ion measurements of Hamdan er ¢/.*' which are
about 10% above the crossed-beam results.

N m1

For N 11, as for C 11, our recommended curve follows
the experimental data of Aitken et al.>° up to about 800 eV
and the Coulomb-Born calculations of Moores'! at higher
energies. '

o1

In their measurements, Crandall ef al.** estimate a 16%
contribution from ionization of ions in the (15?2s2p)*P metas-

" table state. Our recommended curve is an estimate of the

ionization cross section of ions in the ground state only.
However, we also present a fit to Crandall’s data and
provide a table of the rate coefficient based on these data.

4.6. The Carbon Sequence
C1

I'or C1, the reccommended curve follows the experi-
mental data of Brook et al.*® and is extrapolated beyond 1
keV using Eq. (2). At high energies, it is in good agreement
with the Born calculations of Omidvar et al.>> The experi-
mental data of Wang and Crawford®® lie more than a factor
of two above those of Brook et al. (above even the Born re-
sults), and have not been included.

Our extrapolation procedure in this case yields a value
for the Bethe 4 coefficient of Eq. (1) of 2.114x10~"
€V2 cm?. It has been possible to check this value by evaluat-
ing the A coefficient from the formula given by Bethe [cf.
Egs. (2) and (3)]. Using the calculations of Taylor and
Burke® for the photoionization cross section, an approxi-
mate evaluation of the integral in Eq. (3) yields a value for 4
of 2.1 X 10718 eV? cm?.

This result suggests that our extrapolation procedure is
valid in this case.

N1

For N 11, the experimental data of Harrison er al.> is
taken and extrapolated beyond 500 eV using Eq. (1). At high
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energies,the recommended curve is in good agreement with
the calculations of Moores.!*

Om

There have been three different measurements of the
ionization cross section of O I—two crossed-beam experi-
ments, one by Crandall ef al.* and the second by Aitken and
Harrison,”® and relative, trapped-ion measurements by
Hamden et al.>! Of the three, the data of Crandall ef al. is the
most extensive and subject to the smallest estimated uncer-
tainties. Qur recommended curve therefore follows Cran-
dall’s data but still lies within the error bars of the other two
experiments. Once again, the recommended curve is in good
agreement with Moore’s Coulomb-Born calculations at
high energies.

4.7. The Nitrogen Sequence

NI

For N 1, the two sets of experimental data, due to Smith
etal>” and Brook et al.,* differ only by about 7% at the peak
but by considerably more at low energies. However, the data
of Brook et al. exhibit less scatter and are subject to very
small uncertainties. Our recommended curve therefore fol-

quests for data or for on-line access to the database may be
made in writing to Dr. J. G. Hughes, Department of Com-
puter Science, Queen’s University, Belfast.
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