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Dissociative ionization of H2, N2, and 02 by electron impact
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The data obtained by Rapp, Englander-Golden, and Briglia [J. Chem. Phys. 42, 4081 (1965)] on the
dissociative-ionization fractions and cross sections for electron impact on H2, N„and 02 molecules have
been reanalyzed. Trajectories of the atomic ions produced in the crossed electric and magnetic fields
within their target cell were computed as functions of ion energy and angular distribution, leading to a
determination of how their ion-collection e5ciencies depended on these parameters. Relative ion-energy
and angular distributions as functions of incident electron energy from a variety of experimental studies
were then incorporated into the calculations to yield total collection efficiencies, to be compared with the
value of 40% estimated during the original measurements. For 100-eV electrons, the comparisons indi-

cate that the reported dissociative-ionization fractions and cross sections should be increased by about
15% for N& and 02 targets, but by almost 70% for H2 targets, with all corrections increasing markedly
at lower electron energies.

PACS number{s): 34.80.Gs

I. INTRODUCTION

In describing their technique for studying dissociative
ionization of rnolecules by electron impact, Rapp,
Englander-Golden, and Briglia [1] state that "Although
the results are not expected to be extremely accurate,
they give the correct magnitude, and are presented in the
absence of results from a more precise method at this
time. " In spite of this qualifying remark, many workers
have granted these approximate results a similar high sta-
ture to that justifiably given to the total ionization cross-
section measurements reported by Rapp and Englander-
Golden [2). This is probably because no "more precise
method" has evolved over the intervening years.

The reason these data were regarded as approximate
was not associated with any inferior measurements of the
electron-beam or target-gas-density magnitudes. Indeed,
these parameters were determined quite carefully [2].
Rather, the problem resulted from an unknown collection
efficiency for the atomic ions under study, an efficiency
depending not only on the (ion-retarding) electric field
and (electron-beam-collimating) magnetic field present in
the interaction region, but also on the kinetic-energy and
angular distributions of the ions themselves. Under the
assumptions that the atomic-ion dissociation energy was
much larger than the retarding potential applied to the
ion collector, and that the ion angular distribution was
not highly anisotropic, Rapp, Englander-Golden, and
Briglia [1] deduced a total-ion-collection efficiency of
about 40% from geometrical considerations of their
target-ce11 configuration.

While more detailed ion-collection-efficiency calcula-
tions, including the effects of initial ion kinetic energy
and angular distribution, would have been rather time
consuming 30 years ago, they pose no real problem today.
We thus decided to reanalyze these otherwise accurate re-
sults for dissociative ionization by including fragment ion
energies between 0 and 15 eV and various angular distri-

butions. Section II describes our calculations and their
influence on the Rapp, Englander-Golden, and Briglia [1]
measurements.

While these results should be quite definitive, they are
of little value without some knowledge of the initial
kinetic-energy and angular distributions of the dissociat-
ing ionic fragments. In general, the available data on
these distributions are quite limited and sometimes con-
tradictory, making an exact correction to the Rapp,
Englander-Golden, and Briglia [1]data impossible. How-
ever, enough information is available for H2, N2, and Oz
molecules to piece together physically reasonable distri-
butions to estimate corrections to these data. The way
these distributions were obtained is described in Sec. III.

Section IV presents the results of our analyses, indicat-
ing the amounts we believe the dissociative-ionization
fractions measured by Rapp, Englander-Golden, and Bri-
glia [1] should be increased. Our results are compared
with those of Krishnakumar and Srivastava [3—5], prob-
ably the most complete and reliable set of direct experi-
mental data available at this time.

II. ION-COLLECTION-EFFICIENCY CALCULATIONS

The experimental configuration employed by Rapp,
Englander-Golden, and Briglia [1] for their dissociative-
ionization studies was a parallel-plate ionization chamber
traversed by a magnetically confined (500 G) electron
beam. The plate separation was 1.0 crn, their length
(along the electron beam) was 6.5 cm, and their width
(perpendicular to the electron beam) was 4.4 cm [6]. The
ion collector itself was a (centered and electrically isolat-
ed) portion of one plate, about 1.8 cm long and 4.4 cm
wide.

For their total ionization cross-section measurements,
Rapp and Englander-Golden [2] applied a positive poten-
tial to the plate opposite the ion collector to drive posi-
tive ions to the collector surface. The applied potential
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was sufficient to achieve a "saturation" of the collector
current, independent of the initial ion kinetic energy and
angular distribution of the dissociated-ion component of
this current. In other words, the ion-collection efficiency
for these measurements was unity.

In contrast, the ion collector was biased slightly posi-
tive (normally +0.25 V with respect to the electron-
beam-axis potential) for the dissociative-ionization stud-
ies. This "retarding" potential prohibited any parent
molecular ions (N2+, for example, assumed to be pro-
duced "at rest") from reaching the collector, but never-
theless allowed collection of a fraction of the atomic frag-
ment ions with kinetic energies above 0.25 eV. It is this
fraction and its dependence on the initial atomic-ion en-

ergy and dissociation angle that we wi11 attempt to deter-
mine here.

Before proceeding, we should note that for H2 (and Dz)
targets, Rapp, Englander-Golden, and Briglia [1] used a
ten-times larger ion-retarding field in their ionization
chamber (with the collector plate at +2.5 V and the op-
posite plate at —2. 5 V). This was done to prevent mea-
surement of low-energy H+ produced from transitions to
the inner repulsive wall of the Hz+( X+) ground-state
potential-energy curve above its dissociation limit. Thus,
only H+ with kinetic energies in excess of 2.5 eV could be
observed. This larger "kinetic-energy threshold" for ion
observation should reduce the net collection efficiency to
smaller values than for Nz or Oz targets.

The ion-collection calculations made here were
straightforward in principle. Trajectories for ions pro-
duced along the target-cell (electron-beam) axis and mov-

ing under the in6uence of the applied electric and mag-
netic Selds were determined analytically, with typical or-
bits being verified using SIMION software. At each ion en-

ergy, a trajectory defined by some combination of the po-
lar (8) and azimuthal (4') angles of an initial-ion-velocity
vector relative to the target-cell axis was computed. The
path length along this axis from which an originating ion
could reach the ion collector was then determined, and
compared with the total path length available to deter-
mine the ion-collection efficiency for this trajectory.

The relative contribution of this trajectory to the total
ion-collection efficiency was estimated by assuming that
all ion-angular distributions could be approximated by

I(8)=I(90')[1+Pcos 8]

(547o)[1+Pcos8]
[1+P/3]

where I(90') and I(54.7 ) are the atomic-ion intensities
normal to, and at the magic angle relative to, the electron
beam, and P is the "polarization" parameter. (While
more complex distributions are possible [7,8], most of the
experimental results we wil1 consider in Sec. III can be fit
approximately to this simple form. ) Thus by "weighting"
the trajectory calculated above by Eq. (1), appropriate
summations over all similarly-computed trajectories
(separated by 0.5' intervals in both 8 and 4) could be exe-
cuted, yielding total ion-collection efficiencies as func-
tions of polarization and initial ion energy.
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FIG. 1. Fragment ion-collection efBciencies versus ion energy
and ion polarization for dissociative ionization of H2 and 02 by
electron impact.

III. ION-ENERGY AND ANGULAR DISTRIBUTIONS

It would not be possible here to review all the available
data on the ion-energy and angular distributions resulting

We show in Fig. 1 the resulting ion-collection
efficiencies for H+ and 0+ from dissociative ionization of
Hz and Oz molecules for 0—15-eV ion energy and at the
polarizations noted. (Data for N+ from Nz are not
shown here, as they differ only slightly from the 0+ re-
sults at comparable ion energies. )

As can be seen, for 0+ from Oz, the ion-collection
efficiencies do indeed approach about 40% at the higher
ion energies, and their polarization dependence is not
very strong, as correctly estimated by Rapp, Englander-
Golden, and Briglia [1]. All efficiencies here remain fair-
ly constant for 0+ energies down to a few eV, below
which they drop off rapidly to zero at 0.25 eV as a result
of the ion-collector-bias potential discussed above. For
H+ from Hz, however, the efficiencies drop off much fas-
ter with decreasing H+ energy, their polarization depen-
dence is much stronger, and their cutoff energy is larger
(2.5 eV), all the result of the increased collector-bias po-
tential applied for this species.

Note also that the ion-collection efficiencies for nega-
tive polarizations are larger, as expected for distributions
peaking normal to the electron beam (and therefore to-
ward the collector surface). However, as we will see
below, most measured nonzero polarizations are positive,
particularly for Hz, further reducing the ion-collection
efficiencies for this species to well below the 40% value
assumed by Rapp, Englander-Golden, and Briglia [1].
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from the dissociative ionization of H2, N2, and 02 by
electron impact. However, this paper would be incom-
plete without at least a brief summary of the information
used to generate the model distributions employed for
our calculations. We present such a summary below,
considering first the results for Hz molecules.

We begin our summary with the studies of Dunn and
Kieffer [9]. These workers identified the dominant
feature of most ion-energy-distribution measurements at
high electron and ion energies, a rather broad peak struc-
ture reaching a maximum near 8-eV H+ energy. The
source of these H+ was thought to be direct ionization to
the X„+ repulsive state of H2+, and calculations were
made to show that this process would yield H+ with
about this energy.

The general form of this H+ energy distribution was
subsequently verified by Kieffer and Dunn [10] and by
Kollmann [11]. During these studies, however, it became
increasingly clear that this broad energy-distribution
peak was composed of H+ from more than one process.
This point was dramatically illustrated later by Van
Brunt [12], who showed the structure to be composed of
two processes, one dominant at 8=90' and having its
maximum at an H+ energy near 5.2 eV, and the other
dominating at small 8 with its maximum between 7- and
8-eV H+ energy. At intermediate angles, a "double-
peaked" structure was observed, similar to the earlier
findings for Dz targets by Stockdale et al. [13].

Van Brunt and Kieffer [14] demonstrated that the rela-
tive magnitude of these two processes was electron-
energy dependent, the process peaking near 5.2 eV
becoming relatively smaller for electron energies below
100 eV. Data in that paper (see Fig. 3) also show the
growth of a "high-energy tail" on the measured H+ ener-

gy distributions with increasing electron energy, possibly
from the dissociative ionization to higher excited states of
H2+ (including H++H+ ), as had been suggested earlier
[10].

Having identified three H+ production processes so
far, we temporarily interrupt our discussion to show how
this information is incorporated into our ion-energy-
distribution model. We show in Fig. 2 five normalized
H+-energy-distribution curves. Those peaks labeled 3, 4,
and 5 represent our models for the processes described
above. The peak 4 distribution, for example, with its
maximum at 7.6-eU H+ energy, is taken to be that for
ionization to the H2+( X„+) repulsive state. Its shape is
from the theoretical calculations made by Kieffer and
Dunn [10] (the dashed-line curve in their Fig. 1). The
peak 5 distribution is roughly what might be expected
from a similar calculation to the H++H+ state (and to
highly excited H2+ Rydberg states just below it). We
have no theoretical basis for the shape of peak 3, but it
must be similar to that shown in order to simulate such
experimental results as reported, for example, by Van
Brunt [12]and Van Brunt and Kieff'er [14].

Figure 2 also shows two other low-H+-energy distribu-
tions to be discussed. Peak 1 is taken to represent H+
from that portion of the ground-state Hz ( Xg )

potential-energy curve lying above its dissociation limit
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FIG. 2. H energy distributions for the five H production
processes included in the computations& model.

(at an internuclear separation close to 0.6 A). The shape
of this curve was basically taken from calculations by
Dunn and Kieffer [9] (see their Fig. 1), although it was
broadened slightly to show how it might appear if mea-
sured with an 0.1 eV-resolution detector. (We did this to
facilitate comparison with the measured data of I.ocht
et al. [15] and Locht and Schopman [16] for similar
"zero-energy" peaks in the N+ and 0+ energy distribu-
tions to be discussed later. )

The shapes of peaks 1, 3, 4, and 5 can thus all be traced
to some theoretical or experimental finding. However,
this is not true for peak 2. This peak is included here to
represent the sum over some unknown number of "au-
toionizing" processes with thresholds from 22- to 28-eV
electron energy, and giving H+ with energies in the range
of a few eV.

Unfortunately, the available data on these processes,
too numerous to summarize here, are badly scattered,
reflecting the difficulty of such studies. Kollmann [17]
for example, claimed to see three such processes, while
Landau, Hall, and Pichou [18] found five. Both measure-
ments faced large energetic-ion-discrimination problems,
but at least attempted to correct [18] (or indicate how to
correct [17]) their results for such effects (which many
workers appear to have just ignored). Fortunately, at low
electron energies ( 30 eV), where few energetic H+ are
formed, both these studies found energy-distribution
peaks with maxima near 2.7-eV H+ energy (the basis for
our peak 2 in Fig. 2).

As the electron energy was increased from 29 to 35 to
40 eV, this simulated peak 2 maximum remained an im-
portant feature in the energy distributions measured by
Landau, Hall, and Pichou [18] [shown in their Fig. 4(b)],
as seems reasonable to expect. In contrast, ii is not
present in the 40-eV H+ energy distribution reported by
Kollmann [17] after applying the recommended correc-
tion (shown in his Fig. 10), although it is present in the
"raw data" (in his Fig. 3). We cannot explain this
discrepancy. We should note, however, that these
(8=55') data of Landau, Hall, and Pichou [18] also seem
to merge better with the (90) results of Burrows et al.
[19] at the lower electron energies, and with reasonable
extrapolations of the higher-electron-energy data of Van
Brunt and Kieffer [14] discussed above. For these
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reasons, we have relied heavily on these results of Lan-
dau, Hall, and Pichou [18] at the lower electron energies
in our modeling of the needed H+ energy distributions.

This modeling consisted initially of adjusting the rela-
tive intensity of each of the individual H -energy-
distribution peaks in Fig. 2 so that their sum reasonably
duplicated a measured result at some electron energy and
angle. This could not be done uniquely, of course, for Eq.
(1) shows that the intensity of each process I(8) depends
on both its "average intensity" I (54.7'), and its polariza-
tion P. It was thus necessary to independent1y establish
reasonable values for one of these parameters. We decid-
ed to so establish the polarization values, for considerable
data are available to satisfy this requirement.

Again, the pioneering work of Dunn and Kieffer [9]
provides for much of the data needed. These workers
measured polarizations of the H+ observed at H+ ener-
gies of 11.8, 8.6, and 3.7 eV for 10 electron energies. As
it turns out, most of the H+ observed with 11.8-eV ener-

gy must come, in our model, from peak 5 (see Fig. 2).
Also, we found that the intensity of peak 4 is always
larger than peak 5, so that most of the H+ measured near
8.6 eV must come from peak 4. Similarly, except at low
electron energies, the peak 2 contributions to the 3.7-eV
H+ signal are quite small, so these data basically show
the polarization of peak 3. Finally, both theory [20] and
experiment [21] suggest that the polarization of H+ from
the peak 1 process should be zero.

The polarization data used in our calculations are
shown in Fig. 3. As can be seen, the P3, P4, and P5
values are remarkably similar to the data of Dunn and
Kieffer [9] (in their Fig. 4) cited above. The results plot-
ted for P2 are again estimated from the measurements of
Kollmann [17]and Landau, Hall, and Pichou [18]both of
which give polarization data at electron energies below
30 eV (the latter actually reporting results on individual
autoionizing processes, which show only minimal varia-
tion). These data seem to indicate that the net polariza-
tion of our peak 2 processes should be about 1.5 at these
low electron energies, and should slowly decrease with in-
creasing electron energies above this region. (For elec-
tron energies above 50 eV, the P2 values used in our mod-
el are rather irrelevant, as the fraction of the H+ from all
peak 2 processes rapidly decreases at the higher electron
energies. )
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We should note that the measured polarizations for
dissociative ionization of H2 by electron impact generally
exhibit an asymmetric departure from the simple form of
Eq. (1), with I (8) being larger for 8 (90 than for 8) 90 .
This is usually attributed to momentum transfer from the
electrons during the collisions, which also causes the H+
energy distributions measured at 0)90 to be shifted to
slightly smaller H+ energies [14]. We have ignored this
forward-backward asymmetry by simply trying to "aver-
age" all polarization and energy-distribution data taken
at + angles about 90'. This approximation should be
quite good except perhaps at the lowest electron energies,
where the polarization asymmetries can be quite large
[17,18].

The only other approximation made was to modify the
shapes of the model H+-energy-distribution curves in
Fig. 2 at low electron energies. The high-H+-energy
sides of these distributions could be reduced gradually to
zero (and, indeed, eventually the entire distribution) to in-
sure that no H+ would be counted at H+ energies below
their production threshold.

As a particularly nice example of how our model could
reproduce experimentally-measured H+ energy distribu-
tions, we present in Fig. 4 a comparison of our calculated
results with the data of Van Brunt [12] for 75-eV elec-
trons. Using the polarization data of Fig. 3 in Eq (1), w. e
adjusted the relative peak intensities in our model,
I(54.7'), to fit the (normalized) experimental results for
8=23' shown in Fig. 4(a). Note that the ftt is quite good,
and that our calculated total distribution is slightly dis-
placed from the data to lower H+ energies, as expected
from the influence of the forward-backward asymmetry
effect noted above [14].

We then changed only our model " observation angle"
to 90', and generated the total H+ energy distribution
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FIG. 3. H+ polarizations for the five H+ production process-
es included in the computational model.

FIG. 4. Normalized H+ energy distributions for dissociative
ionization of H2 by 75-eV electrons. The data points are from
Van Brunt {Ref.[12]).



3168 B. Van ZYL AND T. M. STEPHEN

shown in Fig. 4(b). Obviously, the shape of the distribu-
tion is quite different, the contributions from peaks 4 and
5 being smaller because of their high positive polariza-
tions. Nevertheless, a reasonable fit to the data of Van
Brunt [12] is maintained, seemingly indicating that our
interpretation of these results is basically correct.

Before ending this discussion of H2 targets, we should
note that, except for the original work of Kollmann [11],
little information is available on the relative height of
peak 1 to be used in such model H+ energy distributions
as shown in Fig. 4. However, because the source of these
H+ is the H2+( X+ ) potential-energy curve, the magni-
tude of this H+ component should scale with the amount
of H2+ produced in the collisions. A variety of pro-
cedures were used to estimate the appropriate "scale fac-
tor" for the production ratio of H+ to H2+, i.e.,
N(H+)/jV(H2+), including Franck-Condon-factor cal-
culations [22—24] experimental [23,25] and theoretical
[26,27] near-threshold photoionization studies, and the
electron-impact measurements of Crowe and McConkey
[21]at electron energies below 24 eV.

The end result of this analysis led us to believe that the
ratio tV(H+ }/X(H2+ ) from this process should be about
0.0085 at 21-eV electron energy, increasing to 0.0135 at
24 eV (from the Crowe and McConkey [21] data}, and
given at the higher electron energies approximately by

~(H+ ) 0.020 57[E,—19.0]
N(H, +) g qo, [E,—E,(u)]

(2)

where E, is the electron energy, E,(u) is the ionization
potential for producing H2+ in vibrational level U, and
qo„are Franck-Condon factors [24] for the
Hz(u =0)~Hz+(u) transition (but renormalized here to
sum to 1.00000—0.02057=0.97943). This expression
gives the desired value of 0.021 in the high-electron-
energy limit, and provides a suitable peak 1 normaliza-
tion at all intermediate electron energies.

We now turn our attention to the available ion-energy-
and angular-distribution data for dissociative ionization
of N2 and Oz. For electron energies above about 50 eV,
such studies as made by Van Brunt and Kieffer [28] for
Nz and Van Brunt et al. [29] for Oz show that the polar-
izations approach zero [30], which we initially thought
would simplify our data-6tting procedures signi6cantly.
However, it soon became apparent that many more than
five processes contributed to the measured N+ and 0+
signals, easily overcoming any reduction in modeling
effort resulting from the nonpolarized ion emission pat-
terns. In fact, we found it necessary to incorporate a
minimum of ten processes into our computational models
for these molecules, even though we have little insight as
to what physical mechanisms they represent.

At least for these molecules, we do have what appears
to be reasonable high-resolution data for very-low-
energy, atomic-ion production. For N2 targets, the paper
by Locht et ttl. [15]presents N+-energy-distribution data
for electron energies of 26, 28, 40, and 80 eV, all showing
a pronounced (but very narrow) peak with its maximum
at (or very close to) 0-eV N energy. (This peak had
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estimated correction of these results. The data points are from
Van Brunt et at. (Ref. [29]), adjusted here for 0+ energies
below about 3 eV (see text).

been seen earlier by Kollmann [11],although with much
reduced resolution. ) For 02 molecules, a similar situation
occurs, as shown by the work of Locht and Schopman
[16] at 60- and 35-eV electron energy, and at 25 eV by
Schopman and Locht [31].

While the above data of Locht and colleagues
[15,16,31] form the basis for our models of the ion-energy
distributions at low ion energies, Locht et at. [15] note
that the "closed structure of the ion source" is "responsi-
ble for a discrimination against highly energetic ions. "
To quantify this observation, they compare (in their Fig.
1) a measured N+ energy distribution at 80-eV electron
energy with that found at 75 eV by Kollmann [11],show-
ing that their ion-collection eKciency did indeed decrease
much faster above a few eV N+ energy than did
Kollmann's [ll] (a problem actually underestimated by
the difFerences in electron energy used).

A similar comparison can be made between the data of
Locht and Schopman [16] and those of Van Brunt et al.
[29] for 0 from dissociative ionization of Oz by 60-eV
electrons, and is shown here in Fig. 5. The solid-line
curve is the Locht and Schopman [16] result, and the
dashed-line curve shows our estimate of how much this
result must be increased (for ion energies above a few eV)
to bring it into agreement with the data points of Van
Brunt et al. [29]. The difference between these two
curves can be explained by assuming the apparatus used
by Locht and his colleagues [15,16,31] exhibited a (rela-
tive) ion-collection efliciency shown by the solid line in
Fig. 6. (In other words, the dashed line in Fig. 5 was ob-
tained by dividing the solid line in Fig. 5 by this
efficiency. )

Unfortunately, this comparison of these 0 data is not
as straightforward as the above discussion would suggest,
because some of the data points of Van Brunt et al. [29]
plotted in Fig. 5 have also been adjusted. Their ap-
paratus, in contrast to that used by Locht and colleagues
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FIG. 6. Estimated ion-collection efficiencies used to correct
experimental data for dissociative ionization of N& and 02 by
electron impact (see text).

[15,16,31], discriminated against low-energy ions (the
reason why such H+ energy distributions as shown in
Fig. 4, for example, were not extended to ion energies
below about 3 eV}. Nevertheless, after careful compar-
isons of data similar to those shown in Fig. 5 at several
electron energies for both N2 and Oz targets, we estimat-
ed that the ion-collection efBciency of this apparatus
must be something like the dashed-line curves shown in
Fig. 6. The upper long-dashed curve was thus used to
raise the data of Van Brunt et al. [29] shown in Fig. 5
below about 3-eV 0+ energy, for these results were ob-
tained using an "ion focusing" condition to "reduce ion
discrimination at low kinetic energies. " (Where this con-
dition was not used, we recommend the correction indi-
cated by the lower short-dashed curve. )

We should also note that the data of Van Brunt et al.
[29] in Fig. 5 have been shifted to lower 0+ energies by
0.15 eV. Such shifts, generally between 0.05- and 0.15-eV
ion energy, usually resulted in substantially better agree-
ment with the data of Locht and colleagues [15,16,31]
(and are within the +0.2-eV energy-scale uncertainty cit-
ed by Van Brunt and co-workers [28,29]). Furthermore,
the influence of the energy-dependent resolution of Van
Brunt's ion detector (wherein b,E; =0.1E; ) is apparent in
Fig. 5, where the resolution of the higher-energy O+
structures is obviously diminished relative to that near
the 0.8-eV 0+ peak.

Before leaving this discussion of Fig. 5, we point out
that this net 0+ energy distribution shows distinct 0+
production processes reaching maxima at about 0, 0.85,
2.05, 3.00, and 4.85-eV 0+ energy. These are the peaks
numbered 1, 3, 5, 7, and 8 in our computational model
for Oz. Smaller and less apparent here (at this intermedi-
ate electron energy) are peaks 2, 4, and 6, which reach
maxima near 0.45, 1.75, and 2.70-eV 0+ energy, and tend
to be most important for duplicating similar measured
O+ spectra at low electron energies [29,31]. The two oth-
er peaks used, 9 and 10, which appear to have relatively
high-electron-energy thresholds, reach maxima at about
6.55- and 8.70-eV 0+ energy, and are responsible for in-
creasing the high-energy tail of the 0 energy distribu-

tions at still large electron energies [29].
The situation is rather similar for Nz targets. In addi-

tion to a large peak (1}at zero N+ energy, nine others
maximizing at 0.40, 0.65, 0.75, 1.20, 1.65, 2.35, 3.75, 5.60,
and 8.90-eV N+ energy were needed to reasonably dupli-
cate the energy-distribution data of Locht et al. [15] and
Van Brunt and Kieffer [28] (again after correcting these
data for the ion-collection eEciencies shown in Fig. 6).
Here peaks 3 and 6 were only important at low electron
energies (similar to peaks 2, 4, and 6 for 02), while peaks
9 and 10 were again included to fit the high-energy tails
on the measured distributions at large electron energies
[28,32].

Generally, the detailed shapes of the various peaks
used in our model calculations for Nz and Oz targets are
reasonably similar to those shown in Fig. 2 for H2, and
are not presented here. They are, however, available
from the authors upon request.

While, as noted above, the polarizations of product N+
and 0+ ions are near zero at electron energies above 50
eV [30], positive polarizations were measured [28,29] at
lower electron energies and at selected ion energies above
0.95 eV. Curiously, we could approximately model these
data by assuming that only peaks 3 and 6 yield polarized
N+ from N2, and only peaks 2, 4, and 6 give polarized
0 from 02 (i.e., those peaks prominent in duplicating
the measured ion-energy distributions at low electron en-
ergies). The values of the polarizations needed to fit the
N2 data (for peaks 3 and 6) started up near 50-eV electron
energy, increasing to about 2.4 at 28 eV, with an
electron-energy dependence rather like the P3 curve in
Fig. 3. For 0+ from 02, the P2, P4, and P6 polarizations
were similar, but occurred at electron energies only 0.77
as large as for N+ from N2 (which value is in the approxi-
mate ratio of the dissociative-ionization thresholds for
these species). Again, more detailed data are available
upon request.

It appears that many of the low-energy N+ and 0+
ions produced by electron impact on N2 and 02 result
from predissociation of N2+(C X„+ ) and 02+(B Xs)
molecular ions [15,16,28,29,31]. These reaction mecha-
nisms and others leading to atomic-ion production are
discussed in these references, and we recommend them
for review.

In general, however, we have not tried seriously to as-
sign physical mechanisms to the ten peaks used to model
the measured ion-energy distributions for N~ and 02 tar-
gets. In fact, even the number of processes represented
by these models is open to question. Some small peaks,
for example, can be replaced with the addition of high-
energy tails on lower-ion-energy peaks, with little
influence on the overall ion-collection computations. For
electron energies well above threshold, smaller and
sharper peaks superimposed on broad underlying distri-
butions can also be used to reasonably fit the measured
data. Thus, the ten-peak models actually used for our
calculations are certainly not unique, but nevertheless do
a reasonable job of simulating the gross features of the
available experimental data over an extended electron-
energy range, the goal of this modeling efFort.
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IV. RESULTS AND DISCUSSIQN

Using the fragment-ion-energy and angun ular distribu-
tions esta is e ablished above, and the ion-collection e ciencies
as functions of these parameters from Sec. II, we can now

f ' f the atomic ions produced t at
1 would collectRa Englander-Golden, and Briglia [1] would co ect

d their measurements. For examp e,
Rapp, ng an

uring
he ion-trons on 2, t e re aH, h 1 tive fractional areas under the

i . 4 at 0=54.7' are 0.176, 0.104,energy distributions in Fig. a
0.305, 0.345, and 0.061 for peaks 1—5, respectively. t

n le" where all polarization e6'ects are aver-this "magic ang e w
nal to the rela-aged out, these areas should be proportiona o

f dissociative ionization via t. ese
processes. ) The corresponding polarizations are 0,
--0.23, 1.80, and 2.49 from Fig. 3. Using these distribu-
tions, we calculate that none of the very-low-energy +

der peak 2, and 0.276, 0.292, and 0.314 of those H+ un-
ks 3 4 and 5, respectively. (One can estimate

h 1 s from the ion-collection efFiciency cuthese va ues rom
e +H2 collisions shown in Fig. 1(a) at H energie
th distribution maxima in Fig. 2.)e

ote that all these collection fractions are w
~ e

well below
the 0.400 assumed by Rapp, Englander-Golden, and Bri-

[1]. In fact, their (weighted) average is only 0.215,
1

'
that the dissociative-ionization, rac i

d - ' '
1 ho ldsu red y app, nd b R Englander-Golden, and Bnglia [

~ 4 0 ~

or ofbe increase y a md b ultiplicative correction factor
0.400/0. 215= 1.86.

Simiar cacua ''1 1 1 tions were made at other electron ener-
ieldin correction factors between about . angies, yie ing c

eV but increas-1.7 for electron energies from 100—1000 e
2.5 at 50-eV electron energy and to above 4.0ing to . a

below 40 eV. We show these results in Fig. 7. T.,e

led 3 is the dissociative-ionization ractio paction re orted
b Rapp Englander-Golden, and rig ia
Fig. 4(a)], and curve 8 shows our correct'rrection of these

N t that below 32-eV electron energy, the correction

- ner eak 1 distribution not collected by Rapp,
Englander-Golden, and Brig ia . u

~ ~ ~ ~ % ~ '
n for these H (i.e., fromdissociative-ionization fraction

the X+ state of H2+ ) is shown by curve C in Fig. 7.
We have also inc u e e1 d d the recent results of Krishna u-

mar and Srivastava [3] in Fig. 7 for comparison. As can
e t for a limited electron-energy rangebe seen, except or a i

below ourd 250 eV, these results fall somewhat be owaroun e, e
h sical mech-d' t ns. Furthermore, we know of no p ypre ic ions.

n einslo eex-anism that could explain the abrupt change p
hibited b these results at 200-eV electron energy.i ite y e

The absolute cross sections for eac o pof the five process-
' ld' H+ during e +H2 collisions aand the totales yie ing

H+ roduction cross section are shown in ig.
1 the roduct of curve 8 inlatter cross section is simp y p

Fig. 7 and the total ionization cross section 2
~ ~ ~ ' nforH rom

Ra p and Englander-Golden [2]. The individual partial
cross sections come rom suc
fractions as is e a1 t d bove for 75-eV electron energy times
this total cross section for H+ formation.

Th son we have presented these results in this waye reas
e tion onis to po~nt ou ei et 'ther a problem or a misconcep

'

rtial crossour part. The H+ energy dependence of the partia c
or eak 1 is fixed by Eq. (2) and the total H2+

roduction cross section, which falls off'a ig
1 'th the E ' lnE, energy depen-energies more or ess wi

dence expecte or sucd f h an optically-allowed ionization
~ ~

rocess. In contrast, a e11 the other partial cross sections
f 11 ff as F. ' at the higher electron en-shown in Fig. 8 a o as

for o tically-ergies, a edependence usually found for optica y-

0.12 I I I i g $ 1 I I I I I I I

t I I ~ I I I

z
O 0.10I-

K
0.08—z0

I-

0.06-z0
I

UJ

0.04—

U0
g) 0.02—
Cl

10 100
ELECTRON ENERGY teV)

1000

FIG. 7. Dissociative-ionization fraction
~ ~ ~ ~ ~

tions for electron impact
on 2. UI veH C rve A shows the results of Rapp, Englander-Golden,

e rishnaku-and Briglia (Ref. L
rj an e~1~) d the data points are from Krishna

alculatedmar and Srivastava e .(R f. [3]). Curve B shows our calcula e
f A and curve C is our estimate o t e +correction or curve, an

fraction from the Xg state o+ fH+.

z0
I-
LLI

V)
CO

O
IX
C3

z
Q
I-
M
z
D

I

O
O
M
Ch

C3

10"17

e +

10."'-

10 "9
10 100

ELECTRON ENERGY (eV)

1000

~ ~
- '

ross sections for electronFIG. 8. Dissociative-ionization eros
impact on H2 for eac o eh f the five modeled processes and the to-
tal H production cross section.



50 DISSOCIATIVE IONIZATION OF H2, N2, AND Op BY. . . 3171

disallowed processes. Yet the peak 4 process, direct exci-
tation to the repulsive X„+ of H2+, should be allowed, as
should at least the H++H+ contribution to peak 5, a
seeming contradiction of our expectations.

It could perhaps be argued that the dissociative-
ionization-fraction measured by Rapp, Englander-
Golden, and Briglia [1] may be decreasing too fast at the
larger electron energies. However, to obtain even the
E, ' energy dependences of the partial cross sections in

Fig. 8 for peaks 2—5, it was necessary to raise the high-
electron-energy dependence of curve B in Fig. 7 to the
long-dashed curve, which would then require a similar in-
crease to curve A. There may be some justification for
this adjustment, as the dissociative-ionization fraction
measured for Dz at the higher electron energies [33] ap-
pears to decrease approximately as this dashed-line
curve, and these two reactions should behave similarly
[1]. Clearly, however, to increase the high-electron-
energy portions of curves A and B enough to cause the
peak 4 cross section in Fig. 8 to decrease like E, lnE,
would require a much larger increase in the measured
Rapp, Englander-Golden, and Briglia [1]data than seems
plausible (to say nothing about the increased discrepancy
with the measurements of Krishnakumar and Srivastava
[3] that would result).

Another possible resolution of this difBculty might be
that our peak 4 distribution is not actually the result of
H+ production from the dissociative X„+ state of H2+.
Indeed, if these H+ were the result of excitation of an
optically-forbidden, doubly-excited state of H2 followed

by an autoionization (which process could be a contribu-
tor to peaks 2 and 3},such an E, ' electron-energy depen-
dence might be reasonable. This would seem, however,
to be in conflict with the current thinking about the
source of these energetic H+ from this reaction (as
reflected in most of the H2 references cited here).

Finally, one could ask if our calculations simply un-
def estimate the required corrections to the Rapp,
Englander-Golden, and Briglia [1]data at the higher elec-
tron energies. We could increase curve B in Fig. 7 rela-
tive to curve A by postulating the emergence of an addi-
tional source of low-energy H+ at such higher electron
energies. In addition to being unlikely, however, this
would not increase the absolute contribution of peak 4 to
the total H+ production cross section, and thus not
resolve the diSculty. Clearly additional study of this is-
sue seems warranted.

The dissociative-ionization fractions for N2 and 02 tar-
gets are shown in Fig. 9, where curves A are again from
the original data of Rapp, Englander-Golden, and Briglia
[1] and curves 8 show our corrections of these results.
The data points of Krishnakumar and Srivastava [4,5]
shown here include small contributions from N + and
0 + to the N+ and 0+ cross sections, these doubly-
charged ions being weighted twice to be consistent with
the energetic-atomic-ion currents measured by Rapp,
Englander-Golden, and Briglia [1]. (The cross sections
for N2

+ and Oz
+ production from Mark [34] were used

to separate the N++Nz + and 0++0& + cross sections
actually given by Krishnakumar and Srivastava [4,5].
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FIG. 9. Dissociative-ionization fractions for electron impact
on N, and 02. Curves A are the results of Rapp, Englander-
Golden, and Briglia (Ref. [1]) and the data points are from
Krishnakumar aud Srivastavs (Refs. [4] and [5]). Curves B
show our calculated corrections of curves A.

For the most part, the data of Krishnakumar and
Srivastava [4,5] again tend to lie below our curve 8 re-
sults, although the agreement is reasonably good at the
lower electron energies. These data also show more
structure than exhibited by curves B, and the apparent
turn up of these fractions at electron energies close to
1000 eV seems physically improbable.

We will not here show plots of the individual partial
cross sections for model peaks 1—10 for N+ and 0+ for-
mation as done for H+ formation in Fig. 8 (although they
are available upon request}. However, to the extent that
these partial cross sections have physical significance, the
processes becoming important only at lower electron en-
ergies (peaks 3 and 6 for N+ formation and 2, 4, and 6 for
0+ formation, the same peaks to which we assigned
nonzero polarizations in Sec. III) exhibited similar
electron-energy dependences to partial cross section 2 for
H+ formation in Fig. 8, reaching their maxima at low
electron energies and decreasing rapidly thereafter. All
other partial cross sections, however, exhibited rather
broad maxima, and decreased less rapidly at the higher
electron energies, certainly not inconsistent with an even-
tual E, 'lnE, behavior. Thus the problem with the H2
data discussed above does not appear to be present (or is
at least not as serious) for Nz and O~ targets.

Our calculated curve B in Fig. 9 for Oz averages to be
about 17% above curve A for electron energies larger
than 75 eV. More than half of these 0+ not collected by
Rapp, Englander-Golden, and Briglia [1] are from the
"zero-energy" 0+ peak (see Fig. 5). While the similar
N+ contribution is somewhat smaller, it is apparent that
the data of Locht and his colleagues [15,16,31] upon
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which our models of these zero-energy peaks are based,
are crucial to the outcome of this study.

Locht and colleagues [15,16,31] do not describe uncer-
tainties in their measurements except for the ion-energy-
scale determinations made to deduce the sources of the
atomic ions observed. However, Locht [35] has indicated
that if the measured heights of these zero-ion-energy
peaks are incorrect, they are "much more likely to be too
small than too large*' relative to the rest of the ion-energy
distributions, as would occur if the apparatus had some
unrecognized discrimination against very-low-energy ions
[36].

If we arbitrarily double the relative magnitudes of
peaks 1 in our model calculations for Oz and N2 mole-
cules, curves B in Fig. 9 would increase by about 9% and
5%, respectively (again, for electron energies above 75
eV, below which larger increases would result). Similar
increases (or decreases) in the relative magnitudes of the
other peaks have much smaller effects, for the ion-
collection fractions for more energetic 0+ [see Fig. 1(b)]
or N+ are much closer to the 40% value assumed by
Rapp, Englander-Golden, and Briglia [1]. A similar ar-
gument explains why our calculations are rather insensi-
tive to changes in the shapes or widths of these ion-
energy-distribution peaks, their polarizations, or on their
exact locations on the ion-energy scales used. Thus most
of the uncertainties in these calculations stem from the
lack of a more complete set of energy- and angular-
distribution data at the lower ion energies. Nevertheless,
we believe the corrections to the data of Rap p,
Englander-Golden, and Briglia [1] suggested by curves B
in Fig. 9 are reasonably accurate, but quite possibly con-
servative.

In contrast, the strong dependences on ion energy and
polarization found for the ion-collection-e5ciency data in
Fig. 1(a) for H+ from H2 indicate that these results are
far more sensitive to the model parameters used. In par-
ticular, at the lower electron energies where the (peak 2)
experimental results [17,18] are in such conflict and the
H+ polarizations so large, the corrections made to the

data of Rapp, Englander-Golden, and Briglia [1]must be
considered quite approximate, although it is clear they
must be large. At higher electron energies, however,
where these autoionization processes simulated by peak 2
are less significant, the dominant uncertainty stems from
the H+ fraction assumed for curve C (peak 1) in Fig. 7 as
obtained from Eq. (2). If the 0.021 value of
X(H+ ) /N (H2+ ) found there (in the high-electron-
energy limit) is assigned a reasonable uncertainty of
+0.008, the corresponding uncertainty introduced in
curve 8 in Fig. 7 is here about +10%.

In summary, we believe the dissociative-ionization
fractions (and therefore, the dissociative-ionization cross
sections) reported by Rapp, Englander-Golden, and Bri-
glia [1] for electron impact on Hz, Nz, and Oz molecules
should be revised upward to account for the low-energy
atomic ions not collected during the measurements. Par-
ticularly large corrections must be made for e +Hz col-
lisions, because of the experimental conditions under
which these measurements were made. Our corrections
to these Rapp, Englander-Golden„and Briglia [1] data
generally yield larger dissociative-ionization fractions
than those obtained from the data of Krishnakumar and
Srivastava [3—5]. Additional studies of these important
reactions are clearly needed to supplement the available
data and to examine the electron-energy dependence of
these ionization processes at the higher electron energies.
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