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Dissociative ionization of H2, D2, and HD using electron-impact excitation
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Kinetic-energy distributions of ion fragments from electron-impact bombardment of H„D„and HD have
been measured at electron energieg between 30 and 100 eV. In the case of H2 these distributions at 90' are
interpreted as resulting from excitation of two autoionizing states of H, ('Xg+ and 'II„) and one repulsive
state of H2+('H„). The shapes of the kinetic-energy distributions for H+ from H, and D+ from D, are
substantially different, and a strong preference for H+ over D+ fragments from HD was observed.

I. INTRODUCTION

Dissociative ionization of molecular hydrogen by
electron impact has been studied extensively for
more than 50 years. ' " The data reported include
measurements of thresholds, cross sections,
angular distributions, and kinetic-energy distri-
butions of the resulting protons. Although some
early studies' were in disagreement, Dunn and
Kieffer, 4 in their 1963 experiment, concluded that
the measured proton kinetic-energy distributions
above about 1.5 eV were in good agreement with
distributions calculated using the Franck-Condon
principle and "reflection approximation" assum-
ing excitation of the (2Po'„) '&„' repulsive state of
H2.

Subsequent measurements by Kieffer and Dunn'
and by Van Brunt and Kieffer' produced evidence
that whereas the '~„' state was a major factor in
dissociative ionization, other processes were
present. One piece of evidence was the existence
of protons with an isotropic angular distribution
at an electron bombarding energy near threshold
(29 eV) for excitation of the 'Z„'state. Selection
rules first stated by Dunn" predict that protons
resulting from the 'Z„' state excited near threshold
should have a cos'6) distribution with respect to
the electron beam axis. It was suggested' that
autoionizing states of H, with excitation thresholds
near that of the '~'„H', state could contribute to
the proton distribution.

In 1973 Crowe and McConkey' reported the ob-
servation of several resolved peaks in the proton-
energy distribution between 1 and 8 eV which fur-
ther pointed to the existence of processes other
than Z„' excitation in dissociative ionization of H, .
These well-resolved peaks have not been observed
by other experimenters; however, some structure
has been seen in several other experiments. "'"
Additional evidence for the complex nature of this
process is provided by the structure in the D' dis-
tribution from electron dissociation of D, reported
by Stockdale et al. ,"the dissociative photoioniza-

tion of H, below threshold for the 2Z'„state by
Strathdee and Browning, "and the recent work of
Kollmann" on H' from H, using electron bombard-
ing energies below 29 eV. Another related work
is that of Wood et al. ,

"'"who investigated the
dissociative ionization of H, using fast (Q.5-4
MeV) He' and other heavy projectiles. Their
analysis of the resulting proton kinetic-energy
distribution required postulating the participation
of H, autoionizing states.

In addition to experiments involving dissociative
ionization, work has'been done on long-lived Ryd-
berg-atom fragments from electron-induced dis-
sociation of H„D„and HD."'" Since the repul-
sive potential-energy curves which govern dis-
sociation yielding Rydberg-atom fragments are
only slightly below the corresponding curves
yielding ion fragments, one might expect similar
kinetic-energy distributions in these two cases.
This is the prediction of the core-ion model. "
The investigation of D, and HD in addition to H,
in both ion and high-Rydberg experiments is par-
ticularly important since isotope effects may pos-
sibly provide evidence which can distinguish di-
rect-dissociation processes from those involving
autoionizing states. As recently emphasized by
Van Brunt, "care must be used in interpreting
both proton and Rydberg-atom kinetic-energy dis-
tributions taken at different observing angles
since Dunn's" selection rules predict that the con-
tribution of a given excited state of H', (or auto-
ionizing state of H, ) can vary substantially with
angle. As mentioned above, an important example
of these selection rules is that the contribution to
the proton distribution of the repulsive '~'„state
of H', should vanish at 90 for electron energies
near threshold.

Some theoretical work" "has been done on
doubly excited autoionizing states of H„and at-
tempts" "have been made to assign particular
peaks in the proton spectrum of Crowe and McCon-
key' to specific autoionizing states. Hazi" has
proposed a mechanism whereby these doubly ex-
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cited states of H, autoionize into the dissociative
continuum of the ground '~,' state of H', .

In spite of the volume of accumulated data on
this problem, the "exact nature of the dissociation
mechanism involved is still not completely under-
stood. "" We report in this paper kinetic-energy
distributions resulting from electron-induced
dissociative ionization of H„D„and HD at an
angle of 90 using electrons in the range 30-100
eV. A time-of-flight spectrometer with mass an-
alysis allowed us to separate H' and D' fragments
in the dissociation of HD. The H, data were com-
pared with theoretical kinetic -energy distributions
assuming only contributions from those states
allowed at 90' by Dunn's selection rules.

II ~ EXPERIMENTAL METHOD

The kinetic-energy distributions reported here
were obtained with a time-of-flight (TOF) method
utilizing a pulsed-electron beam to excite ground-
state molecules to dissociating states which pro-
duce ionic fragments. The ions then drift a known
distance in a field-free region to an- ion detector
w'here their arrival stops a clock that was started
by the pulsed-electron beam. The time-of-flight
is stored in a multichannel analyzer and the pro-
cess repeated at the rate of several kilohertz to
accumulate a spectrum of the flight times. The
spectrometer used in this work is similar to that
described in Ref. 27, except for the addition of a
new electron-bombardment ion source and the in-
clusion of a new mass filter-ion detector combina-
tion. The latter combination has been described
elsewhere" in detail; however, it will'be useful
to outline its operation here.

The ion detector consists of an ion lens formed
by a grounded plane mesh 1 cm in front of a hemi-
spherical mesh (6.6-cm radius) held at -2400 V
and a channel electron multiplier. A mask over
the planar input mesh defined the sensitive area
of the detector as a circle 3 cm in radius, which
covers a solid angle of 7&10 ' sr for a 20-cm
flight pa.th.

The mass filter used in the separation of H'
and D' consists of a computer-controlled, time-
dependent potential barrier synchronized with the
pulsed-ion source and located a distance L from
it. The potential barrier is made of three closely
spaced grids perpendicular to the flight path
placed just in front of the detector. The two outer
grids are at ground potential while the middle grid
is at the potential V(t). lons with mass m arriving
at the mass filter at a time I; after the source
pulse have a kinetic energy mI.'/2t' so that if the
potential barrier V(t) varies as m,L'/2et'=— ~/t',
ions with m & mp will pass through the filter to the

detector and those with m&mpwill be reflected. To
achieve mass analysis, spectra are accumulated
with scale factors 4 corresponding to cutoff mas-
ses m, and m,' and later subtracted to give a TOF
spectrum of all ions with mass between m, and

m,'. A set of nine mp values, covering the range
0.5 & m, & 3.2 amu in nearly equal increments,
was used to acquire spectra of H' and D' ions.
A minicomputer that serves as a multichannel
analyzer to accumulate the TOF spectra is pro-
grammed to periodically change the scale factor
k of the retarding potential, storing the data cor-
responding to each k in a separate sector of mem-
ory. The nine mass spectra are accumulated by
changing the mass cutoff scale factor every 30
msec which, in conjunction with the 4 kHz electron
pulse repetition rate, serves to average any long-
term drifts in the experimental parameters over
all the spectra.

The electron-gun pulse duration and TOF channel
width were 0.1 p, sec. The flight path from the
center of the ion source to the middle mass filter
grid was 18.9 em, while the total path to the ion
detector was 19.9 cm. The bombarding electron
beam, the inlet gas stream, and the TOF drift
path are mutually perpendicular to minimize the
effects of electron-impact momentum transfer and
the thermal velocity of the parent molecule. Be-
cause the cathode of the electron gun is directly
heated, the total spread in electron-impact ener-
gies is approximately 2 eV. The time average
electron bombarding current was 10 ' A for 4 kHz
repetition rate. The spatial extent of the electron-
bombardment interaction region (~4 mm), which
was determined by an electron-gun aperture of 4
mm and a 2-mm gas inlet tube, is the major limi-
tation in the TOF energy resolution. The interac-
tion region is relatively open and free of surfaces
that can accumulate charge; nevertheless, space
charge, contact potentials, and accumulated
charge can alter the kinetic energy of the ions.
These effects are generally small and can be mea-
sured by accumulating a TOF spectrum of He'
ions produced by electron-impact bombardment of
He gas. Although the kinetic-energy distribution
of the He ions should be approximately thermal,
the He' spectrum typically consisted of a peak
centered at 0.3 eV with a full width at half maxi-
mum (FWHM) of 0.1 eV. The peak was observed
to vary from 0.1 to 0.3 eV in a random fashion and
to completely disappear on a few occasions. No
correlation between the energy of the He' ions and
the gas pressure, electron current, or voltage
could be ascertained. Hence, the ion kinetic en-
ergies measured in these experiments are possibly
higher than the true values by 0.2 to 0.3 eV. Since
the emphasis in this study is on high-energy frag-
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ments, this residual potential in the source is not
of major importance, although it can probably be
reduced by careful source design.
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FIG. 1. Kinetic-energy distributions of H fragments
from H2 at the indicated electron-impact energies. The
observation angle was 90 . The dotted curves are our
results. The solid line curve is the 75-eV, 90 data of
Van Brunt (Ref. 12). The dashed curve is the Rydberg-
atom distribution of Carnahan and Zipf (Ref. I9) taken
at 50 eV and 90'.

III. RESULTS AND DISCUSSION

A. H2

Kinetic-energy distribution of H' fragments
from H, obtained in the manner described above at
electron energies of 50 and 100 eV are presented
in Fig. 1. Also shown on this figure for compari-
son are the 90'data of Van Brunt" taken at 75-eV
electron energy and the Rydberg-atom data of
Carnahan and Zipf. " Although all these distribu-
tions have similar shapes, our data peaks at a
lower energy than the previous results. Our dis-
tribution peaks at about 4.5 eV whereas Van
Brunt" observes the peak at about 5.5 eV. This
discrepancy of about 1 eV is substantial; however,
it is not particularly disturbing in view of our
estimated uncertainty in energy scale of approxi-
mately 0.3 eV. This estimate is based on the com-
bined uncertainties in Qight path, knowledge of
time zero, contact potentials, and effects of the
electron beam. We have no reason to believe that
our apparatus discriminates against higher-ener-
gy ions, since in other applications we have ob-
tained good agreement with other measurements.
Examples of such agreement are our results"' "
on N' ions from N, and H' and H', ions from CH,
and C,H, . The results reported here for H, and

D, were taken both with and without the mass-
filter grids in place. No substantial differences
were observed.

Since the predicted distribution from '~„' excita-
tion (as well as Van Brunt's data" at 23') peaks
at 8 eV, it is clear that this is not the dominant
process at 90'. It appears that Dunn's selection
rules may be approximately valid quite far above
threshold in this case. In an attempt to identify
the contributing processes at 90, we have fit our
measured kinetic-energy distributions between 30
and 50 eV with calculated distributions using only
excited states of H', and H, allowed by Dunn's sel-
ection rules. The states with nonvanishing H'
yield at 90' under this assumption are ~,', ll„,
and 6, states. These states consist of both auto-
ionizing states and those purely repulsive states
which yield H' fragments in the separated atom
limit. The purely repulsive states are the
(2Pw„) 'Il„state of H', and higher-energy states of
H,
'

lying in the manifold of states below the doubly
ionized state corresponding to H", . Currently,
the known autoionizing states of H, with the appro-
priate symmetry are the Q, '&,', Q, 'Il„, and Q, 'Il„
states described by Bottcher and Docken, "Hagi, "
and Bottcher. " A Q, state can autoionize to. either
the '~,' ground state or the '~'„repulsive state of
H,'; a Q, state can only autoionize via the ground
state. Since Bottcher's" results indicate that
the autoionization width for the Q, Il„state is
about two orders of magnitude smaller than either
of the Q, states, we have chosen to neglect its
contribution and fit the data using only the Q, 'Z'
and Q, 'Il„states of H, and the (2P~„) 'll „state of
H', . Contributions from the manifold of H', states
above the (2P~„)'Ii„state have likewise been ne-
glected since they begin to contribute only above
40 eV and are expected to yield kinetic-energy
distributions similar to the 2p7(„state.

Potential-energy curves"' "'"'"of some states
in H, and H,

' including the three states mentioned
above are shown in Fig. 2. The calculated proton
kinetic-energy distributions resulting from excita-
tion of these states are shown in Fig. 3. The
Franck-Condon principle and the reflection approx-
imation were used to obtain the distribution re-
sulting from the (2pw„) 'II„state of H', . The
method described by Hazi" was used for the auto-
ionizing states. In the latter case the kinetic-
energy distribution is largely determined by the
behavior of the autoionizing width I'(R) as a func-
tion of internuclear distance. In both cases the
cross section for excitation was assumed to in-
crease linearly with excess electron energy above
threshold" and was averaged over the 2-eV
spread in the electron pulse. Thresholds for
these three states are Q, '&; (24.5 eV), Q, 'll„
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FIG. 2. Potential-energy curves for some states of
H2, H2, and H'2'. The dashed vertical curve indicates
the approximate extent of the Franck-Condon region.
The Qi II„curve was taken from Hazi (Ref. 25); the
Q& Zg and Q2 II„curves are from Bottcher and Docken
(Ref. 22) and Bottcher (Ref. 26); the remainder are from
Sharp (Ref. 31).

(29.2 eV), and 2P~„'II„(35.7 eV).
The decay width I'(R) and potential-energy

curve for the Q, '&,' state were taken from Bot-
tcher and Docken" using Hazi's" analytic approx-
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FIG. 4. Measured kinetic-energy distributions (at 90 )
of H' from H2 at several electron bombarding energies
(dotted curves). The solid line curves are calculated
distributions using the relative contributions of two auto-
ionizing states of H2 and one repulsive state in H2 as in-
dicated in Table I.
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imation for I'(R). For the Q, 'Il„state the poten-
tial curve obtained by Hazi" was used in conjunc-
tion with a I'(R) given (in a.u. ) by 0.1 exp( —0.744)(R

R„)', wher—e R„ is 4 bohr. This is an approx-
imate analytic expression to Bottcher's" re-
sults. " With these decay widths and 35-eV elec-
tron-impact energies, our calculations predict
that 25% of the initial Q, '&,' population decays
via autoionization while 45/o of the initial Q, II„
population undergoes autoionization. The mea-
sured proton-energy distributions and the calcu-
lated composite curves at 30-, 35-, 40-, 45-,
and 50-eV electron energy are shown in Fig. 4.
The relative contributions to the proton distribu-
tion of the three states at each electron energy
are given in Table I. These numbers indicate the
relative areas of each kinetic-energy distribution

TABLE I. Fractional contributionof the indicated states
to the H yield from H2 above 2 eV for several electron
bombarding energies computed from a fit to the experi-
mental distributions.
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FIG. 3. Calculated kinetic-energy distributions of H

from H2 at several electron bombarding energies. The
area under each curve (above 2 eV) is proportional to
its contribution to the total H+ yield as shown in the cal-
culated distributions in Fig. 4.

Electron impact
energy (eV)

30
35
40
45
50

0.65
0.52
0.43
0.33
0.28

0.35
0.48
0.53
0.55
Q.51

(2P~ ) 2II

0.04
0.12
0.21
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that must be added to obtain the fit to the observed
data shown in Fig. 4.

The resulting fits are reasonably good, leading
to the conclusion that at 90 and for electron en-
ergies below 50 eV, the observed proton-energy
distributions can be explained by considering only
the Q, 'Z; and Q, 'Ii„autoionising state of H, and
the 2p~„repulsive state of H', . Because of the
many other possible contributing states it is diffi-
cult to judge the uniqueness of this explanation.
Probably the most significant observation is the
absence of a strong (2Po„) 'Z„' state contribution
far above threshold.

B. D2and HD

Kinetic-energy distributions of D' ions from D,
at 50 and 100 eV electron energy are shown in
Fig. 5. The data of Stockdale et al."and the Pyd-
berg-atom data of Carnahan and Zipf" are also
shown for comparison. It is seen that while all
three distributions have a similar shape with two
obvious features (at about 4 and 7 eV) the rela-
tive amplitude of these features is not the same
in the different experiments. The discrepancy
between our data and that of Stockdale et al."is
substantial. Stockdale et al."estimate a 10%%uo un-
certainty in their energy scale, which in view of
our estimated uncertainty of 0.3 eV is not suf-
ficient to explain the difference in relative ion
yield at ion kinetic energies of 6-10 eV. We can
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offer no explanation of this difference.
Whereas the total range in kinetic energies

accessible to H' fragments from H, and D' frag-
ments from D, are comparable, the shapes of the
respective distributions are noticeably different.
At 100-eV impact energies, the high-energy
shoulder in the D' kinetic-energy distribution is
better defined and higher in amplitude than the
corresponding shoulder in the H' distribution. At
50-eV excitation energies, this shoulder is still
clearly present in the D' but noticeably weaker in
the H' distribution. These differences are con-
sistent with a substantial dissociative autoioniza-
tion contribution. The relative amounts of auto-
ionization should be greater in D, than in H„
since the autoionization probability is inversely
proportional to the relative velocity of the frag-
ments.

Our results for H' and D' energy distributions
from HD are shown in Fig. 6. At 100 eV the Ryd-
berg-atom kinetic-energy distributions of Carna-
han and Zipf" show two features at about 9- and
15-eV total released kinetic energy. The high-
energy feature is not apparent in our ion distri-
butions. Furthermore, the Rydberg-atom dis-
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FIG. 5. Kinetic-energy distributions of D' fragments
from D2 at the indicated electron-impact energies. The
observation angle was' 90 . The dotted curves are our
results. The solid line curves are the 90 data of Stock-
dale et g&. (Ref. 10) taken at the same electron energies.
The dashed-line curve is the Rydberg-atom data of Car-
nahan and Zipf (Ref. 19) taken with 100-eV electrons and
90' observation angle.

FIG. 6. Total released kinetic-energy distribution for
H and D'.fragments from HD at 50- and 100-eV electron
energies. The observation angle was 90, The H+(D')
kinetic energy is obtained by multiplying the indicated
energy by 3 (3). The Rydberg-atom data of Carnahan
and Zipf (Ref. 19) at 100 eV and 90 are shown as dashed
fH(HR)] and dot-dashed P3 (HR)] curves. These Rydberg-
atom curves were calculated from Fig. 6(b) of Ref. 19
and are separately normalized; therefore, they do not
reflect the 2:1 ratio of H(HR) to D(HR) reported in that
work. The sharp feature on the D(HR) distribution is an
artifact of a smoothing and time-to-energy conversion
process and is not a reproducible feature of the actual
distribution (Ref. 19).
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tributions extend to approximately 24 eV of total
released kinetic energy, while our ion distribu-
tions extend to only 21 eV.

Thus many more Rydberg fragments than ion
fragments are detected with relatively large kin-
etic energies. Our ion results indicate that ex-
citation of the (2Pu„) '&„'state of H,', D'„or HD'
at 90' observation angles is still relatively weak
for 100-eV impact energies, as would be expected
if Dunn's selection rules are still approximately
valid. For high-Rydberg fragments, however,
there are numerous Rydberg states of H„situated
immediately below the (2Pv„) '&„'state of H,',
which can yield high-Bydberg-fragment distribu-
tions peaking at about 15 eV of total released kin-
etic energy. A number of these states, corre-
sponding to H(1s)+H(nf ) in the separated atom
limit, can be excited consistent with Dunn's sel-
ection rules. These states may, in part, be re-
sponsible for the larger numbers of high-kinetic-
energy Rydberg fragments observed where the
corresponding ion intensity is weak. Since a
large fraction of the ions originate from autoioniz-
ing states, where the ejected electron carries off
a substantial portion of the released kinetic ener-
gy, the Rydberg distributions should peak at high-
er kinetic energies than the ion distributions, as
has been noted by Schiavone et al."

Carnahan and Zipf" found a preference for H (HR)
over D (DR) fragments of a factor of 2 which
is slightly larger than that observed in the present
ion fragment results. Carnahan and Zipf also ob-
served a preference for fast H(25) over fast D(2S)
fragments by a factor of 1.2, although Gzuchlew-
ski and Ryan" observed equal H(2S) and D(2S)
contributions. The exact mechanism responsible

for this preferential formation of H' and H neu-
trals is difficult to ascertain since it is generally
assumed that the fragment pairs H'+D(nl) and
D'+H(nl ) will be formed with equal probabilities
from a given dissociating state. While the semi-
classical models of dissociative autoionization
predict isotope effects, these effects depend on
the reduced mass rather than the relative nuclear
masses.

In summary, we observe significant isotope ef-
fects for dissociative ionization in the H, -D,-HD
molecular family, consistent with a large dis-
sociative autoionization contribution for fragments
observed at 90' with respect to the bombarding
electron beam. For impact energies of 35 eV or
less, dissociative autoionization involving the

Q, 'Z,' and' Q, 'll„states of H, appears to be the
dominant ionization channel. At higher impact
energies of 40 to 50 eV, the (2P7r„) fl„directly
dissociating state of H,

' makes a significant con-
tribution. At 50 and 100-eV excitation energies
dissociative autoionization processes are still
important ionization channels, as evidenced by the
different shapes of the kinetic energy distributions
for H' from H, and D' from D,.
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