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Absolute electron-impact cross sections for single, double, and triple ionization of gallium and in-
dium have been measured from 0 to 200 eV. Beams of Ga and In atoms are formed by charge-
transfer neutralization of 3-keV-ion beams with triethylamine or xenon. The cross sections are con-
siderably larger than previous measurements and are also larger than the predictions of various
empirical formulas and classical and quantum-mechanical theories, due in part to significant contri-
butions from autoionization. The double-ionization cross sections appear to be dominated by ion-
ization of a d electron followed by autoionization, rather than by direct double ionization.

I. INTRODUCTION

Although electron-impact-ionization cross sections for
neutral atoms at the far left and right of the Periodic
Table (groups I, II, VII, and VIII) are now reasonably
well known,' ™3 there are only a few measured ionization
cross sections for neutral atoms in the middle columns.'
Thus, theory cannot be tested in this part of the Periodic
Table, and cross sections predicted for many atoms by
classical, empirical, and approximate quantum-me-
chanical calculations are of unknown reliability.

Available measurements of double and triple ionization
of neutral atoms are even more scarce than measure-
ments of single ionization, and the theory less well
developed. The trend observed in the rare-gas® and halo-
gen atoms® is that the ratios of multiple-ionization to
single-ionization cross sections increase for heavier
atoms. Thus, we expect reasonably large multiple-
ionization cross sections for Ga and In.

In this paper we report measurements of single, double,
and triple electron-impact-ionization cross sections for
the Ga and In atoms. The only previous measurements
of Ga and In cross sections* ° differ significantly from
the present results.

II. EXPERIMENT

The apparatus has been described in detail previous-
ly.2” However, two improvements have been made for
measuring the neutral-beam flux. One is an improved
method for measuring background. Previously, the back-
ground was determined by closing a solenoid-controlled
valve between the source and the detector chambers,
which generated a large transient in the lock-in amplifier
due to electrical noise. The improved method is to mea-
sure the background by detuning the Wien filter to a set-
ting at which there are no observable mass peaks. This
background is typically less than 5% of the signal from
the mass-selected species. Additionally, any background
from neutrals which form prior to mass selection by the
Wien filter is subtracted out. These neutrals would intro-
duce an error in a measured cross section because they
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would contribute to the neutral-flux measurement but not
to the ion measurement.

The second improvement is to correct for a small offset
in the output of the lock-in amplifier (1-4 uV referred to
the input) which measures the output (neutral flux) of the
pryoelectric detector. Although this effect is insignificant
for “intense” neutral beams (over about 50 uV), it does
affect the cross section calculated from weaker beams.
(In all of our previous work, the neutral beams were in-
tense enough that the offset was negligible.) The correc-
tion procedure is to plot 10 to 15 measured cross sections
versus lock-in output and determine the offset (an addi-
tive constant) so that the measured cross section is in-
dependent of neutral-beam flux. Measurements at higher
neutral-beam flux are weighted more heavily since they
have a better signal-to-noise ratio. This procedure has
greatly improved the reproducibility and accuracy of
cross sections measured with weak beams.

The Ga-ion beam was prepared in one of two ways,
with the solid source feature of the Colutron ion source®
using crushed crystalline GaP in a neon discharge (or ar-
gon discharge in some of the earlier measurements), or
with Ga metal in a CCl, discharge. Ions were extracted
through a pinhole in the anode, accelerated to 3 keV, and
Ga™ was mass selected with the Wien velocity filter. The
resulting Ga® beam had a measured current of 100 nA
30 cm beyond the end of the Wien filter.

Neutral Ga was prepared by charge-transfer neutral-
ization of Ga™® with triethylamine (TEA), which has an
adiabatic ionization potential of 7.2 eV and a vertical I.P.
of 8.1 eV (Ref. 9) (Fig. 1). (Our early measurements also
used xenon and cyclopropane which have I.P.’s of 12.1
and 10 eV, respectively.) None of these gases has an I.P.
resonant with the I.P. of Ga at 6.00 eV. Although charge
transfer with TEA may neutralize ground-state Ga™ with
an energy defect of at least 1.2 eV, it seems more likely
that charge transfer neutralizes the metastable
3d'%4s4p 3P° state of Ga* which lies 5.91 eV above the
ionic ground state and therefore 11.91 eV above the
ground state of neutral Ga. This process should be near
resonant with the ground state of Xe and resonant with
excited states of cyclopropane and TEA. The photoelec-
tron spectrum of TEA, for example, shows a broadband
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FIG. 1. Potential-energy diagram showing the electronic

states and near-resonant charge-transfer neutralization of Ga™
by triethylamine.

ranging from 10.7 to 16 eV.!'® Although both fine-
structure components of the ground state should be pop-
ulated, the fine-structure splitting is only 0.10 eV and
cannot be resolved in our experiment. The mass spec-
trum of the neutral Ga beam (obtained by sweeping the
voltage in the Wien filter to select ions before neutraliza-
tion and detecting only neutrals after charge transfer)
shows the expected 60:40 ratio for masses 69 and 71,
confirming the identity of the beam as Ga.

Preparation of the In ion and neutral beams was simi-
lar to that for Ga, with crushed InP placed in a neon
discharge or metallic In in a CCl, discharge. The meta-
stable 4d!°5s5p 3P° state (or possibly the ground state)
was neutralized by charge transfer with TEA to produce
a neutral beam of In in the 2P ground state (Fig. 2).

A small background from ionization of Rydberg states,
formed by charge-transfer neutralization of Gat and
In®, was observed below the ground-state ionization
thresholds. Appropriate corrections have been made.”

III. RESULTS

Absolute cross sections were measured for single, dou-
ble, and triple ionization of Ga and In (although the
triple-ionization data are only approximate since the sig-
nals were very weak). The procedure was first to measure
the single-ionization threshold, to verify that the neutral
beam was in its ground electronic state. Relative cross
sections were then measured from O to 200 eV, followed
by absolute cross sections for single ionization. Finally,
the ratios of double-to-single and triple-to-single ioniza-
tion were measured at several electron energies. The ab-
solute measurements and ratios were used to normalize
the relative 0—-200-eV measurements.
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FIG. 2. Potential-energy diagram showing the electronic
states and near-resonant charge-transfer neutralization of In*
by triethylamine.

A. Thresholds

Cross sections in the threshold region for single ioniza-
tion of Ga and In are shown in Fig. 3. The threshold en-
ergies agree well with the known ionization potentials,
6.00 and 5.78 eV, respectively. The energy scales were
calibrated with Eq. (1) of Ref. 11, which accounts for
space-charge and contact potentials. Curvature at
threshold is no more than about 0.5 eV, consistent with
the energy spread of the electron beam and the small
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FIG. 3. Thresholds for single ionization of Ga and In.
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ground-state fine structure of 0.1 and 0.27 eV for Ga and
In, respectively.

Excited states are absent from the neutral beam, as
demonstrated by Fig. 3 which shows no signal below
threshold other than a negligible contribution from ion-
ization of Rydberg states. Since the lowest excited states
(2S) lie about 3 eV above the ground state, their presence
would be easily detected by their ionization thresholds at
only about 3 eV. Moreover, their lifetimes should be
much shorter than the ~5 us time of flight to the elec-
tron beam, so they are not expected to survive.

The threshold region for double ionization of In is
shown in Fig. 4(a). The energy scale has been corrected
for the effects of space charge and contact potential. The
In?>t threshold is at about 26 eV, slightly above the
24.65-eV spectroscopic double-ionization energy.'? Simi-
larly, the Ga’t threshold is found at 28 eV, just above
the 26.51-eV spectroscopic double-ionization energy.'?

Triple ionization (Figs. 5 and 6) is too weak for mean-
ingful thresholds to be measured. It appears that the ma-
jor thresholds are in the range of 70 to 80 eV,
significantly above the spectroscopic triple-ionization en-
ergies'>!3 of 57.21 eV for Ga*" and 52.68 eV for In*".

B. Cross sections

Relative cross section for formation of the single, dou-
ble, and triple ions were measured at electron energies
from threshold to 200 eV at 1-eV intervals. Two in-
dependent runs were corrected for measured variations in
the electron current and then added together to improve
the signal-to-noise ratio. Above 30 eV, measurements at
several adjacent energies are averaged. Shape correc-
tions, less than 5%, were also made below 50 eV and
above 150 eV according to Eq. (15) in Ref. 2.

Absolute cross sections for single ionization are given
in Tables I and II. The one-standard-deviation statistical
uncertainty for 9 Ga measurements at 70 eV is £4% and
for 11 In measurements is =6%. Combined in quadra-
ture with our previously determined systematic uncer-
tainty of 12%,* this yields overall uncertainties of
+13%.

Ratios of cross sections at several electron energies for
multiply charged to singly charged ions are also given in
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FIG. 5. Electron-impact-ionization cross sections for Ga.

Tables I and II. The uncertainties, which are dominated
by measurement statistics, are =6-9 % (one standard de-
viation) for the double- to single-ion ratios and +12% for
the triple- to single-ion ratios.

The 0-200-eV shapes for formation of the single ions
were normalized to the absolute cross section at 70 eV,
and the shapes for double and triple ionization were nor-
malized to the single-ion cross section at the appropriate
energy using the measured ratios. The results are
presented in Table III and Figs. 5 and 6.

Measurements at other electron energies of multiple- to
single-ionization ratios are also given in Tables I and II
and are indicated by solid triangles and error bars in Figs.
5 and 6. These serve to confirm the 0-200-eV shapes.
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TABLE I. Measured Ga cross sections and ratios.

Electron Cross section Ratios of cross sections
energy for single ionization o(Ga’*)/o(Ga™)
(eV) (A") +9%
50 0.030
No. of values 3
70 8.26+0.34 0.043
No. of values 9 3
100 0.052
No. of values 3
150 0.065
No. of values 3
200 0.073
No. of values 2

IV. DISCUSSION

A. Indirect ionization

Excitation autoionization is known to contribute
prominently to the ionization cross sections of ions, fre-
quently dominating the cross section for higher stages of
ionization.!* The present data show that such two-step
processes also contribute to the cross sections for ioniza-
tion of neutral Ga and In.

Near threshold, excitation-ionization structure appears
in both the Ga and In cross sections (Fig. 3). Ga shows a
weak feature about 1 eV wide around 7.5 eV and a possi-
ble one around 10 eV; In shows a feature around 6.8 eV
and a broader one between 9 and 11 eV. Our data agree
with previous observations of these features.!>'® The
7.5-eV Ga feature is probably due (Fig. 1) to autoioniza-
tion of the 4s4p2 28 state at 7.70 eV, the 4s4p2 2p state at
8.2 eV, and the 4s4p2 2D resonance between the ioniza-
tion potential and 8.8 eV.'7!® A possible Ga feature
around 10 eV could represent autoionization of states of

TABLE II. Measured In cross section and ratios.

Cross section

Electron for single Ratios of cross sections
energy ioni%aztion o(In’*)/oIn™) o(In**)/a(In")
(eV) (A7) +6% +12%
50 0.038
No. of values 2
70 9.91+0.56 0.078
No. of values 11 5
100 0.11 0.007
No. of values 2 2
125 0.12 0.016
No of values 1 2
150 0.13 0.024
No. of values 2 2
200 0.13 0.030
No. of values 2 2
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the 3d'%4s4p5p and 3d '°4s4p 6p configurations.'® For in-
dium, the 6.8-eV feature is probably due (Fig. 2) to au-
toionization of the 5s5p22S state at 7.33 eV, the 5s5p* 2P
state at 7.46 eV, and the 5s5p?2D resonance between the
jonization potential and 7.8 eV.'>2° The 9—11-eV indium
feature lies in the region of several additional resonances,
5s5p (*P°)6p 2S at 9.67 eV, 5d5p (’P°)Tp °S at 10.5 eV,
and 5s5p (°P°)8p S at 10.9 eV.!%1%2!

Small but reproducible peaks about 10 eV wide appear
in the single-ionization cross sections (Figs. 5 and 6) cen-
tered at about 111 eV for Ga and 105 eV for In. There is
also a noticeable change in the slope of the single-
ionization cross sections above about 90 eV for both Ga
and In which may be due to the onset of excitation-
ionization processes or to ionization of the Ga 4p or In 5p
electron.

Double ionization of both Ga and In appears to occur
by a two-step ionization-autoionization process as recog-
nized by Vainshtein et al.® Ionization of a Ga 3d elec-
tron leads to a series of states in the 27-29-eV region
with the configuration 3d°4s24p, above the 26.51-eV
threshold for double ionization.?? Similarly, ionization of
a 4d electron of In leads to states in the 24-26-eV region
with the configuration 4d°5s25p most of which are above
its double-ionization potential of 24.65 eV.?> The func-
tional form of the cross section at threshold should carry
information about whether double ionization is dominat-
ed by direct double ionization or an indirect ionization-
autoionization process. Direct double ionization is ex-
pected to give a threshold which increases as the square
of the excess energy, whereas single ionization of a d elec-
tron followed by autoionization should give a linear
threshold. A plot of the double-ionization signal against
the square of the excess energy in Fig. 4(b) shows much
stronger curvature than Fig. 4(a), suggesting that direct
double ionization of In is weaker than single ionization of
a 4d electron followed by autoionization. A similar con-
tribution of d-electron ionization to double ionization has
been discussed for the isoelectronic ions Sn* and
Sp2t 2425

Triple ionization could also have major contributions
from indirect processes. The process would be single ion-
ization followed by two sequential Auger decays. For Ga
or In, respectively, single ionization is expected to involve
ionization of a 3p electron with an orbital ionization po-
tential in the 109—122-eV range or ionization of a 4p elec-
tron with an orbital I.P. in the 81-95-eV range (Table
1V), followed by the sequential emission of two electrons.

B. Comparison to previous measurements

There are two previous reports of Ga and In cross-
section measurements,*” ® both of which disagree with
each other and with the present results. The total cross-
section measurements by Zapesochnyi et al.*> differ
significantly in shape from our present measurements
(Fig. 7), where our total ionization cross sections are
given as 0 ¥ +202" +303". For each atom, we observe a
single peak and monotonic falloff, as for most other
atoms, rather than a low-energy peak or shoulder and
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TABLE III. Cross sections (A’) for electron-impact single, double, and triple ionization of Ga and

In.
Energy Ion
(eV) Ga* Ga?* Ga’* In* In?* In’*
6 0.17 0.31
7 0.72 1.78
8 1.73 3.17
9 2.61 4.74
10 3.59 6.19
11 4.55 7.45
12 5.36 8.39
13 6.10 9.29
14 6.74 9.81
15 7.25 10.26
16 7.54 10.72
17 7.85 11.13
18 8.06 11.14
19 8.30 11.43
20 8.36 11.48
21 8.48 11.72
22 8.66 11.87
23 8.76 11.95
24 8.89 11.91
25 8.91 12.07 0.01
26 8.93 12.05 0.03
27 8.94 12.17 0.04
28 8.98 0.01 12.13 0.06
29 9.00 0.02 12.14 0.07
30 9.04 0.03 12.12 0.09
32 9.14 0.07 12.07 0.13
34 9.19 0.10 11.98 0.17
36 9.13 0.12 11.91 0.21
38 9.15 0.15 11.79 0.25
40 9.14 0.18 11.68 0.31
45 9.06 0.23 11.42 0.40
50 8.92 0.28 11.10 0.51
55 8.74 0.29 10.76 0.58
60 8.62 0.33 10.44 0.67
65 8.45 0.34 10.19 0.73
70 8.26 0.35 9.91 0.77 0.01
75 8.08 0.37 9.64 0.83 0.02
80 7.90 0.37 0.01 9.36 0.86 0.02
85 7.77 0.40 0.00 9.21 0.90 0.03
90 7.68 0.40 0.02 9.00 0.91 0.04
95 7.56 0.40 0.01 8.80 0.94 0.05
100 7.44 0.40 0.02 8.69 0.94 0.06
105 7.42 0.42 0.02 8.63 0.96 0.08
110 7.32 0.42 0.02 8.48 0.96 0.08
115 7.21 0.42 0.03 8.30 0.96 0.10
120 7.09 0.43 0.02 8.13 0.96 0.12
125 6.97 0.42 0.03 7.99 0.96 0.12
130 6.89 0.44 0.02 7.87 0.96 0.14
135 6.80 0.42 0.03 7.75 0.95 0.15
140 6.74 0.44 0.04 7.68 0.94 0.15
145 6.67 0.45 0.04 7.56 0.95 0.17
150 6.57 0.44 0.04 7.45 0.93 0.18
155 6.54 0.45 0.05 7.35 0.93 0.18
160 6.41 0.45 0.05 7.24 0.92 0.18
165 6.39 0.45 0.05 7.16 0.92 0.18
170 6.33 0.44 0.05 7.10 0.90 0.19

175 6.19 0.45 0.06 7.00 0.89 0.19
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TABLE III. (Continued).

Energy Ion
(eV) Ga* Ga?" Ga’”" In*t In?* In*t
180 6.14 0.46 0.06 6.86 0.89 0.18
185 6.06 0.45 0.06 6.75 0.88 0.18
190 5.98 0.45 0.07 6.62 0.88 0.18
195 5.87 0.44 0.07 6.51 0.87 0.18
200 5.85 0.45 0.07 6.38 0.86 0.18

high-energy peak. More recent measurements of single
ionization by Vainshtein et al.® (Figs. 8 and 9) show only
low-energy peaks, in agreement with our results, but then
fall much faster at higher energies. Shapes measured
with the present apparatus have been tested by measuring
cross-section shapes for the rare gases? and the CO and
CO, molecules;*® they agree well with accepted data in
the literature.?’” It is hard to explain the differences. in
shape from the available information.

The magnitudes of the cross sections measured in both
previous works are much smaller than the present results.
We have been unable to identify any systematic error in
our apparatus which would produce this large difference.
Part of the difference between the present results and
those of Vainshtein et al.® may be attributed to their use
of lead to calibrate their quartz microbalance, the
method they used to measure the flux of neutral
atoms.?®*?° We have recently measured the ionization
cross section of lead (and of many other atoms),?® and ob-
tain a cross section which is roughly 25% larger than
their value. The appropriate correction to their calibra-
tion would raise their Ga and In cross sections closer to
the present measurements.

One other way to compare the present and previous
data is by the ratios of measured In to Ga cross sections.
Our ratio of the peak cross sections o(In")/0(Ga™) (at
about 30 eV) is 1.32, in agreement within the stated er-
rors with the 1.23 ratio of Vainshtein et al.®

Our double-ionization results and those of Vainshtein
et al.® agree very well with each other. This is surpris-
ing, since our values for total and single ionization differ
so greatly. "An interesting detail we both observe is a
difference between the Ga and In double-ionization
shapes; the In?>* cross section peaks near 100 eV while
Ga’™" continues to rise up to 200 eV.

Another comparison can be made to the cross section
for single ionization of Sb?*,?* which is isoelectronic
with In. The measured value for Sb*>* is included in Fig.
8, scaled in magnitude by the ratio of the squares of the
ionization potentials, (25.3/5.79)%, and scaled along the
energy axis so that its threshold matches that of In. The
scaled Sb?* cross section is roughly twice as large, due in
part because 4d ionization leads only to single ionization
of Sb2™ and only to double ionization of In.?*

The peak cross section for single ionization of the
isonuclear ion Ga' is measured®® to be 0.92 1&2, only
0.100 times that of neutral Ga. This agrees fairly well
with the ratio of the squares of the ionization potentials
(6.00/20.51)=0.086.

C. Comparison to theory

Several classical or semiempirical methods are com-
monly used to estimate unmeasured ionization cross sec-
tions. Measurements of the Ga and In atoms provide
good tests of these calculations in a part of the Periodic

TABLE IV. Orbital ionization energies for Ga and In.

Photoelectron spectra Photoabsorption Theory Used in
Atom Ref. 23 Ref. 36 Ref. 37 Ref. 38 Ref. 22 Ref. 39 Ref. 33 this work
Ga 4p 6.00 5.67 6.00 6.00
4s (triplet) 12.0 11.55 11 12.0
4s (singlet) 14.8 14.8
3d 22 27-29 32.46 20.5 27.5
3p 109 121.9 109 109
3s 162 162 162
In 5p 5.78 5.8 5.36 5.79 5.78
5s (triplet) 11.1 11.1 10.13 10 11.1
5s (singlet) 13.6 13.6
4d 25-26 20 28.9 20.5 25.5
4p 81 95.39 86
4s 126 135.4 126 126
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FIG. 7. Comparison of the measured total-ionization cross
sections for Ga and In (@) to the measurements of Refs. 4 and 5
(— — —)and Ref. 6 (M).

Table where there has been very little data.

Comparisons of experiment to calculations according
to Gryzinski,31 Lotz,*>33 and Mann>* for single ionization
are shown in Figs. 8 and 9. For the Gryzinski and Lotz
calculations, we have used orbital ionization energies
from the recent literature, as listed in Table IV. Ioniza-
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FIG. 8. Comparison of the measured single-ionization cross
sections for In (@) to the calculations of Gryzinski (——), Lotz
(— — —), and Mann (*—*). Mann calculates the maximum
cross section but does not identify the corresponding energy.
Also shown are the measured cross sections of Vainshtein et al.
(M), and the scaled measured cross section for ionization of the
isoelectronic ion Sb2™ (0).
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FIG. 9. Comparison of the measured single-ionization cross
sections for Ga (@) to the calculations of Gryzinski ( )
Lotz (— — —), and Mann (*—*. Mann calculates the max-
imum cross section but does not identify the corresponding en-
ergy. Also shown is the measured cross section of Vainshtein
et al. (M).

tion from the 3d and 4d orbitals of Ga and In, respective-
ly, is omitted, since the ionization energies of electrons
from these orbitals lie above the double-ionization ener-
gies. Thus, single ionization is calculated from the outer-
most p and s electrons only. McGuire’s calculations® are
not directly applicable to Ga and In since the low-
ionization energies of the 4p and 5p electrons, respective-
ly, lie below the range of validity of his parameters.

We see that although the Gryzinski, Lotz, and Mann
values agree with each other, they are nearly a factor of 2
smaller than experiment. Part of the difference may be
that indirect ionization is omitted from these theories. A
similar difference was found also for ionization of Ga™.*
All of these calculations predict the ratio of In to Ga
cross sections considerably better. Gryzinski and Lotz
predict that the magnitude of the In peak cross sections
exceeds that of Ga by about 11%, while Mann’s predic-
tion of 32% agrees with the measured 32%. The peak
position of Gryzinski agrees best with experiment.

Since the 3d and 4d ionization energies of Ga and In,
respectively, lie above the double-ionization potentials
and below the triple-ionization potentials, ionization of
this inner orbital should lead primarily to double ioniza-
tion and should give a lower limit to the double-
ionization cross sections. Contributions from direct dou-
ble ionization and excitation ionization should also con-
tribute, but are not expected to be as large. Figures 10
and 11 compare our measured double-ionization cross
sections to the d-shell ionization cross sections calculated
according to Gryzinski, Lotz, and McGuire, using the ex-
perimental orbital energies from Table IV. The agree-



ment in magnitude is best for the Lotz calculations. The
Gryzinski calculations of the d-shell cross sections are
two and four times larger than measured double ioniza-
tion. The McGuire calculation for Ga comes close to ex-
periment, but the In calculation is twice as large. Al-
though the quantitative agreement is not very good, the
general agreement of all these calculations with experi-
ment suggests that d-electron ionization is a major route
to double ionization of Ga and In.

V. CONCLUSIONS

The Ga and In atoms are ideal candidates for cross-
section measurements by the fast-beam method since
their ground states are isolated from all excited states and
they have no known metastable states. Thus, it is easy to
verify that the neutral beams are entirely in their ground
states. Even though their ionization potentials are low
(~6 eV), and therefore not energy resonant with triethy-
lamine, charge-transfer neutralization takes place readily,
probably through metastable states of the ions which can
be neutralized directly to the ground state.

The shapes of the single-ionization cross sections are
similar to those of many other atoms, with single-
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ionization peaks close to the classically predicted energy
of four times threshold. Indirect ionization is observed
near threshold and above about 100 eV. The measured
single-ionization and derived total-ionization cross sec-
tions disagree substantially with those from the only pre-
vious measurements. Double ionization appears to have
major contributions from ionization of the 3d and 4d
electrons of Ga and In, respectively.

The commonly used approximate formulas of Gryzin-
ski, Lotz, and Mann predict some features of the cross
sections, but no one formula adequately describes all of
the measurements. They all predict the absolute cross
section for single ionization to be too small by nearly a
factor of 2, but predict the o(In)/o(Ga) ratio more accu-
rately.
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FIG. 1. Potential-energy diagram showing the electronic
states and near-resonant charge-transfer neutralization of Ga™
by triethylamine.
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FIG. 2. Potential-energy diagram showing the electronic
states and near-resonant charge-transfer neutralization of In™
by triethylamine.



