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Absolute electron-impact cross sections have been measured from 0 to 200 eV for single ioniza-
tion of 16 atoms (Mg, Fe, Cu, Ag, Al, Si, Ge, Sn, Pb, P, As, Sb, Bi, S, Se, and Te) with an estimated
accuracy of +10%. Combined with our recent measurements of He, Ne, Ar, Kr, Xe, F, Cl, Br, I,
Ga, and In [Wetzel et al., Phys. Rev. A 35, 559 (1987); Hayes et al., ibid. 35, 578 (1987); Shul,
Wetzel, and Freund, ibid. 39, 5588 (1989)], a set of 27 atomic single-ionization cross sections has
now been measured with the same apparatus. In addition, cross sections are reported for double
ionization of ten atoms and triple ionization of eight atoms. The measurements are made by cross-
ing an electron beam with a 3-keV beam of neutral atoms, prepared by charge-transfer neutraliza-
tion of a mass-selected ion beam. The critical measurement of absolute neutral beam flux is made
with a calibrated pyroelectric crystal. The magnitudes of the single-ionization-peak cross sections
decrease monotonically across rows of the periodic table from group IIIA (Al,Ga,In) to group
VIIIA (Ar,Kr,Xe), varying much more than predicted by various empirical formulas and classical
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and quantum-mechanical theories.

I. INTRODUCTION

Electron-impact ionization is one of the most funda-
mental collision processes in atomic and molecular phys-
ics. It sustains gas discharges and plasmas, leads to most
of the chemistry in radiation effects, plays a major role in
planetary upper atmospheres, and is the basis for much of
mass spectrometry. Because of their basic and practical
importance, cross sections for electron-impact ionization
have been measured since the earliest days of atomic col-
lision physics.'~? Several reviews of previous measure-
ments have been published.*”® In addition, much work
has recently been done on ionization of ions to higher
charge states.”

Nevertheless, measurements of absolute cross sections
for electron-impact ionization as a function of electron
energy have been reported for only 33 neutral atoms,
about 1 of the atoms in the Periodic Table (Fig. 1). Most
of these have been of gases (the rare gases), or of solids
that vaporize easily (the alkali metals). Measurements of
atoms that vaporize only at high temperatures or are ex-
tremely reactive have been prevented by the difficulty of
measuring absolute pressure or beam flux, or by the ina-
bility to obtain (and verify) pure beams. Of the 33 atomic
cross sections that have been measured before, the most
accurately known are those of He (Refs. 11-13) and
Ar,'>71 for which several independent workers agree to
within £7%. Recent measurements, which are probably
of comparable accuracy, are for Ne,!"'13 Kr,!I13 H,'6 C,12
N,!2 and O.'*'7 The alkali atoms [Li,'®~ 21 Na, {82022
K,'8720.2223 Rp 19202224 Cg (Refs, 19, 20, 22, 25, and
26)], alkaline-earth atoms [Mg,?’ 3! Ca,“‘33 Sr,”_33 Ba
(Refs. 31-34)], and Pb (Refs. 34—36) have been measured
several times, with agreement in the range of 10-30 %.
For several other atoms [Cu,%373% Ag 3539 Al40-4
Ga, 04143 I 40,4183 T1 (Refs. 32, 40, 41)] two or three
measurements exist, but they differ by 50% or more, and
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sometimes disagree in shape from threshold to 200 eV.
For other atoms [S,* Yb,* U,* Hg,* Au (Ref. 38)], only
a single measurement exists.

This paper reports ionization cross section measure-
ments of 16 atoms, ten of which have not been measured
before (Fig. 1). These new measurements, when com-
bined with our recent measurements of the rare gas,'
halogen,*’ gallium,*® and indium atoms,*® make a set of
27 cross sections measured with the same apparatus. In
addition, the combination of this work and our previous
measurements'>*’ provides 22 measurements of double
ionization and 15 of triple ionization. Since no previous
workers have used the same apparatus to measure ioniza-
tion cross sections of more than five different atoms, it is
now possible for the first time to identify a number of sys-
tematic trends.
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FIG. 1. Atoms for which electron-impact ionization cross
sections have been measured. Squares represent atoms for
which previous measurements exist, circles represent atoms re-
ported in this work, and parentheses represent atoms previcusly
measured by this laboratory.
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II. EXPERIMENT

The present work uses the crossed-electron-
beam —fast-atom-beam method, in which a beam of neu-
tral atoms is prepared by charge-transfer neutralization
of a mass-selected ion beam and is then ionized by a
well-characterized electron beam. The apparatus (Fig. 2)
has been described in detail before.!>*’ Briefly, a 3-keV
ion beam is extracted from a dc discharge and velocity
selected with a Wien filter to isolate one mass. The ions
then pass through a region of low-pressure gas (~107*
Torr), where neutral atoms are formed by charge
transfer. The remaining ions are then deflected out of the
beam. A region of high electric field (over 5000 V/cm)
then ionizes and removes most Rydberg atoms (which
also form by charge transfer). The atom beam then
crosses a 0-200-eV electron beam. The overlap of these
two beams is measured. The product ions are focused at
the entrance of a hemispherical energy analyzer, which
serves to separate ions of different mass to charge ratios,
and after leaving the analyzer are pulse counted using a
channel electron multiplier (CEM). The absolute neutral
beam flux is measured with a calibrated pyroelectric
detector. The cross section is given by

o=Iv/I,RF , (1

where v is the velocity of the atomic beam, I, is the elec-
tron current, R is the flux of neutral atoms, F is the over-
lap between the electron and atomic beams, and I;, the
current of ions to the detector, is 1.602X 107'°C,,,. /K¢,
where C_,, is the measured count rate corrected for dead
time, K is the fraction of ions transmitted to the CEM
face (K =1), and € is the counting efficiency of the CEM.

A. Beam sources

Ion beams are generated from a hot-tungsten-filament
dc discharge, using a Colutron ion source®® oriented with
its axis horizontal. Most of our early work used
discharges in permanent gases to form ions, but some
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ions were formed from a rare-gas discharge with the stan-
dard Colutron solid source,”® a stainless steel sample
holder coaxial with the helical filament. In this work we
use a more convenient approach, with chemistry similar
to that of previous work.’! A small sample containing the
element of interest is placed directly inside the cylindrical
Pyrex insulator which supports the anode and a
discharge is run through CCl,. The ion formation mech-
anism is probably the reaction of Cl atoms with the sam-
ple to form volatile chlorides, followed by their dissocia-
tion in the discharge to form atoms and ions. Diatomic
and triatomic chloride ions were often seen in the mass
spectra of these sources. Ions of more volatile materials,
such as phosphorus, could be formed with rare-gas
discharges rather than with CCl,. For species which rap-
idly etched the pinhole in the tantalum anode, we spot-
welded a platinum foil with a matching pinhole on the in-
side of the anode. These sources generally gave usable
beams for 4—12 h; the limit to usable life was usually in-
stabilities, rather than loss of intensity. The source ma-
terials and typical beam intensities are given in Table I.

Ion beams from the source generally contain other ions
in addition to the atomic ion of interest. These include
atomic Cl" and diatomic or polyatomic chlorides. There
was often a small contribution at mass 28, most likely N,
from a small leak in the inlet line or as an impurity in the
source gas. Possibly it included CO from outgassing of
the hot source. These impurities were easy to remove
with the Wien filter, except for measurements on Si (mass
28). In this case, mass scans with the hemispherical ener-
gy analyzer were used to look for fragment ions. The ab-
sence of N™ or C* and O™ set an upper limit of about
5% to the impurity level of N, or CO in the Si beam.

B. Charge transfer

The gas most commonly used for charge-transfer neu-
tralization was triethylamine (TEA). It was chosen be-
cause its ionization potential (IP) (about 8.1 eV verti-
cal’>3 and 7.2 eV adiabatic®) is close to the IP of many
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FIG. 2. Apparatus.
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of the atoms studied here (Table I). This near resonance
should enhance the charge-transfer cross section. Charge
transfer of TEA with atoms with higher IP’s can take
place from electrons in inner orbitals. Charge-transfer
gases with higher ionization potentials were used to neu-
tralize atoms with higher ionization potentials, as listed
in Table I. In the cases of Al, Ga, In, and Ag, the gas
used is far from resonant with the ground-state ion. For
these atoms, charge transfer is most likely to occur with
ions in metastable electronic states, for which the reso-
nance condition more nearly applies.*®

In addition to producing atoms in the ground electron-
ic state, charge-transfer neutralization also produces
atoms in Rydberg states. Those with principal quantum
number n above 19 are removed by electric field ioniza-
tion. Those with n below 8 have lifetimes shorter than
the time of flight to the electron beam. Those with n be-
tween 8 and 19 survive to the electron beam where they
are ionized by electron collisions. Since these ions follow
the same trajectory as ions from ground-state atoms,
their counts at the detector are indistinguishable from
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ground-state ionization other than by their extremely low
threshold energies and the shapes of their ionization cross
sections. Their contribution is subtracted from the mea-
sured data according to the procedure described previ-
ously.”3

C. Experimental improvements

Since the early measurements of ionization cross sec-
tions from this laboratory,!34"4%34756 several technique
changes have been made which improve accuracy and
reproducibility.

The original method of measuring the electron-beam
profile used a set of ten narrow slots in the anode with a
separate collector behind each slot. That method provid-
ed a continuous measurement of the electron-beam
profile which proved itself unnecessary; the electron-
beam profile remained constant throughout measure-
ments and from day to day. The original method of
measuring the neutral-beam profile was to scan a knife
edge across the beam and take the derivative of the

TABLE 1. Source conditions, charge-transfer gases, and beam intensities. In this and subsequent tables, atoms are listed in order

of increasing atomic number.

Charge-
Ep Source transfer I, 1wt Signal Background

Atom (eV) Solid Gas gas (nA) (NA) (10° counts/sec) (10° counts/sec) signal/background
Mg 7.61 Mg CCl, TEA? 1.5 3 2.5 3.8 0.7
Al 5.96 Al CCl, CP® 1.0 1 35 42.0 0.1
Si 8.15 Si SiF, TEA 0.4 2 6.2 11.0 0.6
P 10.9 GaP CCl, EY*® 0.3 0.7 3.1 11.7 0.3
P 10.9 GaP CCl, TEA 0.3 1.5 1.6 13.7 0.1
S 10.3 CS, Cp 0.3 23 6.8 37.0 0.2
Cl 13.0 CCl, EY 0.4 1.5 2.6 23.0 0.1
Ar 15.7 Ar Ar 1.0 1.5 7.0 4.0 1.8
Fe 7.83 FeCl, Kr TEA 0.1 1 7.2 30.2 0.2
Cu 7.68 Cu CCl, TEA 0.5 0.7 4.0 47.0 0.1
Ga 5.97 GaP Ar Xe 0.65 1 2.0 3.6 0.6
Ga 5.97 Ga CCl, TEA 0.45 1 1.2 10.2 0.1
Ge 8.09 Ge CCl, TEA 0.15 1 16.3 6.1 2.7
As 10.5 GaAs Ar CP 0.25 0.6 22.0 19.6 1.1
As 10.5 As Ar CP 0.15 1.5 22.0 22.0 1.0
Se 9.70 Se CCl, CP 0.35 1.2 10.4 10.3 1.0
Br 11.8 CF,Br, ET¢

Kr 13.9 Kr Kr 1.0 1.3 12.0 10.0 1.2
Ag 7.54 Ag CCl, ET 1.5 0.5 9.1 6.2 1.5
In 5.76 In CCl, TEA 0.7 1 33.0 14.7 2.2
In 5.76 InP Ne TEA 0.9 0.5 16.9 7.0 24
Sn 7.30 Sn CCl, TEA 1.0 2.1 35.5 8.8 4.0
Sb 8.5 Sb CCl, TEA 0.35 1.5 26.0 29.0 0.9
Te 8.96 Te CCl, BU* 0.8 2.5 45.0 5.0 9.0
I 10.6 Nal Ne/Kr ET

Xe 12.1 Xe Xe 1.0 1.5 30.0 7.5 4.0
Pb 7.38 Pb CCl, TEA 0.7 0.8 21.0 22 9.6
Bi 8.0 Bi CCl, TEA 1.0 1 48.0 3.3 1.5

*TEA is triethylamine.
°CP is cyclopropane.
‘EY is ethylene.

9ET is ethane.

‘BU is 1,3-butadiene.
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FIG. 3. Overlap of neutral-beam and electron-beam profiles,
measured by scanning a 0.010-in. slit across the beams and
measuring the transmitted electron current (solid line) and
neutral-beam flux (dotted line). The shadow of the grid wires is
clearly visible on the electron-beam profile.

transmitted signal. The result was an excessively noisy
measurement, which also was difficult to align with the
electron beam. We therefore changed to the convention-
al method for measuring overlap,’’ a 0.010-in. slit
scanned across both beams simultaneously. An example
of one measurement is shown in Fig. 3. Such a measure-
ment was made before and after every absolute cross-
section measurement. The width of the neutral beam
reflects the 0.093-in. square collimating aperature in front
of the electron beam. Shadows of the grid wires are
clearly seen in the electron-beam profile. The spacing of
the dips matches the 0.08-cm spacing of the grid wires.
The overlap factors measured over more than a year are
nearl]y constant, falling in the small range of 2.00-2.27
cm .

Reduction of the chamber base pressure lowered the
flux of ions formed by collisional ionization, improving
the signal-to-noise ratio. Collisional ionization occurs
when electrons are stripped from fast neutral atoms col-
liding with the background gas. These ions have nearly
the same velocities and trajectories as ions formed by
electron impact. To keep them from overloading the
CEM in pulse counting mode, the neutral-beam intensity
had to be limited. This background was directly propor-
tional to the pressure along the beam path. The working
pressure in the main vacuum chamber was improved in
two ways. Originally, this chamber was pumped by an
oil diffusion pump without liquid nitrogen, giving a base
pressure of 2X 10~ % Torr. Replacing this pump with an
8-in. cryopump lowered the base pressure by more than
an order of magnitude to 1X10~° Torr. The second im-
provement was to move the charge-transfer cell from the
middle chamber to the source chamber, in effect adding a
stage of differential pumping.

The most important improvement in the method of
measurement came from the calibration of the pyroelec-
tric crystal response to the neutral beam. The principal
cause of unstable response in the earlier work was the use
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of a relatively intense ion beam (10”7 A) to calibrate the
pyroelectric detector before each cross-section measure-
ment. This ion beam charged trace insulating films on
the surface, leading to variable extraneous currents in
phase with the chopped ion and neutral beams. When
only neutral beams were allowed to strike the pyroelec-
tric detector, the response was usually found to be con-
stant for a few weeks.

The solution, therefore, has been to use the well-known
Ar and Kr ionization cross sections to calibrate the
response of the pyroelectric. Previous values of the Ar
and Kr cross sections'"1371358764 are summarized in
Table II. There is excellent agreement for four indepen-
dent absolute measurements of o(Ar) and two of o(Kr).
In addition there is agreement within 6% of ten indepen-
dent measurements of the ratio of of o(Kr) to o(Ar) at 70
eV. Our present measurement of the o(Kr) to o (Ar) ratio
is 1.53%0.07, in agreement with the average of the previ-
ous values to well within the uncertainties. We therefore
believe that o(Ar) or o(Kr) can be used equally well as
reference cross sections. Since our Kr signal-to-noise ra-
tio was somewhat better than that for Ar, we used as
reference the Kr single-ionization cross-section value at
70 eV of 3.72 A? (Table III). One or two full days of cali-
brations were run every time the pyroelectric crystal was
changed or the chamber was vented to atmosphere (twice
during the year of these measurements). Ar or Kr cross
sections were then remeasured every week or two. All of
these measurements reproduced the value used for cali-
bration within +4%, demonstrating the stability of the
detector (and the remainder of the measurement pro-
cedure). As a further check on our use of the Ar and Kr
cross sections, we show in Fig. 4 the difference between
our measured single-ionization cross sections and the ac-
cepted measurements of Rapp and Englander-Golden
(REG)."" Since they measured total ionization cross sec-
tions, we have subtracted from their data the contribu-
tions of double and triple ionization.!> The agreement is
from +4% to —2% over the energy range 0-200 eV, ex-
cept for a few points near thresholds where a small error
of either our energy scale or REG’s leads to a larger per-
centage difference.

The remaining improvements also involved measure-
ment of the neutral-beam flux. Previously, the lock-in
amplifier was zeroed by closing an electropneumatic
valve between chambers. This induced electrical tran-
sients, changed the pressure in the main chamber, and
may have obscured the small background to the pyroelec-
tric detector from sources such as infrared radiation from
the hot ion source. The solution has been to first measure
the neutral-beam signal and then detune the Wien filter
to a setting between resolved mass peaks and subtract
this base line. With the added stability of this method, it
became possible to measure weaker neutral beams and
discover another source of error, a small zero offset in the
lock-in which led to variations of the calculated cross sec-
tions as a function of neutral-beam flux for the weakest
beams. Incorporating an additive constant to the flux in
the analysis gave zero offsets mostly in the range —1 to
—4 V. When these offsets could be measured they were
used in deriving the cross section, and when they could
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TABLE II. Absolute total electron-impact ionization cross sections for Ar and Kr, and ratios of the

Kr to Ar total ionization cross sections at 70 eV. Literature values of cross sections reported at 75 eV

have been corrected to 70 eV by multiplying them by 1.008, based on the cross-section shapes reported

in Ref. 11. Ratios of single ionization at 70 eV have been corrected to ratios q,fztotal ionization by gnul-

tiplying by 1.029, based on double-ionization cross sections at 70 eV of 0.13 A” for Ar and 0.24 A" for

Kr as given in Ref. 13. The 1.531+0.07 ratio measured in the present work is based on seven measure-

ments of the Ar cross section with a standard deviation of 3.1% and ten measurements of the Kr cross

section with a standard deviation of 3.1%. All measurements were made over a one week period.

Absolute total
cross sections Ratio

Reference Year o(Ar) o(Kr) o(Kr)/o(Ar)

582 1957 1.48

59 1960 1.39+0.10

60 1963 1.56+0.15

11 1965 2.77%0.19 4.210.29 1.52+0.07

62% 1966 1.48

61 1969 1.46

14 1973 3.00£0.12

15 1974 2.871+0.14

63 1975 1.52+0.06

64* 1983 1.46

13° 1987 2.93+0.49 4.19+0.57 1.43+0.30

This work 1989 1.53+£0.07

Average 2.90+0.14 4.20+0.28 1.48+0.05¢

?Originally reported at 75 eV.

®The uncertainties are large because they represent independent absolute measurements; no measure-

ment was made of the rare-gas cross sections relative to each other.

“Average and standard deviation of 10 ratio measurements.

TABLE III. Measured absolute cross esctions for single ionization (;\Z) at 70 eV, peak energies, and peak cross sections.
Cross section Standard Number Peak Cross section
+ Standard deviation deviation of Ep energy at Peak

Atom (70 V) (%) values (eV) (E,) E,/Ep (A%
Mg 3.07£0.10 3 6 7.61 20 2.6 5.30
Al 7.82+0.38 5 8 5.96 24 4.0 9.90
Si 5.79+0.23 4 20 8.15 27 33 6.69
P 491+0.14 3 12 9.1* 36 33 5.26
S 4.41+0.20 5 7 10.3 36 35 4.50
Cl 3.51+0.12 3 3 13.0 60 4.6 3.49
Ar 2.64° 15.7 50 3.2 2.62
Fe 4.38+0.17 4 9 7.83 29 3.7 5.34
Cu 3.47+0.22 6 10 7.68 27 35 4.09
Ga 8.26+0.34 4 9 5.97 29 4.9 9.19
Ge 6.6410.15 2 8 8.09 32 4.0 7.46
As 5.69+0.15 3 8 8.5¢ 40 3.8 6.12
Se 5.73+£0.35 6 5 9.70 45 4.6 5.90
Kr 3.72° 13.9 70 5.0 3.72
Ag 5.24+0.20 4 12 7.54 45 6.0 5.47
In 9.91+0.56 6 11 5.76 27 47 12.17
Sn 8.42+0.16 2 7 7.30 30 4.1 9.77
Sb 7.40+0.26 4 7 7.5¢ 32 3.8 8.32
Te 7.92+0.10 1 6 8.96 32 3.6 8.27
Xe 5.35+0.18 3 6 12.1 40 33 4.80
Pb 7.271£0.24 3 8 7.38 32 43 8.32
Bi 8.01+0.08 1 6 5.63% 36 4.5 8.75

3IP of 2D state.

b .. . . . .
Reference value, calculated from the total ionization cross sections of Table II minus twice the double-ionization cross section from

Ref. 13.
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FIG. 4. Shape comparisons between the present measure-
ments of o(Ar) (- - - -) and o(Kr) ( ) and those of Rapp
and Englander-Golden (Ref. 11). Data are displayed as
[0c(REG)-0(AT&T))/o(REG).

not be measured, an approximate correction of —1.4 uV
was used. Whenever strong enough neutral beams could
be obtained (R 30 uV referred to the input of the lock-in)
data taken with the weaker beams were discarded.

A final improvement in the neutral-beam flux measure-
ment was the method used to determine the duty cycle of
the chopped neutral beam (the neutral beam was chopped
only for its flux measurement, not for cross-section mea-
surements). The old method!® monitored the neutral
beam with the secondary emission detector and measured
the secondary electron current with an electrometer. The
long electrometer time constant (~ 10 sec) averaged the
chopped current. The duty cycle was the ratio of this
average to the continuous current with the chopper
turned off. The low currents and long time constant lim-
ited the accuracy of this measurement. The improved
method monitors the neutral beam by ionizing it and
counting ions with the CEM. The ratios of counts from
chopped and unchopped beams gave the duty cycle
directly, with an accuracy of about +2%.

With these improvements, Eq. (1) can be reduced, in a
way similar to that used in Ref. 13, to the following ex-
pression for the cross section (in cm?) depending only on
measured quantities:

0=3.5xX10"%C_ E**D¢/I,eM'*FN , )

where E is the translational energy of the atomic beam
(always 3000 eV in this work), D is the duty cycle of the
chopped neutral beam (about 0.5), € is the counting
efficiency of the CEM, M is mass in atomic units, F is the
overlap between electron and atomic beams, and N is the
output of the lock-in amplifier in uV. ¢ includes the sen-
sitivity of the pyroelectric detector and several other in-
strumental factors; it is determined from Eq. (2) using
measurements of o (Ar) and ¢(Kr) and their known cross
sections.

D. Error estimate

The systematic uncertainty of absolute cross-section
measurements made with this apparatus and reported in
Ref. 13 was £12%. Within the subsequent technique im-
provements, the accuracy has improved considerably.
Many important sources of systematic error in the abso-
lute measurements (Table I of Ref. 13) are greatly re-
duced or vanish by using the Ar and Kr cross sections as
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references.

In our previous work,'? the uncertainty in the electron
current I, was dominated by systematic corrections for
reflected (£5%) and secondary (£3%) electrons. These
uncertainties are now identical for measurement of the
unknown atom and the reference atom, so they cancel.

The previous electron-beam profile measurement
(£5%) made at ten discrete positions has now been re-
placed by the overlap F measured with a scanned slit,
where F is defined as*

[ in(2)j(2)dz
F= ,
[ vz [ j,(2)dz

with the z direction perpendicular to both the electron
and neutral beams. F was measured as part of every
cross-section measurement. If there is any systematic er-
ror in this value, it will tend to be the same for the un-
known atom and the rare-gas reference atom, and so can-
cel.

Systematic uncertainties in the ion count rate are dom-
inated by the detector efficiency €. The systematic uncer-
tainty in € (e=¢€,€,€;) was previously estimated to be
+8%, where €, is the probability that an incident ion
ejects at least one electron upon impact with the CEM, ¢,
is the probability that a secondary electron formed at the
CEM cone is collected by the CEM channel, and ¢; is the
probability that an electron which reaches the CEM
channel is eventually counted by the electronics. €, and
€; should be the same for all atoms, and so contribute
nothing to the systematic uncertainty. €, was previously
estimated as 0.9510.05, with a maximum possible value
of 1.00. We now float the CEM so the output end is at
—2 kV and the input is approximately —5 kV. Thus
ions now strike the entrance cone with energies 2 kV
greater than in the previous experiments, so we expect €,
to be even closer to unity. Its value may vary for
different atoms, however, and so it remains a source of
systematic uncertainty. We therefore estimate the sys-
tematic uncertainty of the difference between an un-
known atom and a reference atom to be +4%, a value
slightly smaller than the previously estimated 5% sys-
tematic uncertainty for the absolute value of €.

There are several possible atom-dependent errors in the
measurement of the neutral-beam flux. Particles sput-
tered from the pyroelectric detector can carry energy
away. We estimated!® that a maximum of 5% of the in-
cident energy would be lost, so the difference between the
energy sputtered by the unknown and reference atoms
must be smaller, estimated here as 2%. Similarly, loss of
secondary electrons from the pyroelectric detector could
lead to atom-dependent spurious currents indistinguish-
able from signal. These secondary electrons are repelled
back to the detector by a —150-V bias on the hemi-
spheres during neutral-beam flux measurements, so we es-
timate this error as only 1%. Two other potential
sources of error come from the ion source. Impurity neu-
trals may be present in the beam due to charge-transfer
neutralization of ions before the mass filter. Since these
neutrals form before the end of the source ion optics,
they are not focused and so should be weak. Similarly,

(3)
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infrared radiation from the hot ion source could affect
the pyroelectric detector. Both of these contributions are
corrected for, in part, by the background subtraction
made by setting the Wien filter between mass peaks. We
estimate the residual uncertainty as 1%. Finally, there is
the nonlinearity of the lock-in amplifier for very small
signals. Although corrections were made for this effect,
the uncertainty could be 3%. When these uncertainties
are combined in quadrature, the systematic uncertainty
of a neutral-beam flux measurement is 4%.

The systematic uncertainty of the pyroelectric calibra-
tion constant is dominated by the uncertainties of the Ar
and Kr cross sections used as reference, 5% and
+6.6%, respectively, but since there are other systematic
and random errors in converting the rare-gas cross sec-
tion to a value of ¢, we take the accuracy of ¢ to be
+7%. Systematic uncertainties in the remaining factors
E, D, M, and N should be small, and since they should be
the same for the unknown and the reference atoms, they
cancel. Thus the systematic uncertainty is dominated by
€ with an uncertainty of +4%, R with an uncertainty of
4%, and ¢ with an uncertainty of +7%, which when
combined in quadrature give a systematic uncertainty of
+9%.

Random uncertainties tend to be small. For example,
the overlap F for all the measurements in this work fell
between 2.00 and 2.27 cm ™! with a standard deviation
(random) of +2%. The random uncertainties of other
measured quantities are determined primarily by fluctua-
tions in meter readings. Thus we estimate the random
uncertainties to be 2% for D, I,, F, and N, and essentially
0% for E and M. Combined in quadrature these values
give a £4% random uncertainty. This estimate is corro-
borated by the scatter in replicate measurements of the
cross sections for each atom as given in Table III, where
the standard deviations range from 1% to 6%.

Combining systematic and random uncertainties gives
+10% as the overall one-standard-deviation uncertainty
for the absolute cross-section values. The uncertainty of
the atomic cross sections relative to each other should be
smaller, however, since they all use o(Kr) as a reference;
thus the 7% absolute uncertainty of o (Kr) does not enter
into the relative uncertainty. The resulting systematic
uncertainty of the cross sections for one atom relative to
another is £5%, and the combined systematic and ran-
dom uncertainties is approximately +7%.

III. RESULTS

A. Absolute cross sections

Measurements of absolute cross sections for single ion-
ization at 70 eV are given in Table III. Between 5 and 20
measurements were made for each atom, usually on two
or more days, with standard deviations ranging from 1%
to 6%. As a check on the absolute accuracy, Cl was
remeasured and found to be 3.514+0.12 A? at 70 eV, only
1% larger than the value of 3.47 from Ref. 47.

B. Ratios

Ratios of double-to-single and triple-to-single ioniza-
tion cross sections are given in Table IV. At least two
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TABLE IV. Measured double-to-single ionization ratios at
100 eV, and triple-to-single ionization ratios at 150 eV, * Stan-
dard deviation (number of measurements). n/a indicates data

which were too weak to be measured.

Atom 2+/+ 3+/+

Mg n/a n/a

Al n/a n/a

Si 0.0523+0.0020(4) n/a

P 0.0518+0.0057(12)* n/a

S 0.0510+0.0052(8) n/a

Cl 0.067 (1) n/a

Fe 0.0604+0.0062(6) n/a

Cu 0.0553+0.0004(3) n/a

Ga 0.0651+0.0006(3) 0.0061(1)

Ge 0.0816+0.0021(3) 0.0052+0.0006(3)
As 0.0683+0.0012(4) 0.01021+0.0003(4)
Se 0.0697+0.0003(2) 0.0085+0.0016(2)
Ag 0.1027+0.0022(4) 0.0188+0.0009(4)
In 0.130+0.0078(2) 0.0240+0.0029(2)
Sn 0.1546+0.0021(3) 0.0268+0.0015(3)
Sb 0.117+0.0047(5) 0.0392+0.0017(5)
Te 0.0983+0.0008(4) 0.0326+0.0013(4)
Pb 0.2293 +0.0053(3) 0.0339+0.0016(3)
Bi 0.161+0.0010(3) 0.0423+0.0008(3)

*Measured at 100 eV: six with TEA, six with ethylene.

measurements were made of each ratio, with standard de-
viations better than 11% for the double-to-single ratios
and 12% for the triple-to-single ratios. Occasional mea-
surements at other electron energies of absolute cross sec-
tions and multiple-to-single ionization ratios confirm the
0-200-eV shapes, to within the experimental uncertain-
ties.

C. Shapes

The cross-section shapes for formation of single, dou-
ble, and triple ions were measured for electron energies
from threshold to 200 eV at 1-eV intervals. Several in-
dependent runs were corrected for measured variations in
the electron current and then added together to improve
the signal-to-noise ratio. Shape corrections, less than
5%, were also made below 50 eV and above 150 eV ac-
cording to Eq. (15) in Ref. 13. The absolute measure-
ments and ratios were then used to normalize the relative
0-200-eV measurements. Cross sections from 0-200 eV
for single, double, and triple ionization of the 18 atoms
measured in this work are shown in Fig. 5 and are tabu-
lated in Table V. For some of the atoms, the double- and
triple-ionization data were not measured since the signals
were very weak. The shape of each cross section has been
measured at least twice and the results averaged. Sources
lasted generally about 8 h, so individual runs were limited
to 2—4 h, to permit more than one type of measurement
to be made with the same source on the same day. Above
30 eV, values at several adjacent energies are averaged.
The 0-200-eV shapes for single ionization were normal-
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FIG. 5. 0-200-eV cross sections for 18 atoms.

ized to the absolute cross section at 70 eV; the shapes for
double and triple ionization were then normalized to the
single-ionization cross section using the measured ratios.

D. Threshold measurements

Careful threshold measurements of the single-
ionization cross sections (Fig. 6) serve to characterize the
states present in the atomic beam. The energy scales
were calibrated with Eq. (1) of Ref. 49, which accounts
for space charge and contact potentials. Curvature is
about 0.5 eV for the sharpest thresholds, consistent with
the energy spread of the electron beam and the small
ground-state fine structure. For five of the atoms Mg,
Ag, Al, Ga, and In and the previously measured halogen
and rare-gas atoms, the first excited state energy is so
high that only the ground state can be expected to form
by charge transfer. The data show thresholds at the ion-
ization potentials, indicated by vertical lines. As expect-
ed for an atom with an isolated ground state, Ga gave
identical thresholds and cross sections, within experimen-
tal uncertainty, for two different charge-transfer gases.
The remaining atoms have low-lying excited states, so we
must determine if any of their excited states are popu-

lated in the atomic beam. The occurrence of a threshold
below the IP is evidence that an excited state is popu-
lated, since an excited state could reach the ground-state
ion with less energy than the IP. The Si, Ge, S, and Se
atoms have thresholds which are at the IP, showing that
only the ground state is present in the neutral beam.

The remaining thresholds show that excited states are
present in those beams. The excited states of Sn, Pb, and
Te appear to be fine-structure components of the ground
electronic state. Thus their ionization cross sections
should be nearly identical to those of the ground fine-
structure component. For Fe, Cu, and the group VA
atoms P, As, Sb, and Bi, excited electronic states appear
to be populated. The threshold for Fe is about 3 eV
below the IP. We identified approximately 30 electronic
states of Fe within 3 eV of the ground state which could
be ionized with less than 7.83 eV. Thus the Fe cross sec-
tion presented here is of questionable significance since it
reflects an average over many unspecified states.
Analysis of the original Cu data shows that about 30% of
the Cu beam is in the 2D excited state, with fine-structure
components at 1.39 and 1.64 eV. All four atoms in group
VA (P, As, Sb, and Bi) are primarily in their first excited
states (D), lying 1-2 eV above the ground state. This is
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TABLE V. Measured cross sections (A’) for electron impact single, double, and triple ionization from 0 to 200 eV.
Electron
Energy
(V) Mg A" s si* Pt P* s* s a* F* F* Qi Q¥ G G G
s 0.00 0.00 0.00
6 000 014 001 0.42 0.00 0.17
7 012 099 0.07 0.89 0.13 0.72
8 065 254 039 0.00 1.44 0.53 1.73
9 164 415 086 0.13 0.00 2.18 1.03 2.61
10 285 561 163 0.30 0.21 295 1.52 3.59
11 368 688 256 0.57 0.47 338 211 4.55
12 443 7179 334 0.93 0.65 3.69 247 5.36
13 472 847 412 1.45 1.06 4.09 264 6.10
14 485 893 4.65 2.01 145 432 2.90 6.74
15 503 9.18 S5.12 247 172 447 3.19 725
16 512 931 552 3.01 2.09 4.67 332 7.54
17 517 937 585 3.46 239 4.7 3.35 7.85
18 520 954 6.05 3.7 2.59 4.90 3.42 8.06
19 523 957 620 3.91 2.84 5.03 355 830
20 530 956 634 4.16 321 5.07 3.67 836
21 528 9.64 6.48 433 3.43 5.14 3.76 8.48
2 526 976 6.56 4.47 3.56 5.17 3.78 8.66
23 5.18 9.78 6.53 4.67 3.66 5.18 3.72 8.76
24 517 990 6.63 4.78 3.77 5.26 3.92 8.89
25 515 987 6.64 4.78 3.95 528 000 3.95 8.91
26 502 965 6.64 4.85 4.00 528 001 4.02 893
27 497 971 6.69 000 4.98 4.08 532 001 4.09 894 0.00
28 497 979 665 0.06 5.03 4.20 526 003 390 898 001
29 489 978 666 0.06 5.15 4.26 534 003 4.1 9.00 0.02
30 483 971 667 011 520 0.01 429 532 004 4.02 9.04 0.03
32 479 967 666 017 S5.16 003 439 530 006 408 000 9.14 007
34 468 963 669 022 524 005 443 000 522 007 409 001 9.19 o0.10
36 452 952 663 026 526 0.08 450 0.01 526 008 400 003 9.13 012
38 441 94 656 028 521 011 446 001 000 520 009 400 003 9.15 0.15
40 434 941 654 032 524 015 444 004 002 513 010 398 003 914 018
45 405 9.14 646 032 517 021 444 011 004 499 012 391 006 9.06 023
50 388 891 636 033 518 023 444 017 007 491 014 384 007 892 028
55 363 861 623 033 507 024 449 020 012 473 016 376 008 874 029
60 339 834 612 035 504 025 445 023 012 464 016 368 009 862 033
65 321 805 596 035 498 027 447 023 015 449 017 358 010 845 034
70 307 782 587 034 491 026 441 023 017 438 019 347 011 826 035 0.000
75 290 757 572 033 485 025 438 025 017 424 020 344 012 808 037 0003
80 274 740 561 031 475 024 442 025 017 412 021 331 011 790 037 0.008
85 264 714 550 029 462 024 440 024 018 401 020 326 013 777 040 0.005
90 253 690 539 031 460 024 436 024 017 395 022 309 012 768 040 0.015
95 248 670 531 028 449 023 433 023 018 384 022 311 013 75 040 0015
100 237 653 524 027 443 023 421 023 018 372 022 299 013 744 040 0.015
105 228 640 517 026 434 023 427 022 018 370 022 298 013 742 042 0.023
110 219 630 509 027 429 023 419 02 018 359 022 29 014 732 042 0023
115 216 622 500 026 428 022 413 021 018 355 022 28 013 721 042 0026
120 207 604 490 025 419 021 413 021 017 353 022 290 015 709 043 0.021
125 203 587 48 025 413 020 401 020 018 339 021 28 014 697 042 0.025
130 197 575 477 025 400 020 398 019 018 336 022 274 015 689 044 0.019
135 187 566 471 023 397 020 390 021 017 334 022 274 015 680 043 0026
140 184 551 464 024 391 019 3589 019 017 322 022 275 0.15 674 044 0039
145 178 535 457 024 38 019 38 018 017 321 022 263 015 667 045 0.039
150 176 532 450 022 378 019 383 020 017 317 022 268 015 657 044 0037
155 172 517 444 024 373 018 377 018 017 311 022 258 016 654 045 0048
160 169 503 436 023 366 018 376 017 016 304 022 246 015 641 045 0.046
165 168 498 432 022 361 018 368 018 016 302 022 25 016 639 045 0048
170 1.65 494 429 021 355 0.17 368 016 016 295 022 247 015 633 044 0053
175 1.61 482 422 022 348 017 364 017 015 292 022 243 016 624 045 0059
180 158 467 414 022 341 018 352 017 015 28 021 237 016 6.14 046 0.060
185 153 456 407 020 332 017 341 015 015 281 022 237 015 606 045 0062
190 149 442 400 021 327 017 343 015 015 275 021 233 016 598 045 0.065
195 146 430 393 020 318 016 335 015 0.4 267 021 222 016 587 044 0.068
200 141 422 39 020 318 015 330 014 014 266 020 221 016 584 045 0.066
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TABLE V. (Continued.)
Ge* Ge** Ge* As* As?* As™ Se* Se Se* Ag* Ag¥ Ag> In* In?* In*
5 0.00 0.00 0.00
6 0.00 0.02 0.05 0.31
7 0.07 0.03 0.00 0.26 1.78
8 0.40 0.05 0.04 0.83 3.17
9 0.95 0.16 0.11 1.59 474
10 1.62 0.42 0.38 214 6.19
11 234 0.78 0.77 2.57 7.45
12 3.10 1.23 1.19 292 8.39
13 3.85 1.74 1.65 3.20 9.29
14 4.46 223 2.03 3.47 9.81
15 4.90 2.78 235 3.70 10.26
16 5.34 331 2.83 3.97 10.72
17 5.80 3.68 3.19 4.18 11.13
18 6.08 3.99 3.46 4.28 11.14
19 6.27 424 3.69 4.39 1143
20 6.40 448 3.96 450 11.48
21 6.59 4.74 429 4.61 11.72
22 675 491 448 470 11.87
23 696 5.09 4.61 4778 11.95
24 7.07 0.00 521 4.80 4.88 11.91 0.00
25 7.09 0.01 5.30 491 5.00 12.07 0.01
26 7.1 0.02 542 5.03 5.08 12.05 0.03
27 7.2 0.03 5.54 522 5.10 12.17 0.04
28 7.24 0.04 5.61 0.00 5.25 5.03 12.13 0.06
29 1.29 0.06 5.68 0.01 5.31 5.05 12.14 0.07
30 1.36 0.08 5.78 0.02' 541 5.16 12.12 0.09
kr3 7.46 0.11 5.90 0.04 5.59 0.00 5.27 12.07 0.13
34 7.42 0.15 5.94 0.06 5.69 0.02 5.26 11.98 0.17
36 7.42 0.18 6.02 0.10 5.75 0.04 5.33 0.01 1191 0.21
38 7.41 0.20 6.07 0.13 5.82 0.07 5.37 0.02 11.79 0.25
40 7.37 022 6.12 0.16 5.87 0.10 543 0.03 11.68 0.31
45 7.34 0.26 6.11 022 5.90 0.19 5.47 0.06 11.42 0.40
50 122 0.29 6.04 0.27 5.90 0.26 5.42 0.08 11.10 0.51
55 7.13 0.32 6.01 031 5.85 0.31 5.37 0.11 10.76 0.58
60 6.96 0.34 0.001 5.95 033 5.86 0.35 5.35 0.15 10.44 0.67 0.00
65 6.80 0.36 0.003 5.85 0.34 0.001 5.75 0.37 5.26 0.19 10.19 0.73 0.01
70 6.64 0.36 0.000 5.69 036 0.006 573 0.39 5.21 0.22 991 0.77 0.01
75 6.53 0.37 0.003 5.68 0.36 0.006 5.72 0.40 5.14 0.26 0.000 9.64 0.83 0.02
80 6.39 0.38 0.012 5.54 037 0.013 5.62 0.41 5.05 0.28 0.004 9.36 0.86 0.02
85 6.29 0.39 0.006 5.49 036 0.013 5.50 0.40 0.000 495 0.31 0.002 9.21 0.90 0.03
90 6.14 0.39 0.014 536 036 0.009 5.43 0.40 0.010 4.88 032 0.003 9.00 0.91 0.04
95 6.05 0.39 0.009 532 0.36 0.023 5.34 0.39 0.016 4.78 0.34 0.009 8.80 0.94 0.05
100 5.95 0.39 0.017 520 036 0.021 529 0.38 0.025 4.68 0.36 0.015 8.69 0.94 0.06
105 5.84 0.40 0.013 5.15 035 0.021 5.26 0.38 0.029 4.60 0.38 0.021 8.63 0.96 0.08
110 5.75 0.40 0.014 5.05 034 0.031 5.16 0.37 0.022 4.55 0.39 0.022 8.48 0.96 0.08
115 5.70 0.40 0.021 5.02 034 0.030 5.12 0.37 0.030 4.48 0.41 0.028 8.30 0.96 0.10
120 5.59 0.40 0.018 491 034 0.031 5.05 0.36 0.030 443 0.41 0.036 8.13 0.96 0.12
125 5.47 0.41 0.020 4.85 033 0.034 4.99 0.35 0.026 432 0.42 0.040 7.99 0.96 0.12
130 5.37 0.41 0.024 475 033 0.040 4.96 0.34 0.041 4.28 042 0.051 1.87 0.96 0.14
135 5.25 0.42 0.027 4.70 032 0.041 4.80 0.34 0.033 4.19 0.41 0.059 175 0.95 0.15
140 5.20 0.41 0.025 4.65 032 0.038 4.81 0.33 0.038 4.15 0.42 0.063 7.68 0.94 0.15
145 5.12 0.41 0.026 4.58 0.32 0.043 4.75 0.33 0.038 4.08 0.42 0.067 1.56 0.95 0.17
150 5.03 0.41 0.026 4.54 0.31 0.046 4.66 0.32 0.040 4.04 0.41 0.076 7.45 0.93 0.18
155 493 0.42 0.028 4.42 031 0.045 461 0.32 0.045 3.97 0.40 0.080 735 0.93 0.18
160 4.86 0.42 0.027 443 031 0.044 4.56 0.31 0.035 392 0.40 0.084 7.24 0.92 0.18
165 4.78 0.42 0.029 434 030 0.051 448 0.31 0.059 3.83 0.38 0.086 7.16 0.92 0.18
170 4.71 0.42 0.035 424 0.30 0.045 444 0.30 0.052 3.79 0.38 0.090 7.10 0.90 0.19
175 4.60 0.43 0.035 417 029 0.052 433 0.30 0.042 375 0.38 0.093 7.00 0.89 0.19
180 4.52 0.42 0.035 4.08 029 0.053 4.29 0.29 0.052 3.63 0.36 0.094 6.86 0.89 0.18
185 4.42 0.42 0.033 4.01 028 0.048 421 0.28 0.053 3.60 0.36 0.093 6.75 0.88 0.18
190 4.29 0.42 0.035 391 0.28 0.051 414 0.28 0.047 3.51 0.35 0.090 6.62 0.88 0.18
195 4.20 0.42 0.035 3.82 0.28 0.052 4.06 0.27 0.051 3.45 0.35 0.086 6.51 0.87 0.18
200 4.11 0.42 0.031 3.75 0.26 0.052 4.01 0.26 0.031 332 0.36 0.080 6.38 0.86 0.18
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TABLE V. (Continued.)
Sn” Sn* Sn* Sb* S+ sp* Te* T Te* Pb* Pb¥ Po* BI* Bi3* B>
5 0.00 0.00 0.04 0.07
6 0.08 0.02 0.20 0.25
7 0.37 0.13 0.00 0.83 0.76
8 1.15 0.52 021 1.76 1.57
9 2.19 1.16 0.71 2.59 2.50
10 3.35 1.95 1.48 332 3.36
11 4.49 277 2.27 391 4.03
12 5.47 3.58 3.0 454 4.66
13 6.28 435 3.72 5.16 5.33
14 6.94 5.08 4.36 5.65 5.81
15 7.49 5.67 494 6.07 6.21
16 7.92 6.08 5.48 6.35 6.59
17 8.31 6.42 6.02 6.59 6.85
18 8.54 6.74 6.40 6.91 7.11
19 8.80 7.07 6.66 7.25 7.36
20 9.04 7.26 6.86 7.45 7.61
21 9.18 7.49 7.12 7.55 0.00 7.67
2 9.35 1.74 734 1.77 0.01 7.84
3 9.47 0.00 1.8 741 793 0.01 8.15
24 9.52 0.01 7.96 0.01 7.67 797 0.03 8.34 0.00
25 9.55 0.04 8.08 0.02 7.90 0.00 8.04 0.05 8.39 0.01
26 9.67 0.08 8.21 0.02 7.93 0.01 8.15 0.08 8.45 0.02
27 9.75 0.12 8.26 0.04 7.96 0.01 8.20 0.11 8.53 0.04
28 9.73 0.16 8.24 0.06 8.03 0.02 8.20 0.14 8.55 0.06
29 9.73 0.17 8.30 0.08 8.13 0.02 8.16 0.17 8.66 0.08
30 9. 77 0.23 8.30 0.11 8.19 0.04 8.23 0.21 8.73 0.10
32 9.74 0.30 8.32 0.17 8.27 0.08 8.32 0.28 8.73 0.17
34 9.70 0.37 8.24 0.24 8.26 0.14 8.27 0.36 8.74 0.23
36 9.65 0.43 8.23 0.30 8.14 020 8.26 0.43 8.75 0.30
38 9.55 0.47 8.16 0.35 8.13 0.26 8.22 0.50 8.75 0.36
40 9.52 0.51 8.08 0.40 8.25 0.32 8.25 0.56 8.76 0.42
45 9.42 0.62 7.98 0.49 8.27 0.43 8.08 0.71 8.61 0.55
50 9.24 0.72 7.84 0.55 822 0.51 7.95 0.84 8.51 0.68
55 9.03 0.77 7.82 0.59 8.12 0.54 174 0.95 8.42 0.78 0.00
60 8.82 0.82 7.61 0.63 0.00 8.07 0.56 0.00 7.64 1.02 823 0.86 0.01
65 8.60 0.90 0.00 7.50 0.65 0.01 794 0.58 0.01 7.50 1.11 0.00 8.10 0.92 0.02
70 8.42 0.92 0.01 7.40 0.68 0.03 792 0.61 0.01 7.27 1.17 0.01 8.01 0.97 0.04
75 8.20 0.96 0.02 731 0.70 0.05 7.86 0.65 0.02 7.09 122 0.02 7.82 1.00 0.06
80 8.05 1.00 0.03 7.18 0.72 0.07 7.82 0.68 0.04 6.98 1.26 0.03 1.75 1.03 0.08
85 7.86 1.02 0.04 7.07 0.73 0.09 7.69 0.70 0.07 6.82 127 0.04 7.68 1.04 0.10
90 7.70 1.04 0.06 6.94 0.74 0.11 7.64 0.70 0.08 6.67 128 0.05 7.53 1.05 0.12
95 7.53 1.06 0.07 6.81 0.75 0.13 7.44 0.70 0.10 6.57 129 0.06 7.38 1.06 0.14
100 7.40 1.05 0.08 6.72 0.75 0.15 7.35 0.72 0.13 6.41 1.30 0.08 7.31 1.06 0.16
105 122 1.05 0.09 6.66 0.75 0.16 721 0.72 0.15 6.32 1.29 0.09 717 1.06 0.17
110 7.14 1.04 0.10 6.55 0.75 0.18 7.18 0.71 0.17 6.26 1.28 0.10 7.08 1.06 0.19
115 7.02 1.06 0.11 6.43 0.74 0.19 7.10 0.71 0.18 6.13 1.29 0.12 6.99 1.06 0.20
120 6.92 1.07 0.13 6.36 0.73 0.20 7.06 0.71 0.19 6.04 1.29 0.13 6.88 1.06 0.22
125 6.77 1.0§ 0.13 6.20 0.73 0.21 6.92 0.71 0.20 5.94 1.29 0.14 6.72 1.03 0.23
130 6.62 1.03 0.15 6.09 0.72 0.22 6.84 0.69 0.21 5.79 1.27 0.1 6.61 1.03 0.24
135 6.50 1.03 0.15 5.97 0.71 0.22 6.77 0.69 0.21 573 1.27 0.16 6.51 1.03 0.24
140 6.40 0.98 0.16 5.90 0.69 0.22 6.65 0.66 0.22 5.60 1.26 0.17 6.40 1.03 0.25
145 6.32 0.96 0.16 5.80 0.68 0.23 6.63 0.65 0.21 5.52 125 0.18 6.33 1.01 0.26
150 6.21 0.96 0.17 5.69 0.67 022 6.51 0.64 0.21 5.41 123 0.18 6.23 1.01 0.26
155 6.10 0.93 0.17 5.59 0.66 0.22 6.43 0.62 0.21 5.35 1.23 0.19 6.11 0.99 0.26
160 5.97 0.92 0.17 5.50 0.64 0.22 6.36 0.60 0.21 522 1.22 0.20 6.06 0.99 0.27
165 5.88 0.92 0.17 5.42 0.63 0.22 6.24 0.60 0.20 5.14 121 0.20 5.98 0.98 0.27
170 5.80 0.89 0.17 5.33 0.63 0.22 6.18 0.59 0.20 5.09 1.20 0.20 5.88 0.97 0.27
175 5.70 0.87 0.17 5.25 0.62 022 6.08 058 0.20 497 1.19 0.21 573 0.96 0.27
180 5.57 0.86 0.17 511 0.60 0.21 5.95 0.56 0.19 4.85 1.17 0.21 5.65 0.95 0.27
185 5.43 0.83 0.16 4.98 0.59 0.21 5.79 0.55 0.18 4.75 1.16 0.21 5.51 0.94 0.27
190 5.29 0.84 0.16 4.88 0.58 0.21 5.68 0.54 0.18 4.63 1.13 0.21 5.37 0.92 0.26
195 5.19 0.81 0.16 4.76 0.57 0.20 5.57 0.52 0.18 4.53 1.13 0.21 5.29 0.90 0.26
200 5.00 0.78 0.16 4.52 0.56 0.20 5.49 0.52 0.17 438 1.08 0.20 5.12 0.87 0.26
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clearly shown by the P thresholds when it is formed by
two different charge transfer gases; TEA gives predom-
inantly the 2D excited state, whereas ethylene gives about
equal amounts of the *S ground state and D excited
state. We expect the difference to be small between the
ionization cross sections for the ground and these low-
lying excited states, based on calculations using the Lotz
theory (see below) and the fact that they have the same
electron configurations, so we do not attempt to correct
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FIG. 6. Thresholds for single ionization. Vertical lines represent spectroscopic ionization potentials.

these cross sections.

Even though the energy resolution of these measure-
ments is not high, there are observable bumps and breaks

CROSS SECTION ( arb. units )

near threshold for the Ag, Al, Ga, In, Si, Ge, Sn, and Pb
atoms which suggest measurable contributions from exci-
tation autoionization. Such behavior has been observed
and analyzed before for Ga,
Pb.3> Even in cases where the structure is not resolved,
the existence of a large number of autoionizing states
could increase the magnitudes of the apparently smooth
cross sections.

The threshold regions for double ionization are shown

48 In,48'65’66 Ag,67 Sl’l,65 and

in Fig. 7. All thresholds lie at or close to the energy for

double ionization, verifying that the detected species are
indeed the doubly charged ions.

Although the signal-to-
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noise ratio is too small to permit definitive analyses, most
of these double-ionization thresholds appear to increase
quadratically with energy above threshold, in accordance
with theories of threshold behavior for direct double ion-
ization. The Fe, Ga, and In atoms, however, have
thresholds which appear to increase linearly. The Fe
data could be distorted by the many states in the beam.
The Ga and In data suggest that double ionization of
these atoms is dominated by autoionization.***8

Triple ionization is too weak for meaningful thresholds
to be measured, except for four of the heaviest atoms Sb,
Te, Pb, and Bi (Fig. 8). The interpretation is complicated
because all four of these neutral atom beams contain ex-
cited states. Nevertheless, all of the measurable intensity
is above the triple IP, verifying that the detected species
are the triple ions. Although the signal-to-noise ratio is
too small to permit definitive analyses, most of these
triple-ionization thresholds appear to increase as the cube
of the excess energy, suggesting that they are dominated
by direct triple ionization rather than indirect processes
such as single inner-shell ionization followed by double
autoionization, or direct double ionization followed by
autoionization.

1V. DISCUSSION
A. Single ionization

The measured cross sections in Fig. 5 and Table V are
compared to each other across rows of the Periodic Table
in Fig. 9, and down columns in Fig. 10. Cross sections of
the halogen and rare-gas atoms from previous work 34
are included in Figs. 9 and 10, along with accurate mea-
surements of the C, N, and O cross sections from Brook,
Harrison, and Smith.'?

The single-ionization comparisons in Fig. 9 reveal
monotonic decreases across the rows and those in Fig. 10
show monotonic increases down the columns. The
monotonic trends in Figs. 9 and 10 tend to corroborate
the estimated relative measurement accuracy of 7%. If
the accuracy were much less for these independent mea-
surements, we would expect less regular variations across
rows and down columns. The magnitude of the Al cross
section is somewhat disturbing, however, since it is even
larger than o(Ga). Nevertheless, it did reproduce on two
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FIG. 8. Thresholds for triple ionization.
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DOUBLE IONIZATION
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BLECTRON ENERGY (oV)
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FIG. 9. Comparisons of measured cross sections across the
rows of the Periodic Table.

different days with two different sources. Similarly, it is
surprising that o(Pb) is smaller than o(Sn). There is a
hint of similar behavior in the neighboring column,
where o (Bi) is only slightly larger than o(Sb).

None of the cross sections show any gross structure,
but some differences in shape are apparent. The most no-
ticeable shape differences are for the cross sections of the
group VIA atoms S, Se, and Te, which fall off more slow-
ly than those of the neighboring group VA atoms and so
cross them at higher energies. Although the cross section
for the lightest group VIA atom O does not cross o(N),
they are closer together than those for the other atoms in
row 2.

Cross sections for the group IIIA atoms Al, Ga, and In
show decreases in slope for energies above 100 eV, that is,
they are concave upward. Looking across the top row of
Fig. 10, it is clear that the cross sections become less con-
cave, and by group VIA are convex upward. This behav-
ior may be related to changes in the relative intensity of
two peaks; the higher one is seen most prominently in Xe,
and is resolved in I and Te.

Almost all of the single-ionization cross sections mea-
sured here peak between 3.3 and 5.7 times the threshold
energy. The main exceptions are Mg, which peaks at
only 2.6 times threshold, and Ag, which peaks at 6.0
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FIG. 10. Comparisons of measured cross sections down the columns of the Periodic Table.

times threshold, possibly due to a contribution from ion-
ization of 4d electrons.

B. Double and triple ionization

The cross-section data for double ionization are less
complete than for single ionization since the signals are
weaker and noisier. Nevertheless, several trends are ap-
parent in Figs. 9 and 10. As for single ionization, the
double-ionization cross sections tend to decrease going
from group IIIA to group VIIIA, and increase going
down the columns. Another interesting trend is the giant
resonance®® due to the 4d orbital,’® which had been seen
before in Xe and I; it appears also in Te, and possibly in
Sb.

Most of the double-ionization cross sections peak at
2-3 times threshold. Exceptions are Cu (Fig. 5), Ga, and
Ge, which continue to increase up to 200 eV, roughly 6
times threshold, and In, which does not fall as rapidly as
other atoms in row 5. These atoms have d orbitals with
low ionization potentials, so this behavior may reflect the
involvement of d electrons in ionization autoionization.

The data for triple ionization are even more noisy and
more limited than those for double ionization (Figs. 9 and
10). The data for the row 4 atoms are particularly noisy
not only because the cross sections are smaller than those
of row 5 but also because the background is larger. They
do not peak by 200 eV, the maximum energy measured
here. The row 5 cross sections peak at lower energies,
about 150 eV, and are remarkably similar in magnitude.

C. Comparison to previous measurements

Cross sections have been measured before for only 8 of
the 18 atoms measured here. Previous results for those
eight are compared in Fig. 11 and Table VI to the present
results. Whereas our previous measurements'> with this
apparatus of the rare-gas ionization cross sections agreed
within £15% with well-accepted values, agreement for
other atoms of previous results with our present measure-
ments is generally worse; the previous values range from
half to almost twice our present results. Shapes also
differ considerably, with some peaks at different energies
and with different rates of falloff at energies higher than
the peak. Some of the previous shapes show structure
and threshold energies which are hard to understand,
especially for Cu, Ag, Al, Ga, and In. The shape
differences must result from a variety of causes, difficult
to identify from the available information. Only 7 of the
18 previous measurements have shapes which agree
reasonably well with the present measurements (Table
VI).

A number of measurements have been made of the ra-
tio between two cross sections at a single electron energy,
using the ion source of a mass spectrometer.’”*® Table
VII lists those directly measured ratios of atomic total
ionization cross sections, omitting ratios which requires
the assumption that the atomic cross section is some par-
ticular fraction of a measured molecular cross section.
For three of the listed ratios o(Fe)/o(Ag), o(Sn)/o(Cu),
and o(Sn)/o(Ag), cross sections for both of the atoms
were also measured in this work. The agreement shown
in Table VII is moderately good. We use the other ratios
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TABLE VI. Ratio of peak ionization cross sections of previous measurements to present measure-
ments.

Ratio or peak

cross sections Shape of previous
Atom previous/present Reference cross section
He 1.0 11 Agrees
Ne 1.0 11 Agrees
Ar 1.0 11 Agrees
Kr 1.0 11 Agrees
Xe 0.82 11 Agrees
Mg 0.79 31 Agrees
Mg 1.71 28 Agrees
Mg 1.71 27 Same peak energy. Falls faster.
Mg 1.47 29,30 Peak energy lower. Falls faster.
Cu 0.75 35 Agrees
Cu 1.0 37,38 Peak energy higher.
Cu 1.87 46 Peak energy higher.
Ag 0.83 39 Peak energy higher. Falls faster.
Ag 0.51 35 Peak energy lower.
S 0.73 44 Agrees
Al 0.52 42 Agrees
Al 0.69 40,41 Peak energy higher.
Ga 0.66 43 Peak energy lower. Falls faster.
Ga 0.75 40,41 Peak energy higher.
In 0.61 43 Peak energy lower. Falls faster.
In 0.65 40,41 Peak energy higher. Weak peak lower.
Pb 0.73 35 Agrees
Pb 0.73 36 Agrees

TABLE VII. Ratios of total ionization cross sections from mass spectrometer measurements.

Energy Ratio from
o(X)/o(Y) (eV) Ratio Reference this work
Zn/Te 70 0.48 70
Cd/Zn 50 1.68 71
Be/O 70 2.1 72
B/Ag 50-70 0.15+0.05 73
Fe/Ag 60 0.97 74 0.84
Co/Ag 60 1.13 74
Ni/Ag 60 0.95 74
Fe/Co 60 0.89 74
Ni/Co 60 0.85 74
Ni/Fe 60 1.00 74
Cr/Au 70 1.5+0.4 75
Ti/B 40 7.6+1.5 76
Au/Cu a 1.90 77
Au/Cu 70 2.12 80
Au/Cu 70 2.0+0.2 38
Sn/Cu 70 3.42 75 2.79
Sn/Ag 70 1.81 75 1.82
Sn/Au 70 1.62 75
S/U 50 0.41+0.14 78
U/Ag a 1.44 79

#Not given. Presumed to be 70 eV.



3590 FREUND, WETZEL, SHUL, AND HAYES 41
10
- Po* st
A °r
5
b
0 llllllllllllllllll O.IIIIIIKIIIILL‘LIII 0 llllllLJllllllllll 0 llllllllLlllllllll
~
% 10 10
-~ o Mg (tot) 5 f, Ag (fo?) - Cu (tot)
Z i i
Q - o
[
O
(Y]
[7p]
73
S i :
U 0 Lllllll]l||||ll|11 0 S BT FRENE FRE OrllIIIIIIIJJ‘llJJll_L 0 W EEN N ST NN
0 50 100 150 200
10 ELECTRON ENERGY (eV)
7~
FET Al (tot) P In (tot)
N o -
sE f—~C e, :.
I b
0 11114_1111111||||L1 0 AT TSN SRR ENEN! 0111111111111111|1L1
0O S5 100 150 200 0O 50 100 15 200 0 50 100 150 200
ELECTRON ENERGY (eV) ELECTRON ENERGY (eV) ELECTRON ENERGY (eV)
FIG. 11. Comparisons of present and previous cross-section measurements for single and total ionization. For all atoms, the

heavy dots are the present results. Previous results (solid lines) for Mg™* are from (a) Ref. 28, (b) Ref. 30; Mg(tot) from (a) Ref. 27, (b)
Ref. 31; Ag* from Ref. 39; Ag(tot) from Ref. 34; Pb* from Ref. 34; Pb(tot) from (a) Ref. 36, (b) Ref. 34; S* from Ref. 44; Cu(tot)
from (a) Ref. 38, (b) Ref. 37, (c) Ref. 34; Al(tot) from (a) Refs. 40 and 41; (b) Ref. 42; Ga(tot) and In(tot) from (a) Refs. 40 and 41, (b)

Ref. 43.

in Table VII and the present data to derive total ioniza-
tion cross sections for nine other atoms at a single energy,
mostly 70 eV (Table VIII). The derived value for Sn is
only 17% larger than the value measured here. The
value for Au fits well with an increasing trend down the
IB column. The value for B is much too small to fit the
smooth trend in Fig. 9 and so is suspect. Consequently,
the Ti value is also likely to be too small since it is de-
rived from the B value.

Comparisons of the double- and triple-ionization cross
sections to previous measurements are shown in Fig. 12
for Cu, Ag, S, Ga, In, and Pb. Our ratio of
o(827)/0(S™) agrees well with that of Ziegler et al.,*
but our magnitudes for both double and single ionization
are about 30% larger. Our double-ionization cross sec-
tions for Ga and In agree remarkably well with those of
Golovach et al.** considering the 30% differences for sin-
gle ionization. Our cross sections for formation of Pb>*
and Pb** agree well with previous data,** but our values
for Cu’* and Ag?* are smaller by a factor of 2 or more

than those reported previously.’’ =%

In our previous rare-gas measurements we noted that
the Xe cross section was 12% larger than the value re-
ported by REG.!! We argued there that this difference
may be significant because Xe was the rare gas which
could be measured with the best signal-to-noise ratio in
our apparatus, while REG’s pressure measurement is ex-
pected to be least accurate for Xe. This difference, while
not large, is important since the rare gases are so con-
veniently and so frequently used as references, and
REG’s measurements are often considered to be the most
accurate. Remeasurement of the Xe single-ionization
cross section in this work yields a value of 5.37+0.54 A?
at 70 eV. This is 24% larger, than REG’s value of 4.33
A? for single ionization (obtained by subtracting the
double- and triple-ionization cross sections'® from their
total 1omzat10n cross section). It is also larger than the
4.96+0.74 A? value reported by Ref. 13, but well within
the experimental uncertainty. Additional comparisons to
previous work given in Table IX are the ratios of Xe to
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Ar and Xe to Kr total ionization cross sections measured
by other workers; these ratios are in remarkably good
agreement, and strongly support the larger value for the
Xe cross section. Given these results, we suggest that the
most accurate available total ionization cross section for
Xe at any energy is the value given by REG,!! increased
by a factor of 1.17.

D. Comparison to theory

Efforts to calculate atomic ionization cross sections be-
gan before the quantum theory was formulated, with
theories based on classical mechanics. Even now there is
no adequate quantum-mechanical method to calculate
ionization cross sections of neutral atoms; calculations at
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FIG. 12. Comparisons of present and previous measurements
of double- and triple-ionization cross sections. For all atoms,
the heavy dots are the present results. Previous results (solid
lines) for $2* are from Ref. 44; Cu?* from Ref. 37; Ag** from
Ref. 39; Pb>* from Ref. 34; Pb** from Ref. 34; Ga®" from Ref.
43; In** from Ref. 43.

TABLE VIII. Total ionization cross sections (at 70 eV) from
the literature or derived from literature ratios and the present
measurements.

Total
Atom cross section Derivation Comparisons
Ag 5.65%
Cd 8.54°
Cu 3.69%
Fe 4.76*
Hg 9.4°
(0] 1.30¢
S 4.87°
Se 6.51*
Sn 10.28°
Te 9.17%
Zn 5.03°
Avu® 7.01 1.90 o(Cu)
Au¢ 7.82 2.12 oCu)
Au¢ 7.38 2.0 o(Cu)
B 0.85 0.15 o(Ag)
Be 2.73 2.1 0(O)
Cof 6.38 1.13 o(Ag)
Cof 5.35 1.12 o(Fe)
Cr 11.12 1.5 o(Au)
Ni# 5.37 0.95 o(Ag)
Ni# 4.76 1.00 o(Fe)
Sn 12.01 1.62 o(Au) 10.28?
Ti 6.44 7.6 o(B)
U 11.88 2.44 o(8) 7.66"

?From this work.
"Reference 71.
‘Reference 4.
dReference 12.
“Average o(Au)=7.40.
Average o(Co)=5.87.
EAverage o(Ni)=5.04.
"Reference 46.

low energy are often in error by a factor of 2. Although
ionization is conceptually straightforward, the exit chan-
nel involves three charged particles (or more, for multiple
ionization). Present quantum theory is quantitatively ac-
curate only in the high-energy limit, whereas cross sec-
tions are largest and much important physics takes place
for electron energies less than 10 times threshold.

In the absence of measurements or of accurate
quantum-mechanical theory, users of single-ionization
cross-section data have often turned to approximate clas-
sical theories,®""3? to the Born approximation,® or to
semiempirical fits based on the limited available
data.} 3 These approaches are of poorly known accu-
racy because few accurate measurements exist for calibra-
tion or testing. Here we use the present experimental re-
sults to check the predictions of five of these calculations.
Figures 13-15 compare the maximum cross sections
measured in this work to the maximum cross sections
from each of these calculations.

Gryzinski®? used a modification of Thomson’s classical
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TABLE IX. Experimental values of the Xe total ionization cross section (A% at 70 eV, based on ra-
tios from the literature and Ar and Kr cross sections from Table II.

gﬂ UT(XC) (Xe)? Xe)® Refe
o (Ar) o (Kr) or(Xe or(Xe) eference
1.85 1.22 5.37 5.12 11
2.10 1.42 6.09 5.96 58
2.21 1.40 6.5 591 60
2.07 1.42 6.01 5.94 61
2.15 1.45 6.24 6.09 62
2.15 1.42 6.24 5.96 63
2.01 1.30 5.83 5.46 64
1.98 1.38 5.75 5.80 13
Average= 6.09+0.25°¢ 5.87+0.20°
Combined average= 5.98+0.25
o r(Xe) this work= 6.22+0.54

*Based on o 1(Ar)=2.90 A,
®Based on o 1(Kr)=4.20 A%
‘Omits data from Ref. 11.

binary encounter theory®! to derive a straightforward for-
mula for the contribution of each orbital to the cross sec-
tion. Otvos and Stevenson®* assumed that the maximum
cross section is given by the weighted sum of the mean-
square radii of the valence electrons. Mann® improved
on this by considering the variation with energy of the
cross section for each orbital and by using Hartree-Fock
wave functions to calculate the mean-square radii. Lotz?®
derived a semiempirical formula which has become quite
popular and appears to be moderately accurate for direct
ionization of singly and multicharged ions. McGuire®

scaled Born approximation calculations to experimental
data to derive parametrized formulas.

To calculate cross sections in Figs. 13-15 from the
theories of Gryzinski and Lotz, we include the three
outermost orbitals and take orbital energies from Lotz.?’
It is clear that there are important differences between
experiment and the results of these calculations. Most
noticeable is that the variation of experimental cross sec-
tions from column IIIA to column VIIIA (Fig. 13) is
greater than the predictions of any of the theories.
Trends down columns of the Periodic Table are predicted
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FIG. 13. Comparisons of peak cross sections from these measurements (

) to the predictions of Gryzinski (G), Lotz (L), Mann

(M), Otvos and Stevenson (O), and McGuire (R) for the atoms in rows 2—6.
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) to the predictions of Gryzinski (G), Lotz (L), Mann

(M), Otvos and Stevenson (O), and McGuire (R) for the atoms in columns IIIA-VIIIA.

better by the various theories (Fig. 14). This large varia-
tion across the rows might result in part from the omis-
sion of autoionization by all of the theories. It could also
result from the effects of the ns and (n —1)d electrons.
These orbitals are loosely bound in the group IIIA atoms
and must contribute to their ionization cross sections, but
lie deeper and contribute little or nothing to the cross
sections of atoms in groups VA-VIIIA. It is also in-
teresting that the Gryzinski values for Fe, Cu, and Ag
(Fig. 15) lie so much above both experiment and the other
theories. This too could result from an incorrect treat-
ment of ionization of d electrons. The discontinuity ob-
served between columns VA and VIA (Fig. 9) is predicted
best by the Gryzinski and Lotz theories (Fig. 13). Its ori-
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FIG. 15. Comparisons of peak cross sections from these mea-
surements (@) to the predictions of Gryzinski (G), Lotz (L),
Mann (M), Otvos and Stevenson (O), and McGuire (R) for Mg,
Fe, Cu, and Ag.

gin appears to be the near equality of ionization poten-
tials for columns VA and VIA, which breaks the other-
wise monotonic increase of ionization potentials across
each row. This effect occurs because electrons go into
different orbitals (p,,p,,p,) until p*, when two electrons
must be paired in the same orbital, raising the total ener-
gy of the atom, lowering the ionization potential, and
raising the ionization cross section.

Otvos and Stevenson, and Mann calculate only the
maximum cross section, but the other three also calculate
shapes as a function of energy. These shapes (not shown
in this paper) tend to agree with experiment, peaking at
about 4 times threshold, but the differences are far
beyond experimental error.

V. CONCLUSIONS

The differences between our cross sections and many of
the previous measurements, especially our large values
for single ionization of column IIIA and IVA atoms,
force us to examine once more the accuracy (+7% rela-
tive uncertainties) of our measurements. Since our values
are relative to Ar and Kr, the potential errors to examine
are those which would affect different atoms differently.
Errors related to the electron beam such as electron
reflection, secondary electrons, and overlap need not be
considered since they should be independent of atom. Al-
most every potential source of error we can identify
would, if present, tend to lower our reported cross sec-
tions. The reported cross sections are lowered, for exam-
ple, if ions fail to reach the detector, if the neutral beam
is contaminated with impurity atoms (almost all of which
would have smaller cross sections than the atoms mea-
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sured here), if infrared radiation from the ion source
gives an erroneously large value for the neutral-beam
flux, if the CEM efficiency is less than 0.96, or if some
ions observed by other experimenters form only by slow
autoionization after a time long compared to our time of
flight to the hemispherical analyzer. The only error we
have identified which would give an erroneously large
cross section is the possibility that thermal ions are
trapped by space charge in the electron beam and, by
charge transfer, create fast ions indistinguishable from
signal. To prevent this possibility, all of these measure-
ments have been made with a 3-V/cm electric field across
the collision region, to sweep out any thermal ions.
Trapped ions thus are apparently unimportant, since
cross sections measured with this field turned off are the
same as those made with it on. We conclude that if any
of these errors are present but unaccounted for, our re-
ported cross sections would be smaller than the correct
values; the correction of any of these errors would in-
crease the disagreement between this work and many of
the previous measurements or theory.

In summary, single-ionization cross sections for the 16
atoms measured here have +10% uncertainties. The
shapes offer few surprises, generally having single peaks
near 4 times the threshold energy. The peak magnitudes
from column IITA to column VIIIA decrease nearly
monotonically, and vary more than predicted by various
approximate theories. Agreement with previous mea-
surements for eight atoms is generally poor, with peak
cross sections differing from 30% to 100%.

It is clear that improved theory is needed. Semiempiri-
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cal theories could use the present data for better fits. Au-
toionization needs to be considered. The role of d orbit-
als in particular needs to be treated more accurately.

For a variety of reasons, many atoms were not mea-
sured in this work. For some, such as the alkali-metal
and alkaline-earth atoms (except for Mg) and most of the
transition metals, no suitable charge-transfer gases could
be found with low enough ionization potentials. Alkali-
metal vapors would probably have been successful, but
we avoided using them since they might have contam-
inated the vacuum chamber. For many transition metal
and rare-earth atoms, an intense enough ion beam could
not be obtained from the Colutron ion source. Other
atoms such as Zn, Cd, and Hg were avoided since they
might have contaminated the vacuum chamber. All of
these atoms could probably be studied by this method,
with suitable modifications to the apparatus. For some,
however, forming a pure ground-state beam could be
difficult, as shown by the present data on Fe.
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