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ABSTRACT:

This report presents experimental data for reactions occurring
between atomic hydrogen, molecular hydrogen, H2+ ions, and H3+ ions
and electrons. The information is intended to be of use in the
evaluation of operating conditions in ion sources, and so the data
has been limited to the energy range of 0-150 eV,

Data are not given for charge-exchange processes, or for heavy
particle interactions, except in the case of H3+ molecular ion for-
mation.

Some data are also given for the kinetic energy distributions of

the "fast" products arising from dissociative ionisation and dissocia-

tive excitation of molecular hydrogen.
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1. INTRODUCTION

Data on hydrogen reaction cross-sections is of use in the evalu-
ation of operating conditions in ion sources (Green, 1974; Green
et al, 1975) and other propert%es of the discharge plasmas e.g.
species fraction under varying conditions (Martin and Green, 1976).

Discussions on reaction cross-sections are distributed throughout the
literature, but otherwise comprehensive compilations e.g. Freeman and
Jones (1974) generally consider only reactions involving molecular and
atomic neutral hydrogen. The compilations by Barnett et al (1964)
and Kieffer and Dunn (1966) give data on a wider range of reactions,
but they are not complete for the case of hydrogen, and there exists
a large volume of more recent work which modifies and supplements
these data.

In this report, data are given for a large number of reactions
occurring between atomic hydrogen, molecular hyd;ogen, H2+ ions, H3+ ions
and electrons. In ion source discharges ionisation is due to electron
bombardment, with the electrons having energies of ~ 10 = 100 eV in
general. TFor this reason the data has been limited to the energy
range of 0-150 eV, glthough data for higher energy electrons has usually
been reported in the literature.

Data are not given for charge—exchange processes, or for heavy
particle interactions, except in the case of H2+ + H2 collisions to
form the H3+ molecular ion.

The cross—sections given have all been determined experimentally,
with the exception of ionisation of the 2P radiative state of atomic
hydrogen, for which theoretical cross-sections only-are available. No
discussion of probable errors in the experimental measurements are

given, and information on this aspect should be obtained from the



literature cited. In general, it may be remarked that reactions
involving H0 and HZ initial states are well known, but some of the
reactions involving H2+ are less well determined. Data on the various
breakup reactions of H3+ are still scarce. Interpretation of experi-
mental results is complicated here by the existence of a large number
of possible reaction paths which hinder the identification of specific
reactions when measuring cross—sections.

Some data are also given for the kinetic energy distributions of
the "fast" products arising from dissociative ionisation and dissociat-
ive excitation of molecular hydrogen. The behaviour of these particles
is of interest in some aspects of the study of the discharge plasma
e.g. residence time calculations of neutral atoms, and loss rates of
the various species from the plasma volume.

It should be noted that the cross-sections presented in this com—
pilation represent the experimental determinations carried out to
date, and are not intended to be definitive. In many cases the data
require improvement or clarification, and in some cases the data are
inadequate for detailed discharge studies. The compilation is intended
to provide a feference guide to the work available at present on

reactions occurring in hydrogen.

2. HYDROGEN ATOM REACTIONS

2.1 Ionisation Ho + e > Hl+ + 2e

The cross—-section for this reaction has been measured using

crossed-beam techniques by Fite and Brackman (1958a).. The ratio of the
cross-sections for ionisation of the atom and for molecular hydrogen
was directly determined. The absolute cross—sections were then esti-
mated by multiplying this ratio by the molecular cross—sections

measured by Tate and Smith (1932).



The cross-section is shown in Figure 1, and it can be considered
to be accurately known. Values of the cross-section for energies up
to 1,000 eV are given in Fite and Brackman (1958a), and the data is
reproduced in Kieffer and Dunn (1966).

2.2 Ionisation from excited states

Ionisation of atomic hydrogen from its excited metastable state
may become an important reaction under certain conditions in a dis-
charge e.g. in situations where a high electron number density exists,
land the population of metastable atoms is large. The radiative excited
state has such a short lifetime that any ionisation from it can be
neglected, but excitation to this state may play a role in determining
electron energy loss factors. For completeness, the excitation and
ionisation cross—sections for both states are included in the compil-
ation.

: g e ¥*
2.2.1 Excitation to the 2P and 2S5 states I-I.0 + e+ Ho + e

(a) 2P radiative state

The cross—section for excitation of the Ho(ls) to the Ho*(ZP)
short-lived radiative state has been measured by Fite and Brackman,
(1958b). Lyman - « photon detection was used to give a relative
cross-section curve, and this was then normalised to fit the
Born-approximation at higher electron energies. It was found to deviate
from the theoretical curve at energies below ~ 150 eV. The lifetime
of this state is = 10-9 secs.

The cross—section is shown in Figure 2. More recent data, by

Long et al (1968), is also shown, and is seen to be in good agreement.



(b) 28 metastable state

The cross—section for excitation to the HO*(2S) metastable state
has been measured by Stebbings et al (1960), again by Lyman - =
detecrcion cechniques. In order to assign absolute cross—sections the
ratic of che 2S to the 2P excitation cross—section was determined, and
the absolute 2S cross—section was found by use of the previous results
for the 2P states. The values presented by Stebbings et al (1960)
must be multiplied by a correction factor of 1.5 (Lichten, 1961).

The experiment measured the total cross—section for 28 production,
including contributions from cascades down from higher states (produced
by 1S - nP states, with n > 3, followed by a radiative transition to
the 28 state). The 1S - 2S contribution was deduced. The lifetime

of this state in the absence of perturbations is 3 10-3 secs

(fite et al, 1959), but can be considerably shorter in the presence

of e.g. an electric field.

The cross-section is shown in Figure 3, for both the cascade
included and 1S-2S deduced cases.

Hils et al (1966) have also measured this cross—section. They
find that the.total cross—section, including contributions from cas-
cades is in excellent agfeement with the data of Stebbings et al (1960).
waever, they used a different method of normalisation for the data,
and deduced a different curve for the 1S + 28 value. This is also
shown on Figure 3, where it can be seen that slightly lower values of
the cross—section ére found. More discussion of the reduction methods
can be found in Hils et al (1966).

More recent measurements of the total production cross-section,
including cascade effects, have been presented by Cox and Smith (1971).

The cross-section had a similar behaviour, and the data were in



reasonable agreement at energies greater than ~ 100 eV. However, at
lower energies the more recent data was 10-20% higher than the results
of Stebbings et at (1960). The maximum in the cross-section was found

- 2 .
to be at ~ 12 eV, as before, but here o =~ 1.8 x 10 L cm 1nstead of

~L7

1.4 x 10 cm-z. No attempt was made by Cox and Smith to deduce the

L
contribution from cascade effects.

* +
2.2.2 Ionisation from the 2P and 28 states H0 + e > H1 + 2e

(a) 2P radiative state

Because of the short lifetime of the 2P state no experimental
measurements of the ionisation cross—section have been made. However,
several calculations have been performed, and the most reliable of these
are shown in Figure 4. The full curve is based on the results of
Mandl (1952),Omidvar (1965) and Prasad (1966) (the Born A approximation).
These sets of calculations give essentially identical results.

The Born B approximation of Prasad (1966) gives better agreement
with experiment for the case of 2S state ionisation, and this approki—
mation applied to the 2P state is shown by cfosses in Figure 4. It
can be seen that the differences are not large in this case.

The calculations of Swan (1955) for 2P ionisation are in error by
a factor of 2, and the numerical integrations performed do not appear

to be very accurate (Omidvar, 1965).

(b) 2S5 metastable state

The cross-section for ionisation of the 2S metastable state has
recently been measured by Dixon et al (1975), and the results are shown
in Figure 5. The bars on the curve indicate the data range (using two
different types of electron collector), not the error range. As noted
above, the results are in reasonable agreement wiﬁh the Born B approxi-

mation calculations carried out by Prasad (1966).
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3. HYDROGEN MOLECULE REACTIONS

There is a range of reaction paths which an H, molecule can
follow when bombarded by an electron. The threshold for a given react-—

ion, the cross-section, and the shape of the cross—-section curve depend

upon the detailed collision mechanics and the internal state of the

molecule. The various reaction paths have been discussed by Massey

(1969, Chapter 13). Briefly, the thresholds for various processes lie

in the order of dissociation into atoms, excitation, ionisation,

dissociation to produce "slow' protons, and dissociation to produce
"fast'" protons.

. i nEs o
3.1 Ionisation H2 + e > h2 + 2e

Absolute cross-sections for this reaction have been directly

determined by Rapp and Englander-Golden (1965). The cross—sections
for electron energies in the range 16-1000 eV are given.

The results are shown in Figure 6, and are also presented in
Kieffer and Dunn (1966). The data of Tate and Smith (1932), used to
deduce the ionisation cross-section of atomic hydrogen (Sectiom 2.1),
agree well with the later data, except for small discrepancies around
the maximum in the curve (= 4%), where the Tate and Smith values are
slightly higher.

. & cennd P . +
3.2 Dissociative ionlsation H2 + e > Hl + HO + 2e

This reaction is thought to proceed via an excitation of the H2
molecule followed by dissociation into a proton and an atom, which

share 10-15 eV between them i.e.

H, + e~ (HZ)* + e+ H T H0 + 2e .

2 1

The protons produced by this mechanism are therefore "fast" ioms.



Cross—sections for this reaction have been measured by Rapp et al
(1965) and are shown in Figure 7. The data are also presented in
Kieffer and Dunn (1966). These results are for ions with kinetic
energy greater than 2.5 eV. There are several uncertainties in the
data i.e. an uncertain fraction of ions was collected, the method
used to eliminate thermal ions may have also rejected some resulting
from the dissociation, reflection of low energy ions from the collector
could be a serious problem. However, these inaccuracies are not
expected to alter the data greatly.

The energy distribution of the protons at an electron energy of
150 eV and a beam intersection angle 8 = 305° (the laboratory angle
between the electron beam axis and the axis of the ion lens used to
focus the protons produced before momentum selection and counting) is
shown in Figure 8 (Kieffer and Dunn, 1967), and the distribution is
shown for a range of electron energies in Figures 9 and 10. Here
6 = 23° (forward direction) and 8 = 157° (baékward direction) results
are shown. It can be seen that the protons have a range of energies
of v 4-14 eV, with mean energies of around 8-10 eV.

The experimental evidence indicated that most of the atomic ions
came from the dissociative state 2 p 9%, of the H2+ molecular ion. How-
ever, discrepancies between experiment and theory (Figure 8) were
Present, and a number of possible explanations were considered. The
most likely cause of the discrepancies was that repulsive high-lying
Rydberg states of the H2 molecule autoionise to form the observed H1+

with an apparent appearance potential consistent with the 2 po  state

of H2+ .



3.3 Dissociative excitation H2 + e - HO + H0 + e

The cross—-sections for this reaction have been measured by
Corrigan (1965) and are shown in Fig. 11. The cross—section has
essentially fallen to zero at energies of ~ 80 eV. At the highest
energies observed the measured apparent dissociation cross-section was
closely equal to the measured ionisation cross-section of Hy. As diss-
ociation into nmeutral atoms arises from the excitation of a triplet
electronic state the true cross—section can be expected to fall
rapidly with electron energy after passing through a maximum at an
energy not far above the threshold. Corrigan subtracted the ionisation
cross-section of H2 from the measured apparent dissociation expected
cross—-section, and the resulting curve (Figure 11) has the form
for singlet-triplet excitatiom.

There is no ambiguity in the interpretation of the results below
the threshold for the production of H2+ (15.4 eV), but at higher elec-—
tron energies problems arise because the method of detection of the
H, is rendered ambiguous. The neutral atoms were removed by Mo O,
layers and the pressure fall in the apparatus was ascribed to dis-
sociation. However, questions arise due to the possibilities of atoms
making contact with surfaces other than the Mo O3 and returning to the
volume as molecules, and the Mo 05 also acting as a clean-up agent for

positive ions produced at the higher energies.

The reaction proceeds via an excited state of the neutral molecule

%
+ + + +
H2 e > (H2) e + HD H0 e

and so the atoms produced have non-thermal velocities as they take
away some of the dissociation energy. The energy distributions of the

atoms have been investigated by Leventhal et al (1967). Some time-of-
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flight results are shown in Fig. 12, for three values of the bombarding
electron energy, and the deduced velocity distribution at one energy
is shown in Fig. 13.

The distribution is seen,to consist of two groups of atoms with
a "slow" peak becoming observable at 18 + 2 eV and a "fast" peak
appearing about 10.5 + 2 eV higher. The velocity distribution shows
maxima at (8.5 +0.5) and (31 + 3) x 105 cm/sec, and the energy distri-
bution shows maxima at 0.32 + 0.05 eV and 4.7 + 0.7 eV. The location
of the two peaks did not change with increasing electron energy from
" 5 eV above threshold to 60 eV, but the relative intensity of the two
peaks did vary markedly with energy, as seen from Fig. 12.

The slow atoms are thought to arise from excitation by electron
bombardment to singly excited bound (attractive) states of the molecule
lying just above the dissociation limit. On the other hand, because
of the relatively higher threshold potential, the fast atoms are
thought to arise from excitation to a doubly excited repulsive state
of the molecule lying about 10 eV above the dissociation limit. As
the electron energy is increased the excitation of the molecule to the
higher energy state becomes more likely, and the number of fast atoms

produced will increase.

4. H2+ TON REACTIONS

As in the case for H2 reactions, there is a range of possible
mechanisms for H2+ collisions with electrons, and these again depend
on the electron energy and the initial state of the H2+ ion (Massey,
1969).

However, experiments with H2+ are complicated by tﬁe fact that it

i . + . : . y ;
1s not yet possible to prepare H2 1ons 1n a particular vibrational

state, and measurements are generally made with the ions having a
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distribution of vibrational energy.r

H2+ ions are usually formed in an ion source by direct ionisation
of ground state Hy. This process occurs within the Franck-Condon
region of internuclear separation distances of the neutral molecule.
Excited electronic states of H2+ are effectively repulsive, and there-
fore ionisation to any state of H2+ except the 1ls Og ground state will
result in subsequent dissociation. If the electrons:which cause the
ionisation in the source have energies > 18 eV, then all the vibration-
ally excited levels of the ls og state can be populgted. Results of
calculations for ionisation from the ground vibrational level of Hz
indicate that the fractional population of the H2+ levels is 0.09 for
v = 0 (where V 1is the vibrational quantum number), reaching a maxi-
mum of 0.18 at vV = 2. The total for all levels with v > 10 is less
than 0.05 (Dunn, 1966; Dance et al, 1967). The vibrational states
are metastable in H2+ , but the distribution may be modified by secondary
collisions.

It is very difficult, therefore, to prepare H2+ ions in a partic-
ular state. As molecular H? is predominatly in the v = O state at
room temperatures, the distribution of vibrational states should corres-—
pond to a distribution defiﬁed by the appropriate Franck-Condon factors.
However, photodissociatio; measurements by von Busch and Dunn (1972)
in a source designed to produce such a distribution found discrepancies
between the measurements of the state population and theoretical pre-
dictions, although these differences were not large.

Because of the significant effect which the vibrational distribu-
tion can have upon reaction cross-sections, it is important to carry
out measurements under realistic conditions i.e. conditions typical of

an ion source discharge. Here the vibrational populations will be

_10_



perturbed from a pure Franck-Condon (or von Busch-Dunn) distribution,
as the pressure in a source is generally high enough for secondary
Collisions to occur, and high energy electrons are used to give good
lonisation efficienty. The source used by Peart and Dolder and Dunn
and van Zyl (1967) did not represent this state of affairs very well,
whereas the source used by Dance et al (1967) was much closer in con-

ditions to these requirements.

. . +
4.1 Dissoclative recombination H2 + e > Ho + H0

The cross—section for this reaction has only recently been meas-
ured, using modulation techniques and crossed beam equipment, by Peart
and Dolder (1974). The result is shown in Fig. 14, and it can be seen
that this reaction has a iarge cross—section at low energies, but that
the cross-section falls rapidly with increasing energy.

Previous data on this reaction were scarce. Bauer and Wu (1956)
presented some calculations, although they disregarded molecular
vibration and long-range Coulomb force effects. The onset energy was
zero, and at this energy the Og transition is also zero but the q.
transition cross-section was quoted as infinity. These correspond
to the cases where the incident electron is inclined and paréllel to
the nuclear axis, respectively. The values of (Ug + ou) are in
order-of-magnitude agreement with experiments at lower energies but
are an order of magnitude too high at &~ 1 eV, and increase rather than
decrease with increasing energy.

The reaction is thought to be a two-stage process proceeding via
electron capture to give a hydrogen molecule in an unstable excited

state, which then dissociates i.e.

+ *
H2 +e+(H2) —>H0+HO H

- 11 -



The atoms produced afe therefore non-thermal, taking away some of the
dissociation energy. Energy distributions have not been measured for
this-reaction{ but if the excited state is the lowest triplet state

of the molecule, which is a repulsive state, dissociation into neutral
atoms with v 2.2 eV kinétic energy is to be expected.

7 Sl i i . + +
4.2 Dissocilatlve exciltation - H2 + e - Hl + Ho + e

Dissociation of the H2 ion via an excited state is thought to

take place via two routes (Dunn and van Zyl, 1967)

+ + +
H2 (1s ag) + e -+ H2 (2pdu) + e > Hl + Ho + e

+ + + *
H2 (1s og) + e - H2 (2pm, , Zsog, others) - H1 + Ho + e .

Until recently the only determinations of this cross—section
have been theoretical ones e.g. Ivash (1958), Peek (1964). However,
aﬁsolute values, measured by Peart and Dolder (1972a) using modulation
techniques and crossed beams, are now available.

The results are shown by the solid line in Figure 15. As a com-
parison with theory it was assumed that the cross—section was given
+ 2po, and lso, + 2pm, cross—-sections, with

g g

states other than these making negligible contributions to the excitat-

by the sum of the lso

ion, and averaging these cross—sections over the vibrational states

of H2+. Agreement with theory was good, down to the lowest energy at

which data were taken (25.4 eV). The dashed portion of the curve in
Fig. 15 is based on the behaviour of the theoretical solution of
Peek (1964) to give an indication of the low-energy behaviour.

i i .. . + + +
4.3 Dissoclative lonisation H2 + e - Hl + Hl + 2e

This reaction does not proceed via an excited state of the
l-I2 ion, as in dissoclatilve excltation, but splits directly into two

protons. The threshold for the reaction is larger than the vibrational
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or rotational energies, and so the cross—-sections are unlikely to be
very sensitive to the initial molecular ion excitation state.

The cross—section for the reaction, taken from the tabular results
of Peart and Dolder (1973), *are shown in Fig. 16.

+
4.4 Total proton production H2 + e -+ protons

Until the recent measurements of the different reactions which
contribute to the proton production from H2+ (sections 4.2 and 4.3)
only the cross-section for total proton production by electron bom—
bardment had been measured. Peart and Dolder (1971, 1972b) measured
the sum of the dissociative excitation and ionisation cross—sections
i.e. Upl =g + 0i . Dunn and van Zyl (1967) and Dance et al (1967)
measured o_ = 9, + Zdi.

P
As the value of 0. 1is small compared to O the different sets

i
of results should agree fairly well. They do in the case of Peart.
and Dolder and Dunn and van Zyl, where the difference is very close to
calculated o, values (although the errors are expected to be large
for small differences). However, the Dance et al results are too low
at energies < 100 eV. This is thought to be due to the type of
source used, in which the plasma could easily destroy the hiéhly excited
states of H +, so that the vibrational populations in the beams would

2

be weighted towards the lower states which have smaller cross-sections.

As noted above, these cénditions are thought to be more respresentative
of those existing in high current ion source discharges.

The results of Peart and Dolder (1971, 1972b) are shown in Fig.17.
Below about 12 eV the proton production is via vibrationally excited
stated of the H. & ion. The results of Dance et al (1967) are also

2

given, and the difference in the data can be clearly seen.
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Also shown in Fig. 17 are the results of calculations for the
proton production cross—section derived by summing the excitation
cross—sections over the relevant Franck-Condon factors and allowing
for the contribution from dissociative ionisation, as explained in

Dance et al (1967). Good agreement with experiment is found.

5. H3+ ION REACTIONS

+ + +
. i i H + H, -+ H +
5.1 H3 ion formation 2 9 3 HO

Recent studies of the mechanism for this reaction (Lees and Rol,

1974) have shown that hydrogen atom transfer is the dominant mechanism
at interaction energies above = 6-7 eV, but below this energy both
proton transfer and hydrogen atom transfer contribute nearly equally

to the reaction.

The‘cross-section for the reaction has been measured in swarm
experiments by Giese and Maier (1963) and by the use of merged-beam
techniques by Neynaber and Trujillo (1968). The results agreed within experimental
error. In the latter work, cross-section determinations at various
interaction energies were accompanied by measurements at 1 eV, so that
a ratio was obtained. An absolute value of the cross-section at 1 eV
was found, although its estimated error was considerably larger than

errors associated with the cross-section ratios. The value was

15 + 377 9

o =1.2 x 10 cm .

1 eV - 26%

Values of the cross-section measured by Neynaber and Trujillo are

shown in Figure 18, with the error at 1 eV denoted by the bar.

- 14 -



i 3 5 F IS +
5.2 Dissociative recombination H3 + e -+ neutral H0

neutral atoms can be produced via dissociative

In the case of H2+,

recombination or dissociative excitation 1i.e.

H +‘+ e~+H +H
2 o 0

+
- H + H + e .
(6} 1

+ 2 3 . . F
In the case of H3 the situation is more complicated, in that one,two
+

or three hydrogen atoms can be formed according to the way the H3 ion

breaks up i.e.

H++e+H + H + H
3 o o o]

> +
H0 H2

+H + H +H++e
o o 1

The dissociative recombination cross—sections have been measured by
Peart and Dolder (1974c), using pulse height discrimination methodg
and inclined beams. The pulses due to the atoms from the dissociative
excitation mechanism could be rejected using this technique. Thg

results are shown in Fig. 19, and it can be seen that the cross—section

is very similar to that for the dissociative recombination reaction in

H2+ (Fig. 14).

Measurements at thermal energies, by Leu et al (1973), of the
recombination coefficients can be converted to cross—sections, and
extrapolation of the Peart and Dolder results to lower energies
passes very close to these values.

The higher energy measurements were made using H3+ which had

been de-excited to a state with negligible internal energy, possibly

via the reaction

+

(H 3

+ * %
3) +H2+(H2) + H

- 15 =



i.e. a high-pressure mechanism. The presence of electronically excited

+ . - .
H3 states is expected to modify the cross—sectioms.

: . . . . + +
5.3 Dissocilative excitation H3 + e > H0 + Ho + Hl + e

The cross—section for proton production via dissociative excitation

can be measured for low electron energies, and the results of Peart

and Dolder (1974b) are shown in Fig. 20. The values are similar to
+ 3 .

those for H2 at low energies. The measurements were carried out

- . + . % s y
using de-excited H, ions, and it was estimated that about four collis-

3
ions with neutral H, molecules were required to give de-excited ioms.
If the cross—-section measurements for proton production are

extended to higher energies (Peart and Dolder, 1975) then a rapid
increase in the cross-section is found between 20 and 30 eV. This is
attributed to the existance of several unstable states of H3+ with

energies about 20 eV above the ground state (Kawaoka and Borkman, 1971),

with dissociation of these states proceeding via the reactions

H3+ + e > Ho + Ho + Hl+ + e

+ H +H++
g 8 T

>H,T +H_+
2 s T B

The dissociative excitation mechanism can be regarded as occurring from

+ . . . .
, with contributions from higher states occurr-

»

the ground state of H3
ing at higher electron energies.

This situation at higher energies can be compared with that for
the case of H2+ a few years ago, when the only measurements available
were those of the cross—section for total proton production (Section 4.4)

and data on the reactions which contribute to this production

(Sections 4.2 and 4.3) were not yet available.
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Fig. 2 Excitation cross—section for the 2P radiative
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