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Absolute total cross sections for negative-ion formation in several gases (CO, NO, Oz, COx, N.0, SFs, and
H.) by electron impact have been measured in a total ionization tube. Both dissociative attachment and
jon-pair formation have been measured, with careful attention paid to complete collection of the negative
jons. Possible errors due to scattered electrons and energy spread are discussed.

I. INTRODUCTION

EGATIVE ions may be formed in collisions of

electrons with molecules in two-body collisions
at low pressures by two primary mechanisms,' dis-
sociative attachment:

e+AB—(AB~)—A+B- (1)
and ion-pair formation:
e+AB—(AB*+¢)—AT+B e . (2)

These processes have been studied in a number of
substances by several investigators.? However, as in
the case of positive ionization, not all the measure-
ments have been subjected to careful analysis for
possible error, and except for a paper by Schulz?
discussions of saturation curves and consistency checks
are usually not given.

In the present work, we have carefully studied the
jon-saturation characteristics and found conditions
necessary for complete collection of ions. We have thus
determined absolute cross sections for negative-ion
formation in several gases (CO, NO, O, CO,, N0,
H,, D,, HD, and SF;). It is believed that the cross
sections are as accurate as have ever been determined,
but among the errors still persisting, the largest is
expected to be due to energy spread in the electron
beam.

The method is essentially the same as that used for
positive ions,* except that the ion drawout field is re-
versed so as to collect negative particles. Comparison of
the negative ion current with the positive ion current ob-
tained in the usual way,* leads to absolute normaliza-
tion of the negative-ion cross section.

1 E. W. McDaniel, Collision Phenomena in Ionized Gases (John
Wiley & Sons, Inc., New York, 1964) p. 382.

2 L. J. Kieffer, “A Bibliography of Low Energy Electron Col-
lision Cross Section Data,” Joint Institute for Laboratory Astro-
physics, Report No. 4 (NBS Report 7993), Boulder, Colorado,
January 1964.

3G. J. Schulz, Phys. Rev. 128, 178 (1962).

4D. Rapp and P. E. Golden, J. Chem. Phys. 43, 1464 (1965),
preceding paper.

II. THEORY OF DISSOCIATIVE ATTACHMENT

Before presenting the experimental results on nega-
tive-ion formation, a brief discussion of the theoretical
energy dependence of dissociative attachment is given.
This serves to emphasize the effects of electron energy
spread on the cross sections. Energy spread plays a
major role in the accuracy of these cross sections, as
opposed to positive ionization wheré¢ energy spread is
generally unimportant. The reason for this difference
lies in the narrow resonance-peak dependence of the
cross section on electron energy. ’

We may picture the dissociative-attachment process
as occurring by attachment of an electron to a molecule
X,, to form X;~ in a repulsive electronic state. It is
presumed that this occurs in a time short compared
to the characteristic time for nuclear kernel motion.
Subsequently, the X, dissociates into X+X, this
second step requiring ~10~' sec. Some hypothetical
potential curves for X, and X;~ are shown in Fig. 1.
If the initial molecules are almost entirely in the ground
vibrational state, the statistical distribution of inter-
nuclear distances in X, will be as shown. Since the
incoming electron must have precisely the correct
energy to produce X;~ on a particular potential curve,
only a single-bond distance is effective in producing
X, at a particular electron energy.® Thus, the cross
section for dissociative attachment should be a pro-
jection of the initial distribution on a repulsive curve
of X4~, as shown in Fig. 2. For curve (X;7)”, a roughly
symmetrical resonance peak is obtained. For curves
(X))’ and Xg, a vertical onset at energy E,; is ob-
tained. There is no meaningful onset energy for Curve
(X;)”, only an exponential decrease in cross section
below Eg. In general, the resonance peaks are found to
be about 1 to 4 eV wide at half-height. Thus, energy
spreads of several tenths of an electron volt can

® This description is oversimplified and violates certain aspects
of the uncertainty principle. If one more properly described the
process in terms of an “overlap integral” between the initial state
and the unbound final state, a similar result would follow. [See
the discussion on pp. 391-392 of: G. Herzberg, Spectra of Di-
a:)%;'c]blolecules (D. Van Nostrand Company, Inc., New York,
1 5
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Fic. 1. Hypothetical potential
curves for the ground state of a dia-
tomic molecule X, and various states
of negative ion X,~. The initial vi-
brational distribution function for the
ground state in X, is pictured at the
zero of energy. Vertical lines are
drawn at the center of the distribution
and at the classical turning points.
These delimit the Franck-Condon re-
gion. The pertinent energies at which
the potential curves intersect the
Franck-Condon region are denoted.
The electron affinity of X is E,— E;.

seriously alter the observed cross sections for the
narrower resonance peaks, and can extend the “tailing”
in all resonance peaks. In the limiting case of molecules
that are highly electronegative, such as halogens® or
SFg,” the true resonance peak is very narrow (perhaps
~0.1 eV), and the empirically observed width is
generally the width of the electron energy distribution,
instead of the true width.

The negative ions formed by dissociative attach-
ment have initial kinetic energy by virtue of the dis-
sociation from a repulsive negative molecule-ion state.
Use of high ion drawout fields to collect these ions will
result in an energy spread across the electron beam that
can affect the measured cross sections.

III. EXPERIMENTAL METHOD

The experimental apparatus and method was es-
sentially the same as that used for positive ions in the
accompanying paper,* except that the ion-collection
field is reserved. There are several problems en-
countered, however, in the study of negative ions
that are not encountered with positive ions.

6 R. E. Fox, Phys. Rev. 109, 2008 (1958).
7R. E. Fox, J. Chem. Phys. 26, 1281 (1957).

BOND DISTANCE

First, there is the possibility of positive ions formed
in front of the electron-collector plate being shot back
into the ionization region due to the positive potential
on the electron collector. The low absolute cross sec-
tions for attachment compared to ionization make
this more of a problem here. By reducing the potential
on the electron collector to the lowest value that would
still maintain complete collection of the electron cur-
rent, this problem was reduced to negligible pro-
portions.

Second, scattered electrons that lose all their axial
velocity can eventually reach the collector plate for
negative ions, through multiple-scattering events. In
collecting positive ions, the collector plate is negative,
and this cannot occur. It was found that this effect
could generally be kept very small, except when large
ion drawout fields were used. In studying negative-
ion formation at electron energies above the ionization
potential for dissociative ionization (e +Xy—X+
X++42¢~) it turns out that the energetic X+ ions
vastly outnumber the negative ions due to ion-pair
formation. The measured ion current is actually posi-
tive unless high ion drawout fields are used to prevent
the energetic X+ ions from reaching the collector plate
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F16. 2. Theoretical cross sections for dissociative electron attachment of electrons to molecules for the hypothetical potential curves
in Fig. 1. No dissociative attachment is possible below E;. These curves are obtained by projecting the initial distribution in Fig. 1
on the potential curves in the Franck-Condon region. —— Monoenergetic electrons, — — — - finite energy spread.

for negative ions. At moderate electron energies (up
to ~60 eV) one can usually adjust the field to saturate
negative ions without collecting any positive ions.
However, at higher electron energies, the ion drawout
field required to prevent energetic positive ions from
reaching the ion-collector plate is so large (>35 V/cm)
that scattered electrons are collected, and negative
ion current saturation cannot be reached.

Third, the energy spread in the electron beam, due
to thermal, space-charge, and ion-drawout-field effects,
causes errors in the measured cross section for dissocia-
tive attachment as described in a previous section.

Fourth, the relatively small absolute cross sections
for negative-ion formation in some substances make
small amounts of impurities more of a problem, espe-
cially if the negative-ion cross section in the impurity
is large.® In H,, for example, small amounts of water
vapor can produce relatively large amounts of H—.%9

In the work reported herein, we pay particular at-

8 G. J. Schulz, Phys. Rev. 113, 816 (1959).

 The absolute cross section for dissociative attachment in H,O
has been measured to be ~5X107%% at the peak, whereas the
peak cross section in Ha is ~2X 107 [1. S. Buchelnikova, Soviet
Phys.—JETP 8, 783 (1959) ; Zh. Eksperim i Tiar 35, 1119 (1959);
and D. Rapp, D. D. Briglia, and T. E. Sharp, Phys. Rev. Letters,

14, 533 (1965) ]. Thus, 0.19;, H.O will have a ~259 effect on the
cross section at low energies.

tention to these points as limiting factors on the
reliability of the cross sections. Absolute cross sections
were obtained by reversing the ion drawout field and
comparing the positive ion current at some moderate
electron energy, with the negative ion current at the
highest resonance peak. The absolute cross sections
for positive ionization were taken from Ref. 4. Denoting
og4(E;) as the total cross section for attachment at
energy E;, we have

0a(Er) for(Ex) =i_(Ey) /iy (Ey),

where o7 (E:) is the total ionization cross section at E,,
i, is the saturated positive ion current at E, ‘and
i_(E;) is the saturated negative ion current at E,,
corresponding to the same electron current.

The saturation curves for collection of negative ions
were basically similar to those for positive ions, with
the exceptions pointed out above. Figure 3 shows the
saturation curve obtained in CO. for 8.1-eV electrons
at the top of the resonance peak. It is seen that the
negative ion current is saturated with an ion drawout
field of ~3 V/cm. As the field is raised further, the
energy spread across the finite width of the electron
beam (0.005 in.) causes the apparent cross section to
decrease. With 10-V/cm field, for example, the energy
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F1c. 3. Negative-ion saturation curve in CO: at 8.1 eV. As the ion-collection field is raised one gradually attains total collection
(between 3 and 5.5 V). At higher fields, energy spread caused by the ion drawout field gradually reduces the measured ion current.

The cross sections shown in Fig. 8 were taken for V=4 V.

spread due to the ion-collection field is ~0.12 V. This
saturation curve is typical of saturation curves for
negative ions produced by dissociative attachment in
other gases. The cross section for dissociative attach-
ment in CO, was taken with an ion-collection field of
4 V/cm. Figure 4 shows saturation curves for negative
ions at several electron energies in CO. For 9.9-eV
electrons, a saturation curve is obtained due to dis-
sociative attachment, similar to that shown in Fig. 3
for CO,. At higher energies, where ion-pair formation
is responsible for negative-ion formation, the effect
of energy spread in the electron beam is small, and when
saturation of the ion current is reached, the apparent
cross section remains flat out to relatively high ion
drawout fields. However, the energetic fragment ions
from dissociative ionization must be prevented from
reaching the ion-collector plate by increasing the ion
drawout field. At low ion drawout fields, the current
collected at the negative-ion collector is actually posi-
tive. Unfortunately, when the field is raised above
~35 V/cm, the negative current increases due to col-
lection of multiply scattered electrons. It was therefore
not possible to achieve negative-ion saturation at elec-
tron energies greater than ~60 eV. The negative ions
from ion-pair formation in CO were studied with an
ion drawout field of 26 V/cm. Table I shows the ion
drawout fields used for saturation in the various gases.

The absolute energy scale was determined by plotting
the electron current vs electron energy, and extrapo-
lating to zero current, for the “‘contact potential.”

It was found that this procedure gave good agree-
ment (within ~0.1 eV) with spectroscopic appearance
potentials for positive ions. The typical potential dif-
ference between the oxide-coated cathode and the metal
plates of the ionization tube was ~1.5 V. The procedure
used is illustrated in Fig. 5. It may be crudely ration-
alized by assuming there is a “‘turn-on” characteristic
that is essentially a straight line above the contact
potential, and that the thermal energy spread rounds
the corners of this curve. The main justification of the
procedure, however, is that it works for positive ions.
Use of mass analysis' in rare-gas—Hs mixtures confirms
the validity of this procedure.

The energy spread of the electron beam used in the
experiments was ~0.2 eV full width at half-height
as measured by retarding techniques. The width at 1%
height was ~0.4 eV." These distributions are for zero
jon drawout field. As mentioned before, there is an
additional ~0.12 eV for each 10 V/cm of ion drawout
field.

IV. EXPERIMENTAL RESULTS

The absolute cross sections for negative-ion forma-
tion were obtained by comparison with the positive-
ion cross sections as shown in Table II. The magnitude

10D, D. Briglia and D. Rapp, J. Chem. Phys. 42, 3201 (1965).

11 The distribution mentioned here is for an “R’ distribution as
discussed in Ref. 10, modified for higher absolute current at a
slight sacrifice in resolution.
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tive attachment is obtained. At higher energies, the negative ions are formed by ion-pair formation and are not affected by the energy
spread induced in the electron beam by the ion drawout field. However, energetic positive ions formed by dissociative ionization greatly
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TasLE 1. lon drawout fields for saturation of negative ion
currents in gases.

Electron energy  Ion drawout

Gas range field

(eV) (V/cm)

CO. 0-12 4

12-60 25

CcO 0-15 5

15-60 26

0. 0-12 5

12-60 26

N.O 0-6 3

6-60 30

NO 0-14 4

H,, D,, HD 0-12.8 24

12.8-18 10

SFe 0-10 2

for SKg is surely a severe underestimate due to electron
energy spread, and the results in H, and CO may suffer
slightly from energy spread. The energy dependences
of the cross sections in Hy, HD, and D, were presented
previously,' and are not given here. The cross sections
in the gases, 0., CO, CO,, N,0O, and NO are given in
Figs. 6-10. The low-energy data on dissociative at-
tachment are tabulated in Table ITI. A plot of negative
ion current and electron current vs electron energy
near zero energy is shown in Fig. 11 for SFe. The peak
in the negative-ion-formation cross section occurs in
the sharply rising portion of the electron ‘“‘turn-on”
curve, and it is readily apparent that the electron

TasLe II. Comparison of total ionization cross section at
energy Iir, op(Er), with resonance-peak attachment cross sec-
tions at EA, 0',4(1’:_4).

Er Ex oa(Ea)/or(Er) oa(Ex)*
Gas (eV) (eV) waq?)
0. 118 6.5 5.16X1073 0.0160
CcO 99 9.9 7.64X107¢ 0.00230
NO 118.5 8.15 3.54X1073 0.0127
CO. 118 8.1 1.205X 1073 0.00487
N.O 109 2.2 2.29X102 0.0978
SFe 110 ~0.1 0.32b 2.44b
H,e 69 13.9 2.01X10-¢ 2.22X10~4
HDe 69 13.95 1.41X10~ 1.56X10~*
Dye 69 14.0 0 96X10~4

1.07X10~4

2 or(E7) is taken from the adjoining paper on positive ionization.

b May be a considerable underestimate due to actual energy spread and nar-
row resonance peak.

¢ Data reported in Ref. 12.

2 D. Rapp, D. D. Briglia, and T. E. Sharp, Ref. 9.
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Fi1c. 6. Total cross section for negative-ion formation in O; by
electron impact.
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energy spread, not the width of the resonance peak,
is being measured.’

V. DISCUSSION OF RESULTS

The cross-section peaks for dissociative attachment
in O, COs, and NO are sufficiently broad that only
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F1c. 10. Total cross section for negative-ion formation in NO
by electron impact.
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ELECTRON CURRENT
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14 16 18

F1c. 11. Negative ion current and electron current in SFg as a
function of electron energy.

slight errors should result from the energy spread in
the electron beam. The mass-analyzed data of Hagstrum
and Tate® in O, CO, and NO, show that O~ is the
jon formed in the dissociation process. In CO, there
is adifficulty that is discussed in a succeeding paragraph.

In Table IV, the absolute cross sections for dis-
sociative attachment in CO, COs, and O, measured by
various investigators are compared. It can be seen that
the general form of the energy dependences of the cross
sections are the same for all investigators, but there
are slight differences in absolute normalization, and
energy scale. The cross sections in SFg are just rough
approximations in either case. It is impossible to say
exactly how high and how narrow the resonance peak
is in SF@

In CO, a-special difficulty is encountered. The mini-

Tasre IV. Comparison of peak dissociative attachment cross
sections in gases as measured by various investigators.

Energy at Peak cross Peak width

Investigator peak section  at }-height
Gas (eV) xao? (eV)
O R 6.5 0.0160 2.1
S 6.7 0.015 2.2
ACK (rel) 6.9 0.015 2.0
ACK (abs) 6.5 0.015 2.0
B ~6.3 0.015 1.9
(6(0) R 9.9 0.00230 1.3
S 10.1 ~A0.0018 ~1.4
ACK (rel) 10.0 0.0024 1.3
ACK (abs) 10.1 0.0027 1.3
CO:(1) R 8.1 0.0049 1.1
S 8.2 0.0051 1.1
ACK (rel) 8.3 0.0052 1.3
ACK (abs) 8.0 0.0049 1.3
C0:(2) R 4.3 0.0017 0.9
S 4.5 0.0017 0.9
ACK (rel) 4.3 0.0015 0.9
ACK (abs) 4.55 0.0017 1.0
SF R 0.1 2.4 0.2
B 0.0 5.7 0.5

13 H. D. Hagstrum and J. T. Tate, Phys. Rev. 59, 354 (1941).
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Fic. 12. Measured cross section for negative-ion formation in
CO by the RPD method® with a rétarding potential difference of
0.1 eV and high electron current. The dotted line is hypothetical
to indicate what the cross section may actually be with a mono-
energetic electron beam.

mum energy required to produce C+0~ from CO in
the ground state is 9.65 eV.!" It therefore appears that
the CO~ potential curve crosses the Franck-Condon
region in the manner suggested by Curve X, or
(Xy)’ in Fig. 1. If a vertical threshold does occur in
CO, the distortion of the apparent cross section due
to energy spread can be considerable. An attempt to
reduce the energy spread slightly by use of a retarding
potential difference technique® led to the apparent
cross-section data points shown in Fig. 12. A suggested
possible shape for the true cross section is given by the
dotted line. This hypothetical cross section is com-
mensurate with the observed cross section if the energy
spread is taken into account.

14 The dissociation on energy of CO is 11.11 eV and the electron
affinity of O is 1.46 eV.

16 Unfortunately, the absolute electron carrent used in this
work was too high to reduce the energy spread decisively. It has
been found [D. D. Briglia and D. Rapp, Bull. Am. Phys. Soc.
10, 181 (1965), Paper C3(d)] that the electron current must be
reduced to ~10~8 A to approach an energy spread corresponding
to the retarding potential difference. At the higher currents
(5% 10~7 A) used here, the energy spread is larger than the retard-
ing potential difference. The larger current was used because the
cross section for dissociative attachment is very small, and the ion
current would be too noisy at lower electron currents. With the
retarding potential difference set at 0.1 eV and the high absolute

current, it is found that the actual energy distribution is ~0.15
eV wide at half-height, and ~0.4 eV wide at one-tenth height.
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The factors that determine the accuracy of the
cross section are:

(1) The energy spread in the electron beam must
be small compared to the resonance-peak width or the
peak height will be underestimated.

(2) The energy zero must be determined by onset
of a positive ion or by electron-current-vs-energy
measurements. It is usually impossible to assess this
to better than 0.1 eV, despite superior claims by
some investigators.

(3) Complete collection of the negative ions must
be achieved with an ion drawout field small enough
so that no substantial energy spread is put into the
electron beam.

(4) The absolute ionization cross section in the gas
must be known for use as the ultimate absolute
standard.

(5) One must be sure that trapped electrons do
not contribute to the “negative ion current.” Such
trapped electrons could be produced in electronic
excitation processes near threshold.

(6) The effect of impurities must be small.

The effects of energy spread have been discussed
in preceding paragraphs. It is believed that only in
ST and CO is this a serious problem. The effects of
energy spread appear to be roughly the same in this
work as in measurements by various investigators.®!
The determination of the absolute zero of energy also
appears to be about as accurate in the previous work
as in the present work. We have emphasized complete
collection of the ion current at the cost of slight energy
spread, and believe this to be the main contribution
here. The absolute cross sections for positive ionization
were taken from the accompanying paper.* The effect
of impurities was reduced to a minimum by using a
completely bakable vacuum system so that the gases
could be studied at pressures 10* above the background.

A problem that is difficult to evaluate is possible
collection of trapped electrons at the ion-collector plate.
It was found that when the ion drawout field was
raised to very high values (>35 V/cm) the collected
negative current increased, presumably due to this
effect. One can never be absolutely assured that the
collected current is entirely due to negative ions,
except by mass analysis. However, it is impossible to
obtain absolute cross sections, or even relative cross
sections, in a mass spectrometer,® due to discrimination
effects. One point in question is the small, but nonzero,
negative current found between the main resonance
peak and the onset of ion-pair formation (see Figs.
6-10). Hagstrum and Tate,” using mass analysis, find
the cross sections for negative-ion formation in this
region to be essentially zero. It is difficult to assess
whether this may have been due to discrimination
effects and the ultimate sensitivity in their mass

16 R, K. Asundi, J. D. Craggs, and M. V. Kurepa, Proc. Phys.
Soc. (London) 82, 967 (1963).
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spectrometer. On the other hand, the nonzero cross
section found in total-collection devices may be due
to instrumental errors (cf. the discussion of O, in
Ref. 3).

The onsets for ion-pair formation need not be a
measure of the minimum energy to produce the ion
pair if the potential curve for the ion pair is repulsive
in the Franck-Condon region.

VI. CONCLUSIONS

Absolute total cross sections for negative-ion forma-
tion in several gases have been measured in a total

IONIZATION BY ELECTRON IMPACT. II

ionization tube. Particular emphasis has been placed
on total collection of the ions. Errors due to energy
spread and- scattered electrons are discussed. Good
agreement is found with previous work on those cross
sections that have been measured by other investigators.
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