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Ionization of boron, aluminum, gallium, and indium by electron impact

Yong-Ki Kim and Philip M. Stone
National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8421

~Received 23 April 2001; published 4 October 2001!

Measurements of electron impact ionization of neutral Al, Ga, and In show large cross sections compared to
other elements in the same rows of the periodic table. Semiempirical and classical calculations of direct
ionization cross sections are all substantially smaller. Calculations by McGuire@Phys. Rev. A26, 125 ~1982!#
for aluminum that include excitations to autoionizing 3s3p2 doublet levels are 2.5 times higher than experi-
ment at the peak. We report the direct ionization cross sections based on the binary-encounter-Bethe model of
Kim and Rudd@Phys. Rev. A50, 3954 ~1994!#, which is anab initio theory. We add the autoionization
contribution using scaled plane-wave Born cross sections as recently developed by Kim@Phys. Rev. A64,
032713~2001!# for excitations to the first set of autoionizing levels. Dirac-Fock wave functions are used for the
atomic structure. Our results are in excellent agreement with experimental values and support substantial
contributions from excitation-autoionization to the total ionization cross sections for these elements. We also
compare the total ionization cross section of boron to available theories, though no experimental data are
available.

DOI: 10.1103/PhysRevA.64.052707 PACS number~s!: 34.80.Dp
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I. INTRODUCTION

The latest measurement of electron-impact ionization
neutral aluminum shows a rather large cross section, e
cially compared with cross sections of other elements in
same row of the periodic table@1#. Existing theoretical cal-
culations have not agreed well with these measurements.
semiempirical formula of Lotz@2# underestimates the pea
value by more than 40%. The DM formalism of Margreit
et al. @3#, which is a modification of Gryzinski’s classica
formula @4# with empirical parameters, shows better agre
ment at the peak but is too small at incident electron ener
between the threshold and the peak. The plane-wave B
~PWB! calculation of McGuire@5# is much too large in the
peak region and remains higher than experiment even at
energies. Mann@6# estimated peak cross sections using
mean square radius^r 2& of the target orbitals calculated from
Hartree-Fock wave functions. His peak cross section is
small by a factor of two.

The situation is similar for neutral Ga, the next element
the same column of the periodic table. Measurements
Shul et al. @7# and more recently by Pattonet al. @8# agree
with each other within 30%, but their cross sections are la
compared to calculated values from the Lotz and the D
formulas. Indium is also similar. The cross section calcula
from the DM formalism is smaller than the experimen
results@1# by more than 30% between the threshold and
peak.

Several autoionizing levels—mainlynsnp2 doublet
levels—contribute significantly to the measured total ioni
tion cross sections for these atoms. These levels lie sev
eV above the ionization limit, are easily excited by electr
impact from the ground level, and decay almost entirely
autoionization. McGuire@5# has estimated the contributio
of these autoionizing levels for Al using PWB cross sectio
for the primary electrons involved in both direct ionizatio
and autoionization, but his cross sections are much too la
mostly because of the well-known limitations of the PW
approximation and the inadequate target wave functions
used.
1050-2947/2001/64~5!/052707~11!/$20.00 64 0527
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Three decades ago, Peach@9# recognized the importanc
of excitation-autoionization of inner-shell electrons in h
paper on the electron- and proton-impact ionization of n
tral atoms. However, her emphasis was on the complete
moval of thens electron resulting in an excited ion in th
nsnp3P or 1P level. Her results cannot be compared to t
present paper because our cross sections are for the pro
tion of an ion in its ground level,ns2 1S.

We have used the binary-encounter-Bethe~BEB! model
of Kim and Rudd@10# to calculate the direct ionization cros
sections of B, Al, Ga, and In. To calculate the excitatio
autoionization cross sections, we used the scaling meth
recently developed by Kim@11# for plane-wave Born~PWB!
cross sections. We used both uncorrelated and correl
Dirac-Fock wave functions for the target atoms. When ap
cable, we estimated and applied the branching ratios of th
excited levels for autoionization versus fluorescent decay

The BEB cross sections for the direct ionization and
scaled PWB cross sections for the excitation-autoioniza
are easy to generate in contrast to other computer-inten
theories such as theR-matrix method@12#, the convergent
close-coupling ~CCC! method @13#, the time-dependen
close-coupling method@14#, and the complex scaling metho
@15#. Some of these theoretical methods generate a comp
set of cross sections, e.g., elastic, discrete excitation,
ionization including both angular distributions and integrat
cross sections. The price for the complete information is
long time required even with the most powerful compute
and, more importantly, limited applicability to targets wi
complex valence shell structures and heavy atoms.

On the other hand, the BEB method@10# generates direc
ionization cross sections for any neutral atom~or molecule!
using an analytic formula that requires only the data fro
ground-state wave functions, i.e., the orbital binding-ene
B, orbital kinetic-energyU5^p2/2m&, and the orbital elec-
tron occupation numberN for each orbital in the target. This
method has been successfully applied to dozens of ne
molecules, H, He, and Xe@16–18#.

In a recent article@11#, it was shown that two simple
©2001 The American Physical Society07-1
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scaling methods could convert PWB excitation cross sect
into reliable cross sections comparable to the most accu
theoretical or experimental data available for dipole-allow
excitations. These methods use PWB cross sections ca
lated from uncorrelated wave functions, and the scaling
quires only the binding energyB of the electron being ex
cited, the excitation energyE, and accurate dipole oscillato
strengthf, or the f value, if electron correlation strongly af
fects thef value. Again, because of its simplicity, these sc
ing methods can be used for dipole-allowed excitations
light and heavy atoms, such as H, He, Hg, and Tl@11#.

The goal of the present paper is to demonstrate that
combination of the BEB model for direct ionization and t
scaled PWB cross sections for excitation-autoionization p
duces total ionization cross sections of many atoms relia
in both magnitude—615% or better at the peak—and sha
from the ionization threshold to a few keV in the incide
electron energy. The theoretical methods we have used
summarized in Sec. II, and the calculated cross sections
compared to existing experimental and theoretical data
Sec. III. Our conclusions are presented in Sec. IV.

II. THEORY

The valence structure of the ground state of the atom
the Group IIIB column headed by boron is given b
ns2np 2P. Excitation of thens electron intonp results in the
nsnp2 4P, 2D, 2S, and 2P levels. Thens–np excitation
cross sections by electron impact are very large because
are dipole allowed and the initial and final states belong
the same shell with good overlap of the radial functions.
addition, the Group IIIB atoms have twons electrons versus
onenp electron, thus making the autoionization contributi
more conspicuous than the atoms in other columns of
periodic table.

Of the excited levels, the4P level does not contribute to
autoionization because it is in the discrete spectrum for
atoms in the Group IIIB column. Some of the doublet leve
however, lie in the continuum of the direct ionization of th
valencenp electron. The continuum channels for the dire
ionization of thenp electron resulting from the dipole inter
action has the2S and 2D character. Hence, thensnp2 2D
and 2S levels autoionize rapidly through the Auger proce
because the parity, spin, and orbital angular momenta ma
On the other hand, thensnp2 2P level is expected to be slow
to autoionize because the parity does not match with the2P
direct ionization channel. We checked the branching ratio
these autoionizing levels by comparing their autoionizat
and fluorescence rates—the Einstein A coefficient
calculated from Dirac-Fock wave functions as will be d
cussed later.

For boron, only the 2s2p2 2P1/2 and 2P3/2 levels are
above the first ionization threshold while the other doub
levels are in the discrete spectrum. For aluminum,
3s3p2 2D level is not observed as it mixes strongly with th
bound 3s2nd 2D Rydberg series @19#. The
3s3p2 2S1/2, 2P1/2, and 2P3/2 levels are in the continuum
above the first ionization threshold and together they cont
ute nearly as much to Al ionization by autoionization as
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rect ionization. For Ga, In, and Tl, thensnp2 doublet levels
are all in the continuum and contribute heavily to the to
ionization cross section.

In addition to the autoionization of thensnp2 doublet
levels, infinitely many autoionizing levels result from th
excitation of thens electrons toml ~e.g., 3d, 4p, etc. for
Al !. These levels together, however, contribute 5% at
most to the total ionization cross section, far less than
nsnp2 doublet levels, as we shall demonstrate for aluminu
We have not included these minor autoionization chann
for B, Ga, and In because, as stated earlier, our goal i
generate total ionization cross sections with an overall r
ability of 615% or better at the peak. In the remainder
this section, we briefly outline the theoretical models w
have used to calculate cross sections for the direct ioniza
and autoionization.

A. Binary-encounter-Bethe model

The BEB model is a simplified version of the more d
tailed binary-encounter-dipole~BED! model developed by
Kim and Rudd@10#. The BED model combines a modifie
form of the Mott cross section@20,21# with the Bethe theory
@22,23#. The BED model starts with a singly differentia
cross section, or the energy distribution of second
(5ejected) electrons, and requires the continuum oscilla
strength,d f /dE, whereE is the excitation energy to the con
tinuum, for each atomic orbital. The orbital cross sections
summed to get the energy-differential ionization cross s
tion for the entire atom. To cover a wide range of the incide
electron energyT, the BED model requiresd f /dE for each
orbital to a few hundred eV inE.

The exact form ofd f /dE for H-like ions is known@24#,
while for other atoms, one can sometimes deduced f /dE
from either theoretical or experimental photoionization cro
sections. The BEB model uses a simple form ford f /dE for
each initial-state orbital when information on accurated f /dE
is not available. The orbital ionization cross section in t
BEB model is given by

sBEB5
S

t1u11 F ln t

2 S 12
1

t2D 112
1

t
2

ln t

t11G , ~1!

where S54pa0
2N(R/B)2, t5T/B, u5U/B, a050.529

Å ~Bohr radius!, and R513.61 eV ~Rydberg energy!. Al-
though all input data needed in Eq.~1! can be obtained from
the ground-state wave function, we use the experimental
ization energy forB for the valence electron because the
retical ionization energies rarely match the thresholds
served in ionization experiments.

The total ionization cross section is the sum of Eq.~1!
over the orbitals of the target atom or molecule. Inner sh
orbitals beyond the first few outer shells usually contribu
little to the total ionization cross section because of th
large binding energies.

We have obtainedU and B for each orbital from Dirac-
Fock wave functions@25#. A modification has been intro
duced into Eq.~1! to reduceu11 in the denominator for
atomic orbitals withn>3, wheren is the principal quantum
7-2
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number. In earlier applications of the BEB model, Hwa
et al. @26# found that the cross section is reduced too mu
by the u11 term for these orbitals because the kinetic e
ergy of valence orbitals with many radial nodes becom
high ~e.g., U579.74 eV, B512.56 eV for Xe 5p). The
denominatort1u11 on the right-hand side of Eq.~1! is
therefore replaced byt1(u11)/n when n>3. The reduc-
tion of u11 is also consistent with the BE-scaling of th
PWB cross sections discussed in Sec. II B.

B. BE scaling of plane-wave Born cross sections

A PWB cross section for electron-impact excitation h
the form:

sPWB5
4pa0

2R

T
FPWB~T!, ~2!

whereFPWB(T) is the collision strength~different from the
standard definition by a multiplicative constant!.

The BE scaling replaces theT in the denominator on the
right-hand side of Eq.~2! by T1B1E, i.e.,

sBE5sPWBT/~T1B1E!, ~3!

whereE is the excitation energy as defined earlier.
The replacement ofT by T1B1E, or adding a constan

to T, is similar in spirit to the Burgess scaling@21,27# used in
Eq. ~1!, whereT in the denominator on the right-hand sid
was replaced byT1B1U, which ist1u11 in the threshold
unit used in Eq.~1!. Comparing the Burgess scaling in E
~1! to the scaling in Eq.~3! indicates thatU plays the role of
an average excitation energy for ionization. Note that
total ionization cross section described by Eq.~1! implies
integration over the kinetic energy of an ionized electro
i.e., integration over energy transfers from the incident el
tron. Hence,U acts as a weighted average of the ene
transfer from the incident electron to the ionized electr
This average energy transfer decreases as the principal q
tum number of the bound electron increases because its b
ing energy decreases. This is consistent with the finding
Hwanget al. @26# that it is necessary to reduceU1B, or u
11 in the threshold unit, in Eq.~1! for valence electrons
with high principal quantum numbers, as was described
Sec. II A.

Kim has shown many examples@11# in which the BE
scaling by itself or in combination with thef scaling de-
scribed below transformed PWB cross sections for dipo
allowed excitations into very reliable cross sections com
rable to the CCC cross sections or highly accur
experiments. The BE scaling not only changes the magnit
but also the shape of the original PWB cross sections.
reason for the success of the BE scaling is not clea
present.

C. f scaling of plane-wave Born cross sections

Application of any collision theory to atoms with mor
than one bound electron must use approximate wave fu
tions. Thef value for a dipole-allowed transition is an atom
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property sensitive to the accuracy of the wave functio
used. Hence, it is natural to attempt to usef values to gener-
ate electron-impact cross sections, though thef value itself is
used to determine photoabsorption cross sections. The G
factor method@28# is an example, where knownf values are
used and the focus of the method is to find matching co
sion strengths.

In contrast, thef scaling proposed by Kim@11# retains the
PWB collision strengthFPWB(T) defined in Eq.~2! without
any change. Instead, the entire cross section is multiplied
the ratio of an accuratef value to the less accuratef value
calculated from the single configuration wave functions us
to generate the unscaled PWB cross sections. Since our
is to generate ionization cross sections of modest accurac
is more efficient to take advantage of accuratef values if they
are available from other sources, rather than divert our at
tion to the generation of highly accurate wave functions. T
f scaling is defined by

s f5~ f mc/ f sc!sPWsc. ~4!

where s f is the f-scaled cross section;f mc stands for anf
value calculated from correlated, or multiconfiguration, wa
functions; f sc signifies anf value calculated from simple, o
single configuration, wave functions; andsPWsc is the PWB
cross section obtained from single-configuration wave fu
tions from whichf sc was calculated. An accurate experime
tal f value could be used in place off mc.

The BE scaling andf scaling may be applied consecu
tively

sBEf5sBE•~ f mc / f sc!. ~5!

Examples of successful applications ofsBEf can be found in
Ref. @11#. The BE andf scalings provide powerful means t
convert PWB cross sections calculated from simple wa
functions into highly accurate excitation cross sections w
three atomic parametersB, E, andf value that in principle,
can all be calculated from accurate wave functions. In rea
however, experimental values of the first ionization ener
most discrete excitation energies, and accuratef values for
some transitions of neutral atoms are readily available@29#.

III. RESULTS AND DISCUSSION

The present theoretical cross sections for the produc
of singly charged ions of B, Al, Ga, and In are shown in Fig
1–4 with representative error limits for the quoted expe
mental data. The theoretical cross section curves for di
ionization and for direct plus autoionization in the figur
clearly show that autoionization almost doubles ionizat
cross sections for these elements. The atomic parame
used in the present paper are listed in Table I. The resul
counting cross sections for direct and indirect ionization
listed in Tables II–V. We have included all bound electro
whose binding energies are less than 10 keV in the calc
tion of direct ionization cross sections using the BEB mod

Some older experimental data on Al, Ga, In and Tl
Shimonet al. @30#, on Al by Golovachet al. @31#, and on Ga
and In by Vainshteinet al. @32# have not been included in ou
7-3
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YONG-KI KIM AND PHILIP M. STONE PHYSICAL REVIEW A 64 052707
comparison because these data show no resemblance t
shape of the cross sections shown in Figs. 2–4. The exp
mental and theoretical cross sections of Ga and In repo
by Vainshteinet al. @32# are close to the direct ionizatio
cross sections shown in Figs. 3 and 4. The paper by Vain
tein et al. also includes theoretical results based on the
Born approximation and a method equivalent to t
distorted-wave Born approximation. Their theoretical resu
however, agree with their experimental data, which are
nificantly lower than the total ionization cross sectio
shown in Figs. 3 and 4.

In addition to the contributions from excitation
autoionization, the creation of inner-shell holes results in

FIG. 1. Ionization cross section of B. All cross sections are
the production of singly charged ions only. Direct~short-dashed
curve! 5 direct ionization, present paper; Total~solid curve! 5
direct ionization plus excitation-autoionization, present paper; D
~dot-dashed curve! 5 theory, DM formalism Ref.@3#; Lotz ~long-
dashed curve! 5 theory, Lotz formula@2#; Moores ~dot-dot-dot-
dashed curve! 5 theory, recommended by Moores@34#; Stingl
~circles! 5 theory, Coulomb-Born approximation by Stingl@35#.

FIG. 2. Ionization cross section of Al. All cross sections are
the production of singly charged ions only, except for the total gr
ionization cross section, Eq.~7!. Direct ~short-dashed curve! 5 di-
rect ionization, present paper; Total~solid curve! 5 direct ioniza-
tion plus excitation-autoionization, present paper; Total, gross~dot-
dot-dot-dashed curve! 5 gross ionization, present paper; Freu
~circles! 5 experiment by Freundet al. @1#; DM ~dot-dashed curve!
5 theory, DM formalism Ref.@3#; Lotz ~long-dashed curve! 5
theory, Lotz formula@2#.
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production of multiply charged ions. Some experiments
tect the charge state of ions produced, while others sim
measure the total ion current. The simple sum of the cr
sections for the production of ions with different char
states is known as the counting ionization cross sect
while the ion current measurement is known as the gr
ionization cross section:

scount5Sqs~q1 !, ~6!

sgross5Sqqs~q1 !, ~7!

wheres(q1) is the cross section for producing an ion wi
chargeq1.

Since the BEB model calculates direct ionization cro
sections for individual orbitals, we can estimate multiple io
ization cross sections by assuming an inner-shell hole wo

r

r
s

FIG. 3. Ionization cross section of Ga. All cross sections are
the production of singly charged ions only. Direct~short-dashed
curve! 5 direct ionization, present paper; Total~solid curve! 5
direct ionization plus excitation-autoionization, present paper; S
~circles! 5 experiment by Shulet al. @7#; Patton~triangles! 5 ex-
periment by Pattonet al. @8#; DM ~dot-dashed curve! 5 theory, DM
formalism Ref.@3#; Lotz ~long-dashed curve! 5 theory, Lotz for-
mula @2#.

FIG. 4. Ionization cross section of In. All cross sections are
the production of singly charged ions only. Direct~short-dashed
curve! 5 direct ionization, present paper; Total~solid curve! 5
direct ionization plus excitation-autoionization, present paper; S
~circles! 5 experiment by Shulet al. Ref. @7#; DM ~dot-dashed
curve! 5 DM formalism Ref.@3#; Lotz ~long-dashed curve! 5 Lotz
formula @2#.
7-4
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TABLE I. Atomic parameters for the BEB and scaled Born calculations.U5orbital kinetic energy;B5binding energy;N5electron
occupation number;E5excitation energy;f sc5 f value from uncorrelated wave functions;f mc5 f values calculated from MCDF wave
functions. All values are theoretical except for the binding energies of the valence orbitals and the excitation energies of the aut
levels, which are experimental.

Orbital B(eV) U(eV) N Ground Excited E~eV! f sc f mc

level level

Boron
1s1/2 209.45 297.65 2 2s22p 2P1/2 2s2p2 2P1/2 8.992 0.605 0.402
2s1/2 13.47 26.11 2 2s2p2 2P3/2 8.993 0.334 0.203
2p1/2 8.298 20.29 1

Aluminum
1s1/2 1595.50 2166.47 2 3s23p 2P1/2 3s3p2 2S1/2 6.417 0.138 0.0998
2s1/2 134.13 297.91 2 3s3p2 2P1/2 7.022 0.763 0.579
2p1/2 87.85 269.64 2 3s3p2 2P3/2 7.033 0.498 0.300
2p3/2 87.37 267.96 4
3s1/2 10.73 25.59 2
3p1/2 5.986 15.56 1

Gallium
1s1/2 10 446.69 12 998.04 2 4s24p 2P1/2 4s4p2 2D3/2 6.67 0.636 0.457
2s1/2 1341.54 2526.87 2 4s4p2 2S1/2 7.700 0.182 0.147
2p1/2 1182.02 2487.20 2 4s4p2 2P1/2 8.159 0.726 0.567
2p3/2 1154.00 2413.61 4 4s4p2 2P3/2 8.236 0.495 0.313
3s1/2 179.02 557.49 2
3p1/2 125.70 503.48 2
3p3/2 121.75 488.13 4
3d3/2 31.97 355.81 4
3d5/2 31.41 352.35 6
4s1/2 11.78 42.69 2
4p1/2 5.999 21.63 1

Indium
1s1/2 28 102.81 34 209.68 2 5s25p 2P1/2 5s5p2 2D3/2 6.121 0.746 0.545
2s1/2 4297.46 7290.99 2 5s5p2 2S1/2 7.055 0.326 0.289
2p1/2 3995.30 7252.97 2 5s5p2 2P1/2 7.397 0.679 0.491
2p3/2 3783.43 6723.44 4 5s5p2 2P3/2 7.520 0.496 0.306
3s1/2 854.43 2083.45 2
3p1/2 731.28 2009.91 2
3p3/2 691.82 1889.58 4
3d3/2 476.43 1754.12 4
3d5/2 468.45 1722.46 6
4s5/2 144.30 516.24 2
4p1/2 102.02 454.83 2
4p3/2 94.99 426.00 4
4d3/2 27.96 284.85 4
4d5/2 26.96 277.94 6
5s5/2 10.70 50.93 2
5p1/2 5.786 26.10 1
pr
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lead to a succession of Auger process resulting in the
duction of a multiply charged ion. For instance, we can
sume a 2s or 2p hole in Al will eventually produce a doubly
charged ion, and hence, we can double theL-shell ionization
cross section to obtainsgross. In reality, some inner-shel
vacancies may decay through fluorescence. The branc
ratio between the decay by autoionization and by fluor
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cence is known as the fluorescence yield, and it is a m
task to calculate reliable fluorescence yield. Doubling
L-shell ionization cross section as we have done for Al w
give an upper limit.

The last columns in Tables II–V listscount. An upper
limit to sgross is obtained by doubling or tripling cross se
tions of orbitals whose binding energies are high enough
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trigger Auger processes that produce doubly or triply char
ions. For example, a 3p hole in Ga should provide enoug
energy~see Table I! to produce a triply charged ion throug
successive Auger transitions. The 3p hole can also produce
doubly charged ions, or decay by fluorescence. Deta
analysis of branching ratios of these competing processe
beyond the scope of the present paper.

With the same kind of reasoning, we can determine i
ization cross sections for producing a singly charged ion
adding cross sections only from orbitals whose binding
ergies are low enough not to produce multiply charged i
through Auger transitions into the inner-shell holes creat
The total ionization cross sections shown as solid curve
Figs. 1–4 are for the production of singly charged ions on
Such cross sections are calculated by summing cross sec
only from the outer orbitals with the highest principal qua
tum numbers.

A rigorous treatment of the excitation-autoionization co
tributions would have mixed the amplitude of the underlyi
direct ionization channel with the amplitudes of th
excitation-autoionization channels. This type of mixin

TABLE II. Cross sections for direct ionization, excitation to th
2s2p2 levels, and total counting ionization of B in Å2 as functions
of the incident electron energyT.

T(eV) Direct, BEB Excitation Excitation Total
counting 2P1/2

2P3/2 counting

9 0.094 0.094
10 0.233 0.415 0.217 0.865
12 0.491 0.665 0.347 1.503
15 0.904 0.848 0.441 2.193
20 1.564 0.984 0.509 3.058
25 1.991 1.034 0.534 3.558
30 2.257 1.046 0.539 3.842
40 2.519 1.022 0.525 4.066
50 2.596 0.975 0.500 4.071
60 2.587 0.923 0.473 3.984
70 2.538 0.874 0.448 3.859
80 2.470 0.827 0.424 3.721
90 2.394 0.785 0.402 3.581

100 2.315 0.747 0.382 3.444
125 2.125 0.665 0.340 3.130
150 1.956 0.600 0.306 2.862
175 1.809 0.547 0.279 2.635
200 1.681 0.503 0.257 2.441
225 1.571 0.466 0.238 2.276
250 1.475 0.435 0.222 2.132
275 1.391 0.408 0.208 2.007
300 1.316 0.384 0.196 1.896
400 1.086 0.313 0.160 1.559
500 0.928 0.266 0.135 1.329
600 0.812 0.232 0.118 1.162
700 0.723 0.206 0.105 1.034
800 0.653 0.186 0.095 0.934
900 0.596 0.169 0.086 0.852

1000 0.549 0.156 0.079 0.784
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could lead to constructive or destructive interference
tween the two amplitudes, thus producing resonances
simple sum of the direct ionization and autoionization cro
sections as we have done amounts to assuming fully c
structive interference resulting in no resonances.

The DM formalism by Margreiteret al. @3# is a semi-
empirical expression with constants determined by fitting
experimental data for ionization of a large number of atom
The DM formalism does not distinguish excitation
autoionization from direct ionization, and therefore, cann
effectively describe cross sections when autoionization
large. As expected, the Lotz cross sections are close to
direct ionization cross sections, but fails to account for
contributions from excitation-autoionization.

Freund et al. @1# prepared target atoms by neutralizin
ions by charge transfer, which often produced neutral ato
both in their ground state as well as in metastable states
have the same electron configuration as the ground state

TABLE III. Cross sections for direct ionization, excitation to th
3s3p2 levels, and total counting ionization of Al in Å2 as functions
of the incident electron energyT.

T(eV) Direct, BEB Excitation Excitation Excitation Total
counting 2S1/2

2P1/2
2P3/2 counting

6 0.010 0.010
7 0.720 0.144 0.864
8 1.372 0.230 0.654 0.368 2.624
9 1.921 0.283 0.918 0.516 3.639

10 2.368 0.322 1.105 0.620 4.415
12 3.334 0.375 1.363 0.762 5.834
15 4.571 0.418 1.590 0.887 7.466
20 5.659 0.447 1.761 0.980 8.846
25 6.080 0.450 1.813 1.007 9.350
30 6.185 0.444 1.810 1.004 9.442
40 6.010 0.419 1.738 0.963 9.130
50 5.672 0.391 1.640 0.908 8.611
60 5.312 0.365 1.542 0.853 8.072
70 4.974 0.341 1.451 0.802 7.567
80 4.666 0.320 1.368 0.755 7.109
90 4.392 0.302 1.293 0.714 6.700

100 4.152 0.285 1.226 0.677 6.339
125 3.656 0.251 1.086 0.599 5.592
150 3.274 0.225 0.976 0.538 5.013
175 2.971 0.204 0.888 0.489 4.551
200 2.724 0.186 0.815 0.449 4.174
225 2.518 0.172 0.754 0.415 3.860
250 2.344 0.160 0.702 0.387 3.594
275 2.195 0.150 0.658 0.362 3.365
300 2.066 0.141 0.619 0.341 3.167
400 1.682 0.114 0.504 0.277 2.578
500 1.428 0.096 0.427 0.235 2.186
600 1.246 0.084 0.372 0.205 1.906
700 1.108 0.074 0.331 0.182 1.694
800 0.999 0.067 0.298 0.164 1.528
900 0.912 0.061 0.272 0.149 1.394

1000 0.840 0.056 0.250 0.137 1.283
7-6
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TABLE IV. Cross sections for direct ionization, excitation to the 4s4p2 levels, and total counting ion-
ization of Ga in Å2 as functions of the incident electron energyT.

T(eV) Direct, BEB Excitation Excitation Excitation Excitation Total
counting 2D3/2

2S1/2
2P1/2

2P3/2 counting

6.5 0.360 0.360
7 0.720 0.453 1.173
8 1.382 0.879 0.091 2.352
9 1.938 1.125 0.186 0.439 0.230 3.917

10 2.389 1.300 0.242 0.647 0.349 4.927
12 3.079 1.535 0.315 0.914 0.497 6.341
15 4.182 1.735 0.379 1.153 0.629 8.078
20 5.190 1.873 0.429 1.353 0.740 9.585
25 5.598 1.901 0.447 1.436 0.786 10.167
30 5.712 1.881 0.450 1.462 0.800 10.304
40 5.757 1.787 0.436 1.440 0.789 10.209
50 5.654 1.675 0.414 1.381 0.756 9.881
60 5.480 1.568 0.391 1.312 0.719 9.471
70 5.285 1.470 0.369 1.245 0.682 9.051
80 5.087 1.382 0.349 1.181 0.647 8.647
90 4.897 1.304 0.331 1.123 0.615 8.270

100 4.717 1.234 0.314 1.069 0.586 7.920
125 4.315 1.089 0.279 0.955 0.523 7.162
150 3.987 0.976 0.252 0.863 0.473 6.551
175 3.710 0.886 0.229 0.789 0.432 6.046
200 3.473 0.812 0.211 0.727 0.398 5.621
225 3.268 0.751 0.195 0.674 0.370 5.258
250 3.088 0.698 0.182 0.630 0.345 4.943
275 2.929 0.653 0.171 0.591 0.324 4.668
300 2.788 0.614 0.161 0.557 0.305 4.425
400 2.345 0.499 0.131 0.456 0.250 3.679
500 2.032 0.422 0.111 0.388 0.212 3.165
600 1.798 0.367 0.097 0.338 0.185 2.786
700 1.616 0.326 0.086 0.301 0.165 2.494
800 1.470 0.293 0.078 0.272 0.149 2.261
900 1.350 0.267 0.071 0.248 0.136 2.072

1000 1.249 0.245 0.065 0.229 0.125 1.913
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the Group IIIB atoms, some fraction of the target atoms m
have been in thens2np 2P3/2 level instead of the2P1/2 level.
The energy resolution of the incident electron beam used
Freundet al. was 0.7 eV at full width half maximum, which
is more than twice the fine-structure splitting in the grou
state of indium. The sum of the direct and indirect ionizati
cross sections for light atoms are not expected to be affe
by the fine structure because the two levels are very cl
For heavier members, however, small difference may
velop because the fine-structure splitting is discernible—0
eV for In, for instance—and a new autoionizing leve
nsnp2 2D5/2, can be reached by dipole interaction from t
2P3/2 metastable level, but not from the2P1/2 ground level.
We calculated both direct and indirect ionization cross s
tions from the metastable level, and found practically no d
ference for boron as expected. The peak values of the
ization cross sections from the metastable levels of o
atoms were slightly higher than those from the ground lev
reaching a maximum difference of approximately 4% for
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dium. Hence, we conclude that the presence of metast
target atoms would not have seriously affected experime
data for the Group IIIB atoms by Freundet al. @1#. This is
not true of other atoms such as phosphorus according
Freundet al. @1#.

A. Boron

For boron, only the 2s2p2 2P1/2 and 2P3/2 levels are
above the first ionization threshold, and the solid curve
Fig. 1 is the sum of the direct ionization~includes all bound
electrons! represented by the short-dashed curve and a
ionization from these excited states. To obtain accuratef val-
ues for thef scaling of the 2s22p 2P1/2–2s2p2 2P1/2, and
2P3/2 excitation cross sections~Table I!, we used multicon-
figuration Dirac-Fock~MCDF! wave functions equivalent to
the nonrelativistic configurations 2s22p12p312p3d2

13d3 for the ground state and 2s2p212p23d12s3d2

12s2p3d for the excited states. Thef mc values for boron
7-7
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TABLE V. Cross sections for direct ionization, excitation to the 5s5p2 levels, and total counting ioniza
tion of In in Å2 as functions of the incident electron energyT.

T(eV) Direct, BEB Excitation Excitation Excitation Excitation Total
counting 2D3/2

2S1/2
2P1/2

2P3/2 counting

6 0.173 0.173
7 0.988 0.953 1.941
8 1.707 1.361 0.350 0.367 0.194 3.979
9 2.297 1.639 0.497 0.607 0.346 5.386

10 2.769 1.846 0.602 0.773 0.450 6.440
12 3.763 2.132 0.746 1.008 0.595 8.243
15 4.993 2.374 0.875 1.223 0.728 10.193
20 6.041 2.533 0.973 1.399 0.839 11.785
25 6.421 2.553 1.004 1.466 0.882 12.326
30 6.607 2.514 1.004 1.480 0.892 12.497
40 6.797 2.373 0.966 1.442 0.872 12.450
50 6.731 2.215 0.912 1.373 0.831 12.063
60 6.557 2.067 0.858 1.299 0.787 11.568
70 6.342 1.933 0.808 1.228 0.745 11.055
80 6.115 1.814 0.762 1.162 0.705 10.559
90 5.891 1.709 0.721 1.102 0.669 10.092

100 5.679 1.616 0.684 1.047 0.636 9.662
125 5.213 1.423 0.606 0.932 0.567 8.740
150 4.815 1.273 0.545 0.840 0.511 7.985
175 4.476 1.154 0.496 0.766 0.466 7.358
200 4.183 1.057 0.455 0.705 0.429 6.830
225 3.929 0.976 0.421 0.654 0.398 6.378
250 3.705 0.908 0.392 0.610 0.371 5.987
275 3.507 0.849 0.368 0.572 0.348 5.644
300 3.331 0.798 0.346 0.539 0.328 5.342
400 2.782 0.647 0.282 0.440 0.268 4.419
500 2.398 0.547 0.239 0.374 0.228 3.785
600 2.114 0.476 0.208 0.326 0.199 3.323
700 1.895 0.422 0.185 0.290 0.177 2.968
800 1.720 0.380 0.167 0.262 0.160 2.687
900 1.576 0.346 0.152 0.239 0.146 2.459

1000 1.457 0.318 0.140 0.220 0.134 2.269
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listed in Table I are about 4% larger than the values adap
by Verneret al. @33# from the Opacity Project data. We use
our own f mc values to be consistent with the autoionizati
rates we calculated to determine the branching ratios
fluorescent decay of the autoionizing levels. Using thef val-
ues from the Opacity Project~0.390 and 0.195 for the exci
tations to the 2P1/2 and 2P3/2 levels, respectively! would
have reduced the peak value of the solid curve in Fig. 1 b
few percent. The branching ratios for autoionization cal
lated from these MCDF wave functions are 99.8% for t
2P1/2 autoionizing level and 99.5% for the2P3/2 autoioniz-
ing level.

In addition to the Lotz and DM cross sections, Fig. 1 a
includes the total ionization cross section recommended
Moores@34#, who scaled the cross sections for isoelectro
ions. All theoretical data presented in Fig. 1 include dir
ionization of all target electrons. Earlier, Stingl@35# reported
Coulomb-Born cross sections that included exchange ef
between the incident and target electrons for B, C1, N11,
05270
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and O31. The Stingl data~circles! in Fig. 1 include the direct
ionization of both the 2p and 2s electrons but not the
excitation-autoionization of the 2s electrons. For neutral bo
ron, Stingl used plane waves instead of Coulomb waves.
results are clearly too high compared to our data and th
by Moores for direct ionization, both of which include con
tributions from the 2p and 2s electrons.

B. Aluminum

The autoionizing levels that we have included f
Al are the 3s3p2 2S1/2, 2P1/2, and 2P3/2 levels. The
3s3p2 2P1/2,3/2 levels of Al are known to autoionize muc
faster than to decay by fluorescence@36# even though differ-
ent parities reduce the autoionization rate, as was mentio
earlier. As can be seen from Table III, the two autoionizi
2P1/2,3/2 levels contribute four to seven times as much to
total ionization cross section as the autoionizing2S1/2 level.
As was mentioned earlier, the 3s3p2 2D3/2,5/2 levels are not
7-8
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observed above the ionization limit in Al, but are inste
mixed with the 3s2nd bound states of the neutral atom@19#.

The effect of fluorescent decay was estimated using
branching ratios calculated from the autoionizing and flu
rescent decay rates with the MCDF wave functions m
tioned below. The branching ratios so obtained for ionizat
from the 3s3p2 2PJ levels are 0.882 forJ51/2 and 0.933 for
J53/2. The autoionization branching ratio for the2S1/2 level
calculated from the MCDF wave functions is very close
unity. The order of magnitude of our fluorescent decay ra
are in agreement with those used by Lombardiet al. @36# to
deduce experimental autoionization rates from observed
widths of the 3s3p2 2P levels. Our theoretical autoionizatio
rates are 1.431010 sec21 and 2.631010 sec21 for the 2P1/2
and the 2P3/2 levels, respectively, while the correspondin
values reported by Lombardi et al. are 4.060.4
31010 sec21 and 0.8760.1131010 sec21. We used our
theoretical values to be consistent with the rest of our cr
sections.

The f mc values for the f scaling of the
3s23p 2P1/2–3s3p2 2S1/2, 2P1/2, and 2P3/2 excitation cross
sections~Table I! were calculated from MCDF wave func
tions equivalent to the nonrelativistic configurations 3s23p
13p313p3d213s3p3d for the ground state and 3s3p2

13p23d13s3d213d3 for the excited states. Thef values
adapted by Verneret al. @33# from the Opacity Project data
are about 7 to 17 % lower than thef mc values in Table I.
Using thef values from the Opacity Project~0.531 and 0.266
for the excitations to the2P1/2 and 2P3/2 levels, respectively!
would have reduced the peak value of the solid curve in F
2 by about 3%. The sum of these excitation-autoionizat
cross sections, both scaled and unscaled, are compar
Fig. 5, to demonstrate dramatic reduction of the unsca
PWB cross sections through the BE andf scaling. Reduc-
tions of this magnitude were also common in resonance t
sitions of alkali metals and alkaline-earth elements@11#. This
undoubtedly contributed to the sizable overestimate
McGuire @5#, which was based on unscaled PWB appro
mation.

FIG. 5. Comparison of unscaled and scaled plane-wave B
cross sections for Al. PWB, unscaled~dashed curve! 5 sum of
unscaled PWB cross sections for autoionizing excitations; PW
scaled~solid curve! 5 sum of scaled PWB cross sections for a
toionizing excitations. Branching ratios for autoionization and flu
rescence have also been applied to the scaled Born cross sec
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Plane-wave Born cross sections for excitations to 10 l
els from the 3s3p3d configuration and 13 levels from th
3s3p4p configuration were calculated with configuratio
averaged Dirac-Fock wave functions to estimate the ma
tude of their contributions to autoionization. Scaling was n
applied to the PWB cross sections for the 3s3p3d excita-
tions because they are dipole-forbidden excitations, and
known that PWB cross sections underestimate such c
sections@37# by as much as a factor of two. In this cas
scaling would introduce more errors. The BE- andf-scaled
PWB cross sections were used for the dipole-allowed e
tations to the 3s3p4p levels. The total contribution from the
3s3p3d and 3s3p4p excitations calculated in this wa
amounted to 4% for the former at the cross-section peak
less than 1% for the latter. The solid curve in Fig. 2 inclu
these additional contributions. The ‘‘bulge’’ in the exper
mental data in Fig. 2 betweenT510 and 20 eV is most
likely from the autoionization of higher-excited levels w
have not accounted for, and to some extent, the failure of
unscaled PWB cross sections we have used for the 3s3p3d
excitations.

The curve marked ‘‘Total, gross’’ in Fig. 2~visible at T
.200 eV) represents our estimate of the gross ioniza
cross section, indicating that the production of multip
charged ions is not significant for Al.

C. Gallium

For Ga, all doublet levels from the 4s4p2 configuration,
2D3/2, 2D5/2, 2S1/2, 2P1/2, and 2P3/2 levels, are above
the first ionization threshold. However, the2D5/2 excited
level cannot be reached from the ground level 4s24p 2P1/2
by a dipole-allowed excitation. Instead, it is a magnet
quadrupole transition because it requiresDJ52 and parity
change. Accordingly, electron-impact excitation cross sec
to the 2D5/2 level is extremely small, and we excluded
from our calculation. As was mentioned earlier, however,
2D5/2 level can be reached by a dipole-allowed excitati
from the metastable ground level, 4s24p 2P3/2. This transi-
tion is strong as expected, but the excitation to the2D3/2
level decreases sharply, making the sum of the two cr
sections comparable to the excitation from the ground s
to the 2D3/2 level. According to Pattonet al. @8#, their target
atoms were all in the normal ground level. Since the tar
atoms in the experiment by Shulet al. @7# were produced by
charge transfer to Ga1, their target atom beam must hav
contained some metastable Ga atoms. The experime
cross section, however, is unlikely to have been affected
the presence of metastable targets as was explained ea
Accuratef values used for thef scaling~Table I! were calcu-
lated from MCDF wave functions similar to those used f
Al. The autoionization branching ratios calculated from the
MCDF wave functions all exceeded 99%.

The detailed experimental data for Ga by Pattonet al. @8#
show a structure just above the threshold at about 7.5,
and 14 eV. Similar structure is present in the data by S
et al. @7# though it is not as pronounced. These energies c
respond to the threshold for excitation to autoionizing lev
of Ga. In particular, the first set of autoionizing levels are
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6.67, 7.70, and 8.2 eV above the ground level, overlapp
the first element of structure in the Patton data. These
precisely the autoionizing levels that have been included
our calculations. We do not observe, however, the struc
clearly visible in the data by Pattonet al., though our cross
sections are increased significantly at higher energies by
presence of these levels. This is consistent with excita
cross sections for the dipole-allowed transitions reach
their peak values at energies that are much higher than
threshold energy and not contributing significantly at thre
old.

Excitations to the 4s4pnp levels of Ga forn>5 are small
because of the higher principal quantum numbers. Our
culation for excitations to the 4s4p5p levels is only 0.6% of
the cross sections for the excitation to the 4s4p2 levels at the
peak. Excitations to the 4s4p4d levels are also small~2.3%
at the peak! because these levels are dipole-forbidden tra
tions as in the case of Al. We did not include these exc
tions to higher levels in the solid curve shown in Fig.
because we estimate that altogether they will contrib
about 4% or less at the peak. In spite of these simplificatio
our total ionization cross section in Fig. 3 agrees better w
the experimental data by Pattonet al. @8# than those by Shu
et al. @7# at all T.

D. Indium

As is the case for Ga, all doublet levels,2D3/2, 2D5/2,
2S1/2, 2P1/2, and 2P3/2 from the 5s5p2 configuration are
autoionizing@38#. Excitation to the2D5/2 level was omitted
because it was very small as was explained for Ga. Ag
Fig. 4 demonstrates that the DM and Lotz cross sections
too low, while our total ionization cross section agrees w
with the experiment by Shulet al. @7#. The shape of the dat
by Shulet al. @7# for both Ga and In atT.100 eV in Figs.
3 and 4 suggests some experimental difficulties. This
crepancy in the cross section shape atT.100 eV between
the BEB cross sections and those measured by the
Laboratories group~e.g., Freundet al. @1#! is observed in
many targets, including some molecules@16#. All autoioniz-
ation branching ratios calculated from MCDF wave fun
tions similar to those used for Al are practically unity.

E. Autoionization in Other Atoms

As the preceding examples have indicated, a core-exc
level contributes significantly to autoionization when all
the following conditions are met in addition to the obvio
requirement that the excited level should lie above the fi
ionization limit:

~a! the core electron being excited should have the sa
principal quantum number as the valence electron, and
excited levels of the core electron should also have the s
principal quantum number;

~b! the excitation should be spin and dipole allowed; a
~c! the branching ratio of the excited level between au

ionization and fluorescent decay should be strongly in fa
of the former.

For example, these conditions are met by the 2s2p3 3S
level of carbon, because the ground level is also a trip
05270
g
re
in
re

he
n
g
he
-

l-

i-
-

e
s,
h

n,
re
ll

s-

ell

-

ed

t

e
he

e

d
-
r

t,

2s22p2 3P. Other 2s2p3 levels above the first ionization
limit are singlets, thus violating condition~b!. Our prelimi-
nary results on carbon indicate that about 14% of the p
ionization cross section comes from the autoionization of
3S level.

In contrast, atoms in the Group VB headed by nitrog
are not subject to strong excitation-autoionization beca
the ground level,ns2np3 is 4S, while the only quartet level
from the nsnp4 configuration is4P, which lies below the
first ionization limit. On the other hand, ionization of met
stable atoms in this group will be increased by excitatio
autoionization tonsnp4 doublet levels.

Oxygen will have a discernible autoionization contrib
tion from the 2s2p5 3P level, which has the same spin as th
ground level, 2s22p4 3P. Similarly, fluorine is expected to
have an autoionization contribution from the 2s2p6 2S level.
The fact that an atom that heads a column in the perio
table has strong autoionization is not a guarantee that hea
atoms in the same column would also have strong auto
ization. For example, the 3s3p5 3P level of sulfur and the
4s4p6 2S level of bromine lie below the first ionization limit
indicating the need to examine each atom carefully, incl
ing condition~c! and the possibility of the excited state lo
ing its identity through strong mixing with a Rydberg seri
in the discrete spectrum, as was the case for the 3s3p2 2D
level of aluminum.

Heavier alkali metals~K, Rb, Cs, Fr! and alkaline-earth
elements~Ca, Sr, Ba, and Ra! are also likely candidates be
cause excitations of the corenp electrons to thend states
should contribute significantly to autoionization, as w
shown for Rb@39#. The theoretical total ionization cross se
tion of Rb in Ref.@39# may be improved by applying the BE
and f scalings of PWB cross sections used in this article.

IV. CONCLUSIONS

It is clear that autoionization contributes about as much
the total ionization of boron, aluminum, gallium, and indiu
as does direct ionization. It is also clear that the first se
autoionizing levels (nsnp2) accounts for nearly all the auto
ionization~wheren52 for B, n53 for Al, n54 for Ga, and
n55 for In!. Accurate results are obtained using the BE
cross sections for direct ionization and scaled Born cr
sections for excitations to the autoionizing levels.

Although indirect ionization processes such as excitati
autoionization are a common occurrence, it is unusua
neutral atoms to have the indirect process contribute alm
as much as the direct ionization cross section. As was
plained earlier, excitation-autoionization may have sign
cant contributions to the total ionization cross sections wh
ever all conditions listed in Sec. III E are met. Some of t
atoms that satisfy such conditions but not included in
present paper are C, O, F, heavy alkali metals, he
alkaline-earth elements, and Tl.

The comparisons with available experimental data
clear examples of the validity of the BE andf scaling of
PWB cross sections. The unscaled Born cross sections
not be produced from highly correlated wave functions.
long as accurate matchingf values are available, Born cros
7-10
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sections from uncorrelated Hartree-Fock or Dirac-Fock w
functions should be sufficient.

Cross sections for ionizing Group IIIB atoms in the me
stable ns2np 2P3/2 level are only slightly higher than th
cross sections from the ground level. Hence, the experim
tal data by Freundet al. @1# and by Shulet al. @7# would not
have been affected by the amount of metastable atom
their target beams.

The present combination of the BEB model for direct io
ization and scaled Born cross sections for excitation auto
ization can generate electron-impact ionization cross sect
of modest accuracy (615% or better at the peak! with reli-
able overall dependence on the incident energy for a w
range of neutral, open-shell atoms. The present method
vides ionization cross sections suitable for many appli
tions, such as modeling of fusion plasmas, semicondu
fabrication, astrophysics, and mass spectrometric stud
materials including high-temperature mass spectrome
while using orders of magnitude less computing resour
hy

.
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than other theories that can assure comparable accurac
present, however, most such theories are not mature en
to handle heavy atoms such as In, for which relativistic wa
functions are desirable to distinguish the fine structure in
target.
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