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Time-of-flight study of H(?S) and D(2$) produced by electron impact on H, and D,:Fast peaks
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Time-fhght spectra of H(2S) and D(2$) fragments from electron-bombardment dissociated H, and D, have

been observed. Kinetic energy distributions of "fast" metastable fragments were obtained for electron-

bombardment energies ranging from near the threshold for fast metastable production {less than 29 eV) to 100
eV. At low bombarding energies previously unreported structure is observed in the fast peaks for both isotopes.

At high bombarding energies also there is evidence of unresolved structure in the fast peaks. The present data

are compared with the results of earlier investigations. At low bombarding energies there are significant

discrepancies between the present results and previous measurements. At high bombarding energies there is

significant disagreement with a calculation that assumes a single dissociating state. The observed shift of the fast

peak as a function of the bombarding electron energy is compared to predictions incorporating a form of the

Wannier law. This comparison tends to confirm the presence of more than one dissociation channel yielding fast

metastables. Several excited states of H, and H, are discussed as possible dissociation channels contributing to
the observed hnetic energy distributions.

I. INTRODUCTION

Metastable H(2S) fragments resulting from elec-
tron-bombardment-induced dissociation of 8, have

been reported by several investigators. '~ Typi-
cally, two distinct energy groups of H(28) atoms
are observed: a "fast'* group centered at about 5

eV, and a "slow" group with enex gies peaked at
about 0.3 eV. In a previous paper' we presented
a time-of-fbght (TOF) study of the slow meta-
stables from the molecular species H„o„and
HD showing partially resolved structure caused
by predissociation from bound vibrational levels
of excited molecular states. In the present paper
we x eport a TOP study that concentrates on the
fast H(28) and D(28) fragments from the dissocia-
tion of H, and D,.

Leventhal et eE.' suggested that doubly excited
molecular states were responsible for the fast
metastables. Misakian and Zorn4 concluded that
the dominant state was a Q, 'O„doubly excited
state that dissociates into H(2S)+ H(2P). Their
assilpunent was based on measurements of the
angular distribution and excitation function of
H(2S) metastables coming from dissociations of
H„' and they did not explicitly consider the pos-
sibility that more than one state was involved.

There have been some discrepancies among the
several studies of the fast peak. Leventhal, Rob-
iscoe, and Lea' reported a double fast peak ap-
pearing when fragments were observed at a 77
angle relative to the electron beam. Misakian and
Zorn4 reported no such double fast peak at any
ang1e from 60-120 . In addition there has been
disagreement concerning the shape and position
of the kinetic energy distribution of the fast
metastables. Hami andWiemers compare their

calculated fragment distributions, which assume
only Q, 'Il„participation, with three separate
measurements"' of the velocity distribution of
fast hydrogen and deuterium metastables. They
conclude that there are significant discrepancies
between their calculations and existing measure-
ments that are not simply explained as the effects
of momentum transfer from the bombarding elec-
tron or the result of the thermal motion of the
target molecules. The calculation of Hazi and

Wiemers considered dissociations of only the

Q, 'll, state and did not allow for dependence of the
velocity distribution on electron bombarding ener-
gy (EBE). The present study shows that near
threshold the fast peak shifts significantly with

EBE. Moreover, we find several indications that
there is more than a single dissociation channel
contributing to the fast peak.

II. EXPERIMENTAL

To study the fast metastables a microwave
quench cavity was added to the apparatus described
in our previous study of slow metastables' and the
solid angle of the Lyman-0. detector was increased.
A diagram of the present apparatus is shown in

Fig. 1. A pulsed electron beam intersects a col-
limated beam of thermal H, or D, molecules.
Metastable 28 fragments from resulting dissocia-
tions traverse a measured flight path and are
quenched in a dc electric fieM.present at the
quench plates. 9 The resulting Lyman-e radiation
is detected by two channel-electron multipliers
(CEM's). A clock is started when the electron gun

is pulsed and stopped when a CEM pulse is de-
tected. The distribution qf these flight times is
then accumulated. A second CEM was added op-
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FIG. 1. Schematic apparatus diagram. The pulsed
grid in the electron gun, consisting of a fine mesh cov-
ering a vertical slit, is labeled P; a three-element
einze1 lens is labeled E. The vertical molecular beam is
shown intersecting the horizontal electron beam. The
microwave quench region and the two CEM Lyman-z
detectors are also shown.

FIG. 2. TOF distribution of D(28) fragments from D2

showing the "slow peak" and the much sma11er "fast
peak" (near 8 @sec). The background distribution is
shown as a solid line and the signal plus background data
are shown as points. The nom&~& electron bombarding
energy was 27 eV with+2-eV energy spread. The num-

bered features are discussed in the text.

posite the one used previously and the size of the
CEM input cones was increased from, 1.0 to 2.5
cm. This resulted in a tenfold increase in signal
strength over the previous arrangement. The
microwave quench cavity, which is fully described
in Ref. 10, consisted of a section of x-band wave-
guide located between the metastable source and
Lyman-e detector with openings through which the
metastable beam could pass. A standing micro-
wave electric field at a frequency of 9.9 GHz

(corresponding to the 2$» to 2P» transition in H

or D} could be introduced into the waveguide by a
logic signal from our data taking system. The
microwaves effectively quench the xnetastable 2$
fragments (and only the 2$ fragments} well ahead
of the Lyman-e detector allowing us to obtain a
good measurement of the background. The back-
ground spectrum probably originates from photons
from excited atomic 8md molecular states pro-
duced by the electron pulse. These photons have
no direct path to the CEM because of shields be-
tween the CEM entrance cone and the source, how-

ever they could undergo one or more reflections
and arrive at the CEM. During a typical measure-
ment we alternated between microwave on and off
data every 500 sec and accumulated background and

signal plus background spectra in separate sections
of our analyzer memory. Figure 2 illustrates the
need for the background measurement for EBE
near the threshold for formation of fast metasta-
bles. The fast D(2$) signal near 8 psec in Fig. 2
is only a small fraction of the background signal
for a 27-eV EBE. Other data features of Fig. 2

that should be noted are (i) the "prompt" peak
corresponding to the electron pulse and defining

the origin of the TOF axis, and (ii) the broad slow
peak at 26 p, sec arising from dissociations and
predissociations of singly excited states (see Ref.
1).

Data for the present study, unless clearly stated
otherwise, were taken with the electron beam at
90 to the flight path of the detected metastable
fragments- The electron pulse width was 0.10
psec and the time-bin width in our collected TOF
spectra was 0.125 gsec/channel. The electron
pulse rate was 5 kHz for H, and 3.4 kHz for D,.
The time-averaged electron current ranged from
0.05 to 0.3 p, A depending on the bombarding volt-
age. Due to the voltage drop across the directly
heated filament the energy spread of the electron
beam was about + 2 eV. The flight path measured
from the center of the source to the leading edge
of the detector plates was 18.3+0.1 cm. The
spatial extent of the source region was about 0.2
cm along the flight path. The extent of the quench

region associated with the Lyman-e detector was
about 0.05 cm along the flight path. ' The back-
ground pressure in our vacuum chamber was about
1 x10~ Torr when the metastable source was op-
erating.

III. RESULTS

The TOF spectra for fast 2S metastable frag-
ments from H and D~ for various electron bom-
barding energies are shown in Figs. 3 and 4. The
microwave-on background spectra have been sub-
tracted to obtain the data in these figures. Typical
run times ranged from 17 to 70 hours depending on
the count rate, which, of course, depended on the
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EBE. Typical combined count rates (from both the
fast and slow peaks) ranged from about 30 to 200
counts/sec. The corresponding energy spectra,
obtained by a straightforward numerical conver-
sion, are shown in Figs. 5 and 6. Three features
in the data that will be discussed below are identi-
fied in the figures by arbitrary numbers 1-3.
These features and the processes leading to them
will be referenced in the remainder of the text by
these numbers.

The accuracy of our energy measurement is
limited by the calibration accuracy of the TOF
axis. Values for TOF for the present results are
valid to ~ 0.06 psec, which is the estimated error
in the determination of time-zero and corresponds
to an uncertainty of half the time-bin width. The
associated uncertainty in energy E is proportional
to E'~ and has the value + 0.14 eV at E= 6 eV. The
uncertainty in energy due to uncertainty in the
flight path is smaller than that due to the time-
zero uncertainty. Some data were accumulated
for HD but are not included in the present paper
because the H(2S) and D(2S) features are not com-
pletely resolved by the present apparatus thereby
complicating the task of determining peak positions
and shapes. Also, in contrast with the results of
our slow-peak study, ' the fast-peak energy spectra
for HD were not strikingly different from the H,
and D, results. For HD we observed the ratio of
fast H(2$) to fast D(2S) fragments to be 1.09+ 0.05.

~ ~
~ ~

D2

~ ~
~ ~ ~ ~ ~ ~ ~ ~ ~

98 eV

~ ~ ~ ~ 0 0 ~ ~ ~

~ ~ ~

~ ~ 78 eV
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

This is in reasonable agreement with the 1.21
+ 0.12 ratio reported by Carnahan and Zipf. '

For H, and D„ the low-energy side of the fast
peak overlaps with the high-energy side of the
slow peak. This overlap is noticeable for EBE be-
low about 38 eV where the fast peak is small
relative to the slow peak (see Fig'. 2). The over-
lap is clearly seen in the low EBE data of Figs.
5 and 6. The following formula for converting
time to energy (for a 18.3-cm flight path) is useful
for examining corresponding features in the time
and energy spectra:

E=174.6 M/T~,
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FIG. 3. TOF distributions, of fast H(2$) metastables
from H& for several electron bombarding energies. The
numbered features are discussed in the text.

FIG. 4. TOF distributions of fait D(2S) metastables
from D& for several-electron bombarding enengies. The
numbered features are discussed in the text.
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FIG. 5. Energy distributions of fast H(28} metastables
from 82 for several electron bombarding energies. The
numbered features are discussed in the text.

where E is the fragment energy in eV, M the frag-
ment mass number, and T the time-of-flight in
+sec,

Several aspects of the data warrant special note.
One is the shift of the peak position to shorter
times (higher energies) as the EBE is increased.
For any single dissociation channel such a shift
could be explained in part as an excess energy
effect such as that described by the Vfannier Law. '~

This explanation is pursued further in the next
section. There is also the appearance of two
partially resolved bumps (features l and 2)
in the data below 40 eV. A third aspect is the
bulge (feature 3) on the short-time (high-energy)
side of the fast peaks for 98 eV. This structure
in the fast peaks, which has not been reported
previously, is also considered further in the Sec.
IV. Finally, it can be seen in Fig. 2 that fast
metastables (3-6 eV) are clearly present in our
27-eV data. This may be significant because
Misakian and Zorn4 reported a 29-eV threshold

I I I I I

6 8 10
ENERGY (eV)

FIG. 6. Energy distributions of fast D(2S}metastables
from Dm for several electron bombarding energies. The
numbered features are discussed in the text.

for 2-eV 28 fragments.
To confirm our results for D, we acquired a

series of TOF spectra after making the following
changes in our apparatus. The flight path was re-
duced to 11.8 cm and the electron pulse and TOF
bin width were widened to 0.25 psec. This reduced
ou'r resolution but gave us a much higher count
rate. In addition we returned to using a single
@EM to exclude any artifacts possibly coming from
oux former two-CEM operation. Vfe acquired TOF
data from 27.6 to 39.6-eV EBE in increments of
roughly 2 eV and found that the fast-peak structure
at these low EBE was reproducible.

In another auxiliary measurement we examined
the distribution of H(28) fragments from H, at an
angle of 77 for 60-eV EBE. Vfe found as did
Misakian and Eorn~ a single fast peak and not the
double peak reported by Leventhal eg gl.'
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FIG. 7. Comparison of the metastable energy spectra
for H2 and D2 for two electron bombarding energies.
~ ~ ~ H(28) fragments from H» + ++ D(2$) fragments
from D&.

IV. DISCUSSION

A. Comparisons

It is interesting to compare the H, and D, energy
spectra. One expects similar results because the
electronic structure is the same for the two mol-
ecules; however, there may be dissimilarities
arising from the mass difference. Figure 7 com-
pares the metastable energy spectra for H, and D,
for two values of EBE. In both cases the D(2S)
curve is slightly within the H(2S) curve which is
probably a result of the narrower Franck-Condon
region for D, than for H, . The D(2S) peaks in Fig.
7, however, are less than 16% narrower than the
H(2S) peaks as one would expect from a simple
comparison of the widths of the Franck-Condon
regions for the ground states of D, and H, .

Figures 8-10 compare the present results with

some earlier measurements and a calculation. "
For such comparisons, of course, it is important
that certain parameters of the experiment or
model be similar. Most important is the EBE,
especially at values near the threshold for meta-
stable production. This is a consequence of the
excess energy effect for any given dissociation
channel and the opening of new channels as the
EBE is increased. The angle of detection affects
the fast-peak position significantly as has been
shown for H' fragments by Van Brunt. " The effect
of momentum transfer from the bombarding elec-
tron to the target molecule, which depends on both
the EBE and detection angle, is relatively minor
for the fast peak. The effective temperature or,
equivalently, the initial velocity distribution of the
target molecules also has only minor consequences
for fast metastable spectra, although for slow
metastables the reverse is true. ' The data com-
pared below were obtained for similar EBE and
for a detection angle of 90 except for the data of
Misakian and Zorn, which was obtained at 80 .
Sharp features in the derived spectra are artifacts
of our energy conversion arising from noise in
the original data. The spectra are normalized to
the same peak height. The error bars for the ex-
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FIG. 8. Comparison. of boo experimental energy dis-
tributions of D(2S) from D2. ~ ~ ~ Present results for
78-eV EBE; —results of Czuchlewski and Ryan (Ref.
3) for 80-eV EBE.
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FIG. 10. Comparison of experimental and theoretical
energy distributions of H(2S) from H2. ~ ~ ~ Present
measurements at 98-eV EBE; —- calculation of Hazi
(Ref. 14) for 100-eV EBE; —results of Carnahan and
Zipf (Ref. 2) for 100-eV EBE.
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E =E +2E, (2)

perimental results show the estimated error in the
peak position due to uncertainties in time and

length measurements. The uncertainty for the cal-
culation was taken directly from Ref. 8.

Figure 8 compares the present D(2S) results
with those of Czuchlewski and Ryan' for similar
conditions. The two energy spectra shown are in
substantial agreement as are also the H(2$) spec-
tra of both investigations, which are not shown.
Figure 9 compares present H(2$) results at 90'
with those of Misakian and Zorn at 80' (Ref. 4}.
The difference in angle is too small to have a
significant effect on the energy distributions.
There appears to be some disagreement in these
two measurements in that the positions of the max-
ima differ by about 1 eV, which is slightly larger
than the combined uncertainty estimates. There
can be no comparison of D(2$} results as Misakian
and Zorn did not report any D(2$) measurements.

Figure 10 compares present results for 98-eV
EBE with the 100-eV data of Carnahan and Zipf'
and with a calculated H(2$) spectrum due to Hazi."
The measured spectra differ slightly in peak pos-
ition but have similar shape. The calculated dis-
tribution, however, is significantly different in
shape from the measured distributions. A com-
parison of our D(2$) results with Hazi's shows a
similar discrepancy in the shape of the fast peak.
Because of the basic agreement of present and
previous measurements concerning peak shape,
and because of our lack of any reason to suspect a
serious error in the calculation, we conclude that
the discrepancy indicates that states other than the
Q, 'II„contribute to the fast metastable spectrum.
Several possible states are discussed in Sec. IVB.

We consider next the observed shift in the fast-
peak position as the EBE is increased from a
value near threshold. It is easy to see that at
EBE' s very near threshold it is energetically im-
possible to produce the highest energy fragments
observed at EBE' s far above threshold. Specifi-
cally, the kinetic energy released in the mole-
cular dissociation plus the separated atom energy
(above the ground state) cannot exceed the elec-
tron bombarding energy. This can be pursued
further by applying the excess energy relationship
of Wannier. " For electron bombardment of H,
leading to dissociative excited states of H, or H, '
that can yield 2S fragments this relationship would
state that within several eV of the threshold for
producing a 2S fragment with energy E (total re-
leased energy is 2E) the cross section for pro-
duction is proportional to a power (near 1) of the
excess EBE above threshold. The threshold elec-
tron energy E, depends on E and is given by

ab cd
I I

a 29 eV

I

4
I I I

6 8
ENERGY (eV)

FIG. 11. Calculated approximate H(2S) energy distri-
butions for various electron bombarding energies for
the Q& ~II„excited state.

where E~ is the internuclear potential at the
separated-atom limit, i.e., the dissociation energy
for the molecular state in question. It is instruc-
tive to include the excess energy effect in a cal-
culation of the metastable energy distributions as
a function of EBE even though such a calculation
stretches the limit of validity of the Wannier law.
Dunn and Kieffer" used a linear excess energy law
to model the energy distribution of fast proton
fragments produced by electron bombardment of
H, and they found it to be a reasonable approxi-
mation up to EBE on the order of 70 eV, i.e. , up
to about 50 eV in excess of the dissociation thresh-
old. We have performed a calculation of the dis-
tribution of H(2S) fragments from electron-bom-
bardment-induced dissociation of H, incorporating

. the excess energy effect mentioned above and the
following additional simplifying approximations:
(i) Only the Q, 'fl„excited state yields fast meta-
stables; (ii) a Morse function approximates the
ground state wave function; (iii) the excited state
wave function is an appropriately normalized and
positioned delta function, i.e. , the Winans-
Stueckelberg approximation"; and (iv} the prob-
ability for producing a metastable fragment with
a given energy is proportional to a Franck-Condon
factor times an excess energy factor. The inter-
nuclear potential for the Q, 'II„state was taken
from Ref. 8. We did not include any averaging
over the thermal velocities of the target mole-
cules, nor any momentum transfer effects. Also
omitted was the effect of autoionization. For sim-
plicity we assumed an electron energy distribution
that was square (instead of, for example, Gaussian)
with a width of 4 eV and centered at the nominal
value of EBE. The spectra thus calculated are
shown in Fig. 11.

One conclusion we draw is that the observed shift
in the location of the fast peak as a function of
EBE is largely due to an excess energy effect.
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This has also been suggested by Hazi and Wie-
mers. ' Calculations of the fast-peak energy dis-
tribution, therefore, should include, the dependence
of the production cross section via a specific chan-
nel upon the electron impact energy, at least for
EBE within about 30 eV of the production threshold
for that channel. For EBE of roughly 70 eV above
threshold and higher, the excess energy effect can
safely be ignored. It should be noted that for Fig.
10 we compared Hazi's calculation, which omits
any dependence on excess energy, with our data
for EBE= 98 eV, which is in the region where the
dependence Would have been minor. Another im-
portant thing to note is that in Fig. 11 the distri-
butions are much narrower for low EBE than for
high. This is contrary to our observations for the
fast metastable peaks from H, and D,. We inter-
pret this discrepancy as another indication that
there are several dissociation channels yielding
fast 2$ fragments.

We discuss next the discrepancy between the
present observation of 3-6 eV metastables at an
EBE of 27 eV (see Fig. 2) and the previous report
by Misakian and Zorn' of a 29-eV EBE threshold
for 2-eV fragments. The present electron gun and
data do not allow a good determination of the
threshold EBE, but they do allow us to make a
reasonable choice between two general explanations
for the fast metastables shown in Fig. 2. The first
explanation, which we reject, is that there was a
significant current of electrons in the energy
range 31-37 eV or higher that excited some mole-
cular state or states that then dissociated to the
2$+ 2l limit of 24.9 eV. The possibility of many
31-3'7 eV electrons from our gun, which had a
nominal EBE of 27 eV and an energy spread of +2
eV, is remote. The second explanation, which we

prefer, is that the nominal EBE is correct and
that the 3-6 eV fragments came from excited mol-
ecules dissociating to the 1$+RS limit at 14.8 eV.
This explanation leads to a more plausible inter-
pretation of the data for all EBE and is pursued
in Sec. IVB.

There is another discrepancy between the present
results and those of Misakian and Zorn that may
be related to the discrepancy in apparent threshold
for the fast metastables. Misakian and Zorn4 re-
ported that the least energetic of the fast H(2$)
atoms have a kinetic energy of slightly in excess
of 2 eV„and their Fig. 14 shows no H(2S) frag-
ments with energies between 1-2 eV for an EBE
of 40 eV. In contrast, we observe relatively large
numbers of 1-2eV metastables for 38 eV elec-
trons. Our data at and below 38 eV, as mentioned
previously, show a clear overlap of the fast and
slow peaks and not the separation of these peaks
that Fig. 14 of Ref. 4 indicates. The detector

Previously only the Q, 'II„(lvgo ) doubly excited
state of H, has been strongly proposed as a chaxmel
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FIG. 12. Potential energy curves for selected states
of Q and H&. 1: H&X g~ (10~) from Ref. 17; 2: H& E,
5' ~g (ln&2op+(lo„~) from Ref. 17; 8: Hz ~Jr' (lop from
Ref. 17; 4. H&* Q g+ (1o ) from Ref. 18; 5: H&*@~ 'E'„
(lo„sop from Ref. 19; 8: Hz

~ Qz'II„(ln'„2or) from Ref. 8;
7: Hz+ E+(2o„) from Ref. 17; 8: Hz' ~g'r(2op from Ref.
17; 9: Hg' g„+ (20„) from Ref. 17. The vibrational pro-
bability distribution is shown for the ground state of H~

(solid curve) and D) (dashed curve).

used by Misakian and Zorn was sensitive to more
kinds of background than the present off-axis
Lyman-a detector. They also used a 0.5-psec
electron pulse whereas we used a 0.1-psec pulse.
These differences in apparatus may partially ex-
plain the discrepancies mentioned above and may
also have made it more difficult for Misakian and
Zorn to resolve the fast-peak structure we ob-
serve.

B. Metastable production channels
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for the production of fast 2$ fragments at an angle
of 90' (Ref. 4). Leventhal et al.' considered the
"Z'„(la/a' } states, but these were later ruled out
by Misakian and Zorn4 because of symmetry argu-
ments. Hazi and Wiemers, ' who first calculated
2S eriergy distributions from the Q~'II„state, do
not mention some important implications of their
calculated Q, 'Q„potential. curve concerning the
production threshold for fast metastables. Based
on their potential curve and on the ground-state
wave function for H„one would expect the lowest
2S fxagment energy to be about 3.1 eV and the
threshold for these fragments to be 31 eV. Yet
Misakian and Zorn4 previously reported a 29 eV
threshold for 2-eV fragments and attributed these
fragments to the Q, 'II„state. Thus even before
the present observations of structure in the fast
peak, there was good reason to consider channels
other than the Q, 'II„state. The discussion below
considers several. excited states of H, and H,

' in
the order of their approximate expected threshold
energy. Potential energy curves for states rele-
vant to the discussion are shown in Fig. 12. Trip-
let states are not considered because, in general,
a particular triplet will be important for 2S pro-
duction only if the corresponding singlet is import-
ant. Calculations by Khare' for excitation of H, by
electron impact support the general conclusions
thai cross sections for excitation to triplets tend
to rise more sharply at threshold, peak at lower
EBE, and fall off more rapidly than cross sections
for excitation to singlets. Thus one might expect
2S production via an excited state of a particular
symmetry to proceed primarily through the triplet
state of that symmetry only near threshold. For
EBE more than about 10 eV above threshold, the
singlet state should be dominant in producing me-
tastable fragments.

l. Symmetry considerations. Excitation cross
sections are not currently available for the doubly
excited states possibly involved in 2S pxoduction,
and calculating such cross sections is a difficult
task. Therefore symmetry arguments and selec-
tion rules can be useful for assessing whether
production channels with particular symmetries
and quantum numbers are likely or unlikely.
Fox electron bombardment these kind of arguments
are typically only approximately valid and care
should be taken not to abuse them. Dunn2' pointed
out the presence and significance of anisotropies
in the angular distxibutions of moleculax dissocia-
tion products. Under certain conditions the direc-
tion of the incident el.eetron k is a symmetry axis
of the electron-molecule system. The excitation
probability then depends, in general, on the rela-
tive orientation of k and the instantaneous direction
of the internuclear axis R. If the dissociation is

rapid relative to a rotational period the dissocia-
tion fragments travel along the same instantaneous
direction of R. Dunn applied symmetry ax'guments
to many possible transitions for perpendicular and
parallel molecular orientations and deduced that
certain transitions were forbidden for one or both
of these orientations. For the present problem
in which the initial state has Z symmetry and the
observation angle is perpendicular to the incident
electrons, the final-state symmetries for which
the transition probability is not forbidden are
Z', lI„, and 4 . The foregoing conclusion is exact
at the threshold EBE but, as Dunn and Kieffer
have noted, "it rapidly breaks down as the EBE
increases above threshold. Above threshold the
momentum change vector K of the scattered elec-
tron is the symmetry axis and many orientations
of K are possible. At threshold K is aligned with
k. However, at only 17 eV above threshold the
most probable direction for K is shifted about 40
away from k (Ref. 15).

The validity of simple symmetry arguments and
the dipo)e-Born approximation for predicting an-
gular distributions has been discussed by Van
Brunt. 2' He states that generally there may be
no laboratory angle at which the fragment intensity
vanishes for EBE above threshold. Van Brunt
also points out the importance of multipole terms
other than the dipole term near threshold. Thus,
for example, the dipole selection rules, g+g
hA= 0, +1, cannot be applied at the threshold for
electxon-bombardment excitation. Because of the
limitations to symmetry arguments and selection
rules for the present problem, we wiQ not be over-
ly concerned with them in the following discussion.
We will be more concerned with whether the ex-
pected threshold and calculated energy distribution
for a specific channel are consistent with our mea-
surements. For excited neutral molecules we will
also be concerned with autoionization probabilities.

2. Data for 27 eV First w. e consider the source
of the fast 2S fragments observed at 27-eV EBE
(see process 1 in Fig. 2). There are two known

doubly excited states that might yield fast meta-
stables at this EBE: The Q, 'Z,'(la'„) and the

Q, 'g;(logo }. The Q, 'Z' state is symmetry-al-
lowed (at 90 at threshold) and has been cited
as a prominant channel in the dissociative excita-
tion of 8, leading to fast ion~3'~~ and fast high-
Rydberg fragments. "" About 11-14 of excited
Q, '5' molecules fail to autoionize and separate
into two neutral fragments or H' and H (Ref. 8).
A possible mechanism proposed by Schiavone et
a/."for H(nl, n&15) production via this state is the
following. The excited Q, 'g+ molecule dissociates
along the repulsive potential curve and fails to
autoionize before reaching the stabilization dis-
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tance (the distance at which the potential curve for
the doubly excited state crosses the curve for the
ground state of the ion). It continues to dissociate
reaching the (la@i&) series of Rydberg states con-
verging to the H, ground state. The molecule
jumps to a Rydberg curve and completes the dis-
sociation along this curve yielding a Rydberg frag-
ment. There are difficulties extending this mech-
anism to n=2 to account for 2$ production. The

Q, 'P+ internuclear potential calculation by Bot-
tcher and Docken" excludes the ground-state con-
figuration (la ) and is not reliable at large inter-
nuclear distances R. The projected atomic orbitals
(PAO) curve of O' Malley" is more accurate at
large 8 and has an avoided crossing with the
E,F(logo )+(1o„') curve in the neighborhood of 8
bohr. If a jump to the E,F curve occurs then a
2$ fragment will be produced as the dissociation is
completed along the E,F curve, which has a sep-
arated atom limit of 1S+2S. It is not clear whether
such a curve jump is likely. However, the ex-
pected energy distribution (calculated in a way
similar to the distributions in Fig. 11) and thresh-
old (about 23 eV) are consistent with our data and
thus make the Q, 'p' state a good possibility for
process 1.

The Q, 'Z'„(logo, ) channel is symmetry-forbid-
den. This state dissociates into a combination of
H(lS)+H(2$) and H'+H (Ref. 27}. However, ac-
cording to a recent calculation by Kirby et al.27

only about 3% of excited Q, 'Z'„molecules disso-
ciate. The other 97% of the molecules autoionize.
Thus it appears unlikely that this state is an im-
portant production channel for fast metastables
although it probably is a likely channel for proton
production. ' ' The expected energy distribution
and threshold (about 25 eV) are consistent with
our data. If Q, 'Z'„and Q, 'F, ,' channels both exist
and are active at 27 eV and higher EBE, it would

be doubtful that their contributions are resolved.
8. Data near 38 e V. We next consider the double

peak in the data near 38 eV. It seems reasonable
that the peak discussed above (process 1}as pos-
sibly due to the Q, 'Z,' state is still present al-
though shifted to higher energy as a result of the
excess energy effect. A second peak (process 2),
which appears at a lower fragment energy than the
first can arise from the doubly excited Q, 'II„
(Imago, ) state. A calculation by Hazi aud %ie-
mers predicts that 86-90% of excited Q~'II„
molecules dissociate to H(2S)+H(2P). The ex-
pected threshold (about 31 eV) and energy distribu-
tion are consistent with our Observations and ex-
citation to this state is symmetry-allowed. Thus
it seems likely that the second feature does come
from the Q~ 'II„state as previously suggested by
Misakian and Zorn. 4 It should be pointed out that,

although we agree with Misakian and Zorn that this
is an important 2S production channel, we disagree
with their experimental results for fast 2S atoms
in several significant areas. Their reasoning con-
cerning the Q, 'II„state hinged strongly on their
measurements of the excitation function for 3&8-

eV metastable fragments and on the angular dis-
tribution of 2$ fragments at 41.5-eV EBE. Our ob-
servations of a possible threshold below 29 eV
and structure in the fast -peak for EBE in the
neighborhood of 40 eV both cast doubt on the valid-
ity of their reasoning. Their conclusion that trip-
lets are not important, which was also based on

their measured excitation function, is likewise
questionable if our 27-eV data are valid. In addi-
tion we note two discrepancies with their reported
29-eV threshold for 2-eV fragments. First, as
stated above, 2-eV fragments are not expected in
significant amounts from Q, 'II„molecules if the
calculated potential curve of Hazi and Wiemers'
is valid. Second, 1-2 eV fragments are observed
in the present work in the high-energy tail of the
slow peak (see, for example, the 13.2-18.7-psec
data in Fig. 2). In contrast, Misakian and Zorn'
report no 1-2-eV metastable fragment.

4. Data for 98 e V For o.ur data at 98 eV there is
a clear bulge (process 3) on the high-energy side
of the fast peak. The location of this bulge is con-
sistent with the energy distribution expected for
2$ fragments formed by the dissociation of the
'E', (2o,} excited state of H, '. Excitation of this
state is symmetry-allowed and the threshold for
this channel would be about 37 eV. This bulge is
not clearly evident in the data at 78 and 48 eV;
however, fast 2S from the 'Z' state probably are
produced at these EBE but not yet produced in
large quantities because of relatively small excess
energy factors. The 'Z'„(2o„}state of H,

' also dis-
sociates yielding a 2$ fragment. This channel has
a threshold of about 40 eV; however, it is sym-
metry- forbidden. Fragments from this channel
would have a peak energy of about 7.5 eV for a
100-eV EBE, whereas fragments from the 'Z,'
state would peak at about 5.7 eV at the same EBE.
Qur 98-eV data indicates that the ~Z„channel is
not very important at that EBE.

It is clear that, as one considers higher and
higher EBE, more and more channels are open
for fast metastable production. It is also clear
that many doubly excited states that might be im-
portant to fast metastable production have not been
treated theoretically; for instance, the potential
energy curves may not be known. The J, M, and

T doubly excited states of H, are good examples.
Sharp" correlates each of these states with a
separated atom limit involving H(2$), and Huber
and Herzberg" list some experimental data for
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each of them, but their internuclear potentials are
unknown. It is also conceivable that there are H,
resonance states contributing to 2S production, but
little is known about this possibil. ity. The above
discussion, which considered only states for which
the potential curve was known, is readily acknowl-
edged to be incomplete. Further theoretical work
could be helpful. It seems especially important
that calculations of energy distributions properly
include an excess energy effect. Experiments in
which both dissociation fragments are detected
also show promise for being useful. Measure-
ments of angular distributions beyond those al.-
ready in existence may not be helpful because of the
large number of channels yielding fast 2S fragments.
Careful measurements of excitation functions, on
the other hand, could be very useful.

V. SUMMARY

The problem of fast metastable production ap-
pears to be more complex than has been generally

realized. Present measurements demonstrate
the existence of at least three production channels
and the possibility of several more cannot be elim-
inated. Identification of these channels is compli-
cated by limitations in the available measurements
and calculations. The energy distribution of meta-
stable fragments from a specific channel and the
relative importance of the charnel depend signi-
ficantly on the EBE. Two proposed channels in-
volve the Q, 'Il„(lvpe ) state of H, and the 'Z;(2v~)
state of H, '. A third channel with a threshold be-
low 29 eV may involve the Q, 'Z'(lo„) autoionizing
state of H, .
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