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Abstract

The first partial cross-section measurements are presented for the various channels of H;* and H, dissociation in collisions with helium atoms
at 50 and 60 keV/amu. The experimental technique includes the use of a removable grid in front of a surface barrier detector to enable neutrals of

mass 2 amu to be separated into H, and 2H channels.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

A significant number of experimental and theoretical studies
have been carried out upon atomic collisions with the simplest
molecules and molecular ions: Hy, Ho", and H3*. These inter-
actions are of major interest both on a fundamental level as
model systems for molecular fragmentation and ionization and
in various areas of applied physics and chemistry. In particu-
lar, besides being a common ion in hydrogen discharges and
plasmas, H3* is understood to be abundant in the interstellar
medium [1] where interactions with cosmic rays (including fast
neutralized o particles) can have important effects on the chem-
istry and thermodynamics of interstellar clouds. Furthermore,
the specific cross-sections presented in this article are valuable
for the interpretation of the effects of cluster size upon the frag-
mentation of hydrogen cluster ions comprising a number of Hy
molecules surrounding an H3* core, with implications relating
to shell structures and temperature [2].
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In the present energy range, a collision with a helium atom
may induce two dominant processes in an H3* molecular ion:
electronic excitation (including ionization) and the capture of an
electron from the target atom. Conversely, electron capture by
an Hy molecule in a collision with an atomic target is negligible.
Following the interaction, the molecular H, system relaxes and
may dissociate. The detection of both neutral and ionic frag-
ments enables certain electronic excitation events which do not
involve a change in the charge state of the projectile system
to be identified. The total cross-section for H3* dissociation
in 60keV/amu collisions with helium has been reported in a
recent publication [2]. However, with the exceptions of this result
and Bouliou et al.’s [3] measurement of Hy* production in Hj
collisions with He atoms at 50 ke V/amu, the present communica-
tion provides the first cross-sections in the intermediate velocity
range for the various total and partial ionization and dissociation
channels observable with the present apparatus.

2. Experimental

The experiments were carried out using a crossed-beam appa-
ratus, part of which is shown schematically in Fig. 1. Pure
molecular hydrogen is ionized in a standard RF-discharge source
(80 MHz). Typical parameters for the ion source are 30 W RF-
power and an H» pressure of 107> Torr. The accelerator system
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Fig. 1. Schematic diagram showing the experimental system around the collision region and the detector system.

(not shown in Fig. 1) has been described in detail by Carré et al.
[4]. Briefly, a primary magnetic sector field is used to separate
H,* or H3* from protons and other ions such as those originat-
ing from impurities in the source. The ion beam is pulsed by
application of a voltage across primary parallel deflector plates
(not shown in Fig. 1) situated before the primary magnetic field.
After collimation using two circular apertures of radius 0.5 mm
and set 1 m apart (also not shown in Fig. 1), the projectile beam
is crossed at right angles with an effusive beam of helium gas. By
means of a differential pumping system, the residual gas pres-
sure close to the target jet and along the beamline is maintained
at 1076 Torr.

In order to measure the intensity of the incident H3* beam and
thereby subtract the contributions of any projectiles which have
been neutralized by the residual gas, a voltage can be applied
across secondary parallel deflector plates situated upstream from
the target jet (see Fig. 1). By coinciding the voltage with alter-
nate Hs* pulses, the projectile beam is directed to a surface
barrier detector or continues to the collision chamber. In order
to carry out the Hj projectile experiments, neon is introduced
into a charge transfer cell (path length 80 mm) between the pri-
mary magnetic sector field and the target jet. In this case, a
potential is applied across the secondary deflector plates to elim-
inate residual charged projectiles. This also acts as a quenching
field (10kV cm™!) for metastable molecules and as an ioniz-
ing field for Rydberg molecules [5]. The number of incident
H; projectiles is derived from the molecules, ions, and neu-
trals observed at the surface barrier detectors after the collision
chamber (numbered 1-5 in Fig. 1).

The helium target gas is introduced into the collision chamber
via a capillary tube. A detailed description of the target jet and
the absolute calibration technique is given by Ouaskit et al. [6].
The capillary tube is mounted on a micrometric gonimeter which
enables the jet to be moved in all directions (X, Y, Z) in steps of
50 wm. The target width (€) of the jet depends upon the inlet
pressure and the position of the capillary with respect to the
incident beam. These parameters are measured to a minimum
precision of 0.3% and 4%, respectively. In order to confirm that
single collision conditions apply, the measured branching ratios
are verified to be independent of changes in the target width.

The main features of the ion and neutral particle detection
system have been described in previous publications related to
H,,* cluster dissociation experiments [7]. Briefly, the transmitted
beam is analyzed in a secondary magnetic field (shown in Fig. 1)

located 1.5 m after the target, corresponding to respective flight
times of 0.48 and 0.44 us for 50 and 60 keV/amu projectiles.
Barrier surface detectors (labeled 1-5 in Fig. 1) are mounted at
the appropriate positions to detect H*, Hy*, H3", neutrals, and
H™ fragments on an event-by-event basis. The amplitude of the
current impulse emitted by a surface barrier detector following
ion or neutral impact is proportional to the energy deposited.
Thus a single H atom arriving at surface barrier detector 4
(see Fig. 1) can be distinguished readily from an H, molecule,
whereas the simultaneous arrival of two H atoms produces an
indistinguishable signal to that of a single H» molecule. Indeed it
is a challenge to observe non-ionizing dissociation of Hy (—2H)
and to separate the H3* electron capture channels leading to the
formation of 3H and H; + H. For this purpose, a movable trans-
mission grid was placed in front of the neutral detector (labeled
4 in Fig. 1) for Hy and H3* impact at 50 keV/amu and for Hp
impact at 60 keV/amu. Previous applications of grid transmis-
sion techniques for the separation of neutral production channels
include the experiments carried out by Morgan et al. [8] and by
Mitchell et al. [9]. The following explanation utilizes the exam-
ple of observing Hy non-ionizing dissociation. Branching ratios
defined with (G) and without (S) the grid in front of the neu-
tral detector are calculated as the number of neutrals detected
of 2 amu, N(2 amu Neutral), divided by the number of events
corresponding to non-dissociative ionization, N(Hz*), i.e.

N(2 amu Neutral)
G = (AoamuTeutra) (1a)
N(H2™) WITH GRID
N(2 amu Neutral)
5= (oo T (1b)
NH2™) WITHOUT GRID

Naturally, N(H,") is independent of the position of the grid.
The transmission, 7, of the grid was measured optically to be
0.510+£0.007. Measurements of the H3* — Hy* +H channel
with and without the grid showed the transmission probability
for hydrogen atoms tobe 0.515 4= 0.015, within the error margins
of the optical result. Kinetic energy release in the dissociation
allied to the large distance from collision to detection (1.5 m)
in comparison with the width of the holes in the grid (250 pm)
enables the transmission of each neutral formed in a given disso-
ciation to be considered independently. Therefore the probability
for two neutrals formed in a single collision to pass through the
grid is 72. The proportion of N(2 amu Neutral) corresponding
to the simultaneous arrival of 2 H atoms is defined as X and that
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to the arrival of an Hy molecule as (1 — X). Accordingly we can
derive the equations below.

_ T N(Hy)+ T>N(2H)

G ) (2a)
_ 2
_ (T(1 — X)+ T*X)N(2 amu Neutral) (2b)
N(Hy™)
=(T(1 = X)+T*X)S (2¢)
G/S)—r1

Thus branching ratios and cross-sections were deduced for the
five channels listed below.

H;™ — H"4+H, (3a)
H;"— H' 4+ 2H (3b)
H;"— H + H (3c)
H3;™— H + 2H (3d)
H, — 2H (3e)

Application of this technique without a helium target enabled
us to determine the purity of the incident Hy beam at 50 and
60 keV/amu to be 99%. The errors on branching ratios and abso-
lute cross-sections not involving the distinction of the different
3N and 2N channels are estimated at 5% and £15%, respec-
tively, on the basis of the maximum deviation of measurements
repeated for different preparations of the experimental system.
However, greater statistical errors apply to the branching ratios
(estimated at +20%) and cross-sections (£30%) for very weak
channels, notably those involving H™ production. The branch-
ing ratios and partial cross-sections for Hp, 2H, 3H, and H, + H
channels are also subject to larger errors, respectively estimated
at +10% and £20%, due to the additional measurement required
using the grid (G in Egs. (1a), (1b) and Egs. (1) and (2)) and
propagation of the error on the grid transmission (7).

Although the vibrational distribution within the present
beams has not been measured, a significant proportion of the
Hs* and H; projectiles are expected to be in rovibrationally
excited states (average internal energies of the order 1-2eV:
see, for example, the works of Wolff et al. [10] and Peart and
Dolder [11] for analogies). Bouliou et al. [3] commented that
the good agreement between independently measured abso-
lute cross-sections indicates that rovibrational excitation in the
incident beam does not have a major effect on Hy* and H; frag-
mentation in 5-50 keV/amu collisions with atoms. Similarly, the
good repeatability of our data and their apparent consistency of
with the available measurements in the literature imply that the
effects of rovibrational excitation in the incident beam on the
present H3™ and H; fragmentation cross-sections are small in
comparison with the experimental errors.

3. Results and discussion
3.1. Hs* collisions with helium atoms

The total destruction (dissociation and/or change of charge
state) cross-section op for H3* ions in a beam traversing a
target jet of width € (the number of He atoms per unit area at
the projectile beam intersection) is calculated using the equation
below.

N,
orp = In <NI> Cil @

Where Nj is the number of incident H3* ions and N is the num-
ber of particles detected at the detector labeled 3 in Fig. 1. The
target width is kept low to ensure that single collision conditions
apply (op€ < 1). The total destruction cross-sections of Hz*
given in Table 1 have been derived from measurements carried
out with various different target widths and used to calculate the
partial cross-sections on the basis of the measured branching
ratios. It should be noted that op is not generated by summing
the partial cross-sections for the various observed channels.
This is more important in the case of the 60 keV/amu mea-
surements which were carried out without detector 5 to observe
H™ channels (0.14% of the dissociation events at 50 keV/amu).
No attempt was made to observe channels including the exotic
metastable fragments Hy™ and H3~ due to previous experi-
mental and theoretical studies supporting their non-existence
[12,13]. However, readers should be aware that more recent
measurements have demonstrated mechanisms of the produc-
tion of both these molecular anions with minimum lifetimes
of several ws [14]. It should also be noted the 60keV/amu
total destruction cross-section has been re-measured for a num-
ber of separate preparations of the experimental system, giving
the averaged value 2.77 x 1077 cm? with a reduced error of
4+0.17 x 10~17 cm? [2]. Accordingly, the errors on the partial
cross-sections calculated using this result are estimated at £10%
instead of 15% (see Table 1).

No Hz* — H3 events were observed at 50 keV/amu. This
is perhaps surprising as Gaillard et al. [15] reported the exis-
tence of Hj states produced in Hz*—argon atom collisions at
133-1000 keV/amu with lifetimes >0.3 s, close to the present
flight time of the projectile system from the helium jet to the
detectors. By contrast, however, the mean lifetime of H3z pro-
duced in 15keV Hj3* collisions with cesium atoms has been
determined by Bruckmeier et al. [16] to be 3.9ns. Similarly,
Datz et al. [17] observed no H3* products of free electron
attachment to vibrationally de-excited H3* at a detector situ-
ated ~100ns downstream from the interaction. The grid was
not used in the present 60 keV/amu H3™ collision experiments
so the different 3N channels could not be separated. By analogy
with the 50 keV/amu results, the H3* dissociation cross-section
at 60keV/amu is assumed to be equal to the measured total
destruction cross-section to within the present statistical limits.

To the authors’ knowledge, the only independent abso-
lute destruction cross-sections which are comparable with the
present data are those measured by Wolff et al. [10] for H3*
collisions with a helium target at energies ranging from 160
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Table 1
Dissociation of H3* in 50 keV/amu and 60 keV/amu collisions with helium atoms
50 keV / amu 60 keV / amu
Channel Branching ratio Cross section Branching ratio Cross section
£5% " (6/om) | £15% (em?) +5 % (6 / 61p) +10 % (em?)
Total destruction (orp) * - 335x 107" i (2.77+0.17) x 107°
3N * 0.27 9.0x 107 0.27 7.4 %107
H+H +H (52£1.00= 10" | 1.7£0.5) = 107" 2 N
H," + H (2705 = 10% | 9.0+£27) = 10™ - -
2N +H (41208 =107 | (1.4+04) = 107" - B
IN+H * 0.18 6.2 x 107" 0.17 4.8 % 107"
H," +H 0.12 3.9 x 107" 0.12 3.4 x 1077
2H + H (25£0.5) < 10" | (8.4£2.5)=10% - -
H+2H" 0.23 7.7 % 10" 0.21 5.8 %107
H, +H' 0.14 47 = 107 0.16 43 %107
3H 0.061 2.0 x 107 0.072 2.0 x 1077
Sum (electron loss) 043 | 14x10™ | 0.44 12102
Sum (H™ production) (15£03)%x10° | 49+1.5) = 107" - =
Sum (1N production) * ° 0.35 : 2 T 0.33 O =Y
Sum (2N production) * 0.18 62 107" 0.17 4.8 x 107
Sum (H' channels) 0.62 Al 0.61 7 s
Sum (H" production)” . B Ok - SERl0R
Sum (H,' production) 0.26 86 x 1077 0.28 T

Shaded boxes contain branching ratios and cross-sections which were generated by summing distinct channels. The 60 keV/amu measurements are made without a
detector for H™ fragments. However, on the basis of comparisons with the 50 keV/amu results, H™ channels are expected to contribute minimally to the 60 keV/amu
sums given. *Unless errors are specified otherwise. ® Assumed to be equal to total dissociation to within the present statistical limits as no H3 molecules are observed
(see text). °3N and 2N signify the detection of neutrals of total mass 3 or 2 amu, respectively, i.e., possible combinations of H atoms and H, molecules. 4H detection
without the possible simultaneous arrival of an H molecule or another H atom (or another 2 H atoms). *This cross-section can be compared directly with current-type
measurement; the cross-sections for channels including the production of two or 3 H* ions are respectively counted twice or three times for the sum.

to 1230 keV/amu. Wolff et al. [10] demonstrated an approxi-
mately linear dependence of (GTD)_1 upon the square of the
impact velocity in collisions with Ne, Ar, Xe, and He. This
relation is associated with Meron and Johnson’s [18] model
for electron loss in atomic systems (discussed further in Sec-
tion 3.2). Fig. 2 shows that the present 50 and 60keV/amu
electron-loss cross-sections are broadly consistent with this rela-
tion, lying close to the lower error boundary of the extrapolated
(omp) ' =a+b? weighted fit (Origin Pro™ Version 7) to the
previous total destruction cross-sections [10]. Whereas electron-
loss is expected to dominate H3™ destruction at the impact
energies studied by Wolff et al. [10], Table 1 shows that less than
50% of the observed H3* destruction events involve electron loss
for collisions with helium atoms at 50 and 60 keV/amu.

7| e L e
2] - > A
= ] =L I
5 I~ I
= L SR I
g AN
» R SR
z a Electron-loss (present work) L% T
S A Total destruction (Wolff er al. 1992) E
--------- Error limits of the 1/6 = a + bv’ weighted
fit to the data of Wolff er al. (1992)
0.1 ————— . ———

100 1000
Impact energy / mass (keV / amu)

Fig.2. Comparison of the present cross-sections for electron-loss from H3* with
the total destruction cross-sections of Wolff et al. [10] for higher energy Hz*
collisions with helium atoms.

A number of studies have been carried out on the production
of H™ ions in H3* dissociation events [19—25]. These ions can be
produced either by Hj3 dissociation following electron capture
or by electronic excitation (including ionization) of Hs*. As
the present experiments include neither the detection of emit-
ted electrons nor the measurement of the post-collision charge
state of the helium target, it is not possible to determine the
proportion of electron capture events within most observed chan-
nels. Only for channels with more than two bound electrons on
the detected fragments can electron capture be unambiguously
identified. Electron capture processes are naturally expected to
lead to higher H™ production rates as there are more electrons
in the excited projectile system. Accordingly, H™ production
channels represent 0.44% of the presently identifiable electron
capture events (3N, H+H*+H~, Hy"+H™, and 2N+H"™) at
50keV/amu compared to 0.034% of the other observed destruc-
tion events (presumably dominated by electronic excitation),
while the major channel for H~ production is (H+H*+H™).
From a theoretical point of view, this channel is particularly
interesting for the study of a three-body system in the presence
of Coulomb interactions.

Yenen et al. [23] measured the energy distribution of H™
produced in H3™ collisions with helium atoms in the energy
range 0.8-2.3keV/amu and concluded that the detected H™
fragments were formed by the electronic excitation of Hz*
followed by its fragmentation (—2H*+H™). However, the
present 50 keV/amu measurements show that over 80% of the
observed H™ ions are produced in identified electron capture
processes. This suggests a distinct change in the dominant pro-
duction process for H™ ions between collisions at low (~0.3 vg)
and intermediate (~1.4 vg) velocities. Absolute cross-section
measurements for total H~ production in H3* collisions with
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Fig. 3. Comparisons of the present partial cross-sections for H™ production
in H3* collisions with helium atoms with previous measurements at different
impact energies [20,22].

helium atoms have been reported by Alvarez et al. [22] and
Jalbert et al. [20] in the respective energy ranges 0.4—1.6 and
400-1200 keV/amu. Fig. 3 suggests a broad consistency of the
present 50 keV/amu total H™ production cross-section with the
previous results.

The present partial cross-sections for H* and Hp* production
are plotted in Fig. 4 together with the previous measurements
carried out at lower collision energies. In order to make a direct
comparison with the current-type measurements of Williams and
Dunbar [26], the present 2H* and 3H* channels are, respec-
tively, counted twice and three times to calculate the summed
cross-section for H* production shown in the figure. The present
data appear to be consistent with a continuation up to 50 and

Projectile system ions produced by
H impact upon H, (McClure 1963) §
H' production fitted §
H. production fitted
& - yv
g 1E-16 v T
& v Y Y
] v
= v
@ v
]
w
2 b .
c v H, impact upon He
o .
v H' production (Williams 1966)
¥ H, production (Williams 1966)
1E-17 4 © H production (present work)
v H, production (present work)

1 10
Impact energy / mass (keV / amu)

Fig. 4. Comparisons of the present partial cross-sections for H* and Hy* (open
circles and triangles) production in H3* collisions with helium atoms with pre-
vious measurements at lower impact energies (filled circles and triangles) [26].
The lines shown in the figure represent McClure’s [27] cross-section measure-
ments for the formation of H* and Hy" ions by dissociation of the projectile
system following H3* impact upon Hy molecules.

60 keV/amu of the trend observed by Williams and Dunbar [26]
for gradual increase in H* production with impact energy in
the range 1-17 keV/amu. This trend is also visible in McClure
et al.’s [27] cross-sections for the formation of H* ions by dis-
sociation of the projectile system following H3* impact upon
H> molecules at 2-40keV/amu (represented as a solid line in
Fig. 4). It is interesting to note the seemingly good agreement
of the present and past helium impact absolute cross-sections
with the Hj target results of McClure et al. [27]. This appears
to be consistent with Wolff et al.’s [10] observation at higher
impact velocities of an empirical 4th order dependence of total
H3* destruction cross-section upon the geometrical radius of
the atomic target, and Mais’ [28] determination that the effec-
tive collision radius of H» is less than 5% greater than that of
He in a low-velocity K atom scattering experiment. By con-
trast, the considerably higher ground-state ionization energy of
He (24.6eV compared to 15.4eV [29]) indicates that He and
H; do not have similar electron velocities, generally considered
to be an important parameter for electron capture by a charged
projectile.

As is the case for H*, the only previous Hy* production cross-
sections for H3* impact upon atomic helium were reported by
Williams and Dunbar [26] at lower energies. The distribution
of present and previous measurements for H3* impact upon He
shown in Fig. 4 suggests a maximum in Hy* production between
20 and 30 keV/amu. McClure et al.’s [27] cross-sections for the
formation of Hp" ions by dissociation of the projectile system
following H3* impact upon an H; target (represented as a solid
line in the figure) show similar characteristics with a maximum
around 10keV/amu. It is interesting to note that the present
cross-section for Hy*™ production is less than 30% of that for
H* production, much lower than the average value of 80% in
1-17 keV/amu collisions with He atoms [26]. This suggests a
possible increase in the branching ratio for three-body dissocia-
tion (the only channels which can yield more than one H*) at 50
and 60 keV/amu compared to 1-17 keV/amu. Indeed, two body
dissociation accounts for only 18% of total number of H* ions
detected following 50 keV/amu collisions.

Cross-sections for the production of neutrals in H3* collisions
with helium atoms have been reported by Jalbert et al. [30] in the
energy range 400—1200 keV/amu. The present cross-sections for
1N production, corresponding to H detection without the simul-
taneous detection of an H, molecule or one or two other H
atoms, and 2N production (2 H atoms or an H, molecule) are
compared to the previous data [30] in Fig. 5. The present data at
50 and 60 keV/amu appear to be consistent with the broad trend
for decreasing 1N and 2N production with increasing impact
energy observed between 400 and 1200 keV/amu [30] and with
Mclure’s [27] observation of a maximum at around 10 keV/amu
for the formation of neutral fragments by dissociation of the
projectile system following Hs* impact upon an Hj target. It is
also worth noting that the present 2N production cross-sections
are around one half of the 1N cross-sections, while the data
of Jalbert et al. [30] in the range 400-1200 keV/amu show 2N
production to be lower as a proportion of 1N production. This
suggests that electron capture processes, whose probability can
be assumed to fall rapidly with energy above ~100keV/amu,
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Fig. 5. Comparisons of the present partial cross-sections for 1N (H without
simultaneous detection of an Hy or another H) and 2N (H; or 2H) production
in H3™ collisions with helium atoms with previous measurements at different
impact energies [30].

may have a particularly significant contribution to the presently
observed 2N channels. Table 2 shows that H, production (two
body dissociation) at 50 keV/amu represents 80% of the 2N
events.

To the authors’ knowledge, no previous absolute cross-
sections have been reported for the H3* dissociation channels
listed in Table 2 for 50 keV/amu (1.4 vg) collisions with helium
atoms. However, it is interesting to compare the present branch-
ing ratios for 3N production (exclusively due to electron capture)
with those measured by Datz et al. [17] for Hs* dissociation
following the capture of a free electron in the energy range
0.001-20eV (0.01-1.2 vg). Datzetal. [17] reported that (H, + H)
production remained constant at ~25% of the total 3N disso-
ciation events from 0.001 to 0.4eV, and then increased to a
maximum of ~65% close to 4eV. Above 4 ¢V, the measured
proportion of (Hy + H) events steadily decreased to ~10% at
20eV. An interpretation for this energy dependence was pro-
posed in terms of inelastic interactions between the electron and
the H3* ion [17]. In the present work, the Hp + H channel repre-
sents 89% of the 3N detection events, markedly higher than Datz
etal.’s [17] observations. The distinct difference between the rel-

ative contributions of the 3H and (H; + H) channels observed in
H3* interactions with a helium atom and with a free electron
suggests that the He target plays more than a simple spectator
role in dissociative electron capture processes.

It is interesting to consider the present 3H/(H; + H) branch-
ingratio of 0.11 = 0.02 for 50 keV/amu H3* impact upon helium
atoms in the context of Peterson et al.’s [31] results for near-
resonant (little change in internal energy) electron capture in
1 keV/amu (0.2 vp) Hs* collisions with Cs atoms. In particular,
Peterson et al. [31] reported that more highly excited incident
H3* yielded higher 3H/(H; + H) branching ratios (0.23 & 0.02
and 0.65 4+ 0.02 for respective average H3* internal energies
of 1.4840.15 and 2.42+0.2eV). However, the much lower
impact parameters for electron capture in the present collisions
are associated with significant energy transfer (non-resonant
conditions). This energy transfer is expected to reduce the rela-
tive importance of the internal energy of the incident molecular
ions, in accordance with Wolff et al.’s [10] argument relating to
160-1230 keV/amu H3*—He collisions.

No clear evidence is observed for energy dependence between
the 50 and 60 keV/amu cross-sections (total, partial, or summed).
Although the total H3* destruction cross-section is 18% greater
at 50 keV/amu, this may be accounted for by the combination of
£15% errors. Table 1 demonstrates the present branching ratios
to be in exceptionally good agreement. That the branching ratios
are similar is not surprising as the energies are sufficiently close
to expect the same types of interactions to dominate. Only the
3H" channel shows evidence for branching ratio dependence
upon impact energy in the present range. It may be envisaged
that this channel occurs preferentially in high-energy collisions
as it represents a maximum break up of the protons and electrons
which make up the H3" projectile. However, it should also be
noted that the branching ratio errors are essentially statistical
and thus a relatively large error can be expected for the 3H*
channel, the weakest of those which are observed at both 50 and
60 keV/amu.

3.2. H; collisions with helium atoms

The present total cross-sections og(Hp) for the destruc-
tion (dissociation and/or ionization) of Hy by helium impact

Table 2
Separation of 2H from H, detection in Hz* dissociation at 50 keV/amu collisions with helium atoms
Channel Branch}ng ratio Cross sgctim;
+10 % ' (a/ 61p) +£20 % " (em?)
3H 0.028 9.4 107
H, + H 0.24 8.0 x 10"
Hy, + H' 0.035 1 2ae10:
2H+H' 0.15 50107
Sum (H channels)* 0.76 £ 0.05 (2.6+0.4) x hig
Sum (H production)* * - (32£06) % 107°
Sum (H, production) 0.28 9.2 x 107
Sum (2 body dissociation)* 0.53 £0.05 (1.8+0.3) % 107°
Sum (3 body dissociation)* 0.47 +0.04 (1.6+0.3) x 1077

Shaded boxes contain branching ratios and cross-sections which were generated by summing distinct channels. The partial cross-section for 2N+ H™ is too low to
accumulate sufficient statistics to carry out a meaningful separation of H, and 2H channels. *Unless errors are specified otherwise. ®These sums include partial cross-
sections from Table 1. °This cross-section can be compared directly with a current-type measurement, i.e., the cross-sections for channels including the production

of two H atoms are counted twice for the sum.
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are (3.1+£0.5) x 10710 and (3.2 4+ 0.5) x 109 cm? at 50 and
60 keV/amu, respectively. These cross-sections are generated by
summing the partial cross-sections listed in Table 3. Very few
studies of Hy excitation by atomic or molecular impact have been
carried out [3,32,33], while the particular rarity of total cross-
section measurements for dissociation and destruction is largely
due to the difficulty in identifying neutral dissociation events
(H> — 2H). Indeed, to the authors’ knowledge, the present work
provides the first experimental cross-sections and branching
ratios for neutral dissociation of H in collisions with any atomic
or molecular target.

De Castro Faria et al. [34] reported cross-sections for
H, destruction based on attenuation measurements of a
neutral molecular beam in a magnetic field following
225-1220keV/amu collisions with helium atoms, thus assum-
ing neutral dissociation to be negligible. It was inferred that Hy
destruction in this energy range proceeds dominantly through
ionization as opposed to through H; excitation on the basis of
comparisons with a Bohr-type model in which molecular cross-
sections are inversely proportional to the dissociation energy
[34,35]. This model fits the data much better when the H; dis-
sociation energy is taken to be 16.3 eV, the ionization energy,
rather than 10.0 eV, the excitation energy for the first dissociative
state (b> X, ). The present work shows that ionization channels
account for 86% and 84% of the observed H; destruction events
at 50 and 60 keV/amu, respectively (Table 3). Therefore, while
ionization dominates H, destruction, neutral dissociation is not
negligible at the present impact energies.

As reported by the same group for Hs* collisions with a
helium target [10], de Castro Faria et al. [34] demonstrated
an approximately linear dependence of the reciprocal of the
Hj destruction cross-section (not including neutral dissociation)
upon the square of the impact velocity in collisions with Ne, Ar,
and He, in accordance with the free-collision model (FCM) of
Meron and Johnson [18] for electron loss in atomic systems. In

Table 3
Dissociation of H; in 50 and 60 keV/amu collisions with helium atoms

AA
_____ 11
I
g
<? 14
= e é
: - N
3 ~&
@ A& Present work e
g A De Castro Faria ef al. (1995) =
R [ Error limits to weighted 1/5 =a + bv” fit
to the data of De Castro Faria ef al. (1995)
0.1 T .
100 1000

Impact energy / mass (keV / amu)

Fig. 6. Comparisons of the present total H, electron loss cross-sections with the
previous data [34] for higher energy collisions with helium atoms.

order to make a direct comparison with the results of de Castro
Faria et al. [34], the present cross-sections for Hy electron loss
(ogL & destruction with neutral dissociation removed) are plot-
ted in Fig. 6. Although the present cross-sections lie outside the
error boundaries of the extrapolated (ogL) "' =a+bv? wei ghted
fit (Origin Pro™ Version 7) to the data of de Castro Faria et
al. [34], the two sets of results do not appear to be markedly
inconsistent.

While, to the authors’ knowledge, no total destruction cross-
sections are available for H, impact upon a helium target, cross-
sections for collisions between two Hy molecules have been
calculated analytically on the basis experimental viscosity data
and H* projectile data scaled using a coefficient derived from
screened Coulomb theory [32,33]. As discussed in Section 3.1,
dihydrogen molecules have been observed to display similar
cross-sections to helium atoms (see Fig. 4). Accordingly the
present total Hy destruction cross-section for 50 keV/amu He
impact (3.1 40.5) x 1071% cm?, is in agreement with the cross-

50 keV / amu 60 keV / amu
Channel Branching ratio Cross section Branching ratio Cross section
5% (6/om) | £15% (em’) | +5% (6/06mp) | £15% (em?)
H +H (10+02)x10° | 32+1.0)x 107 | (9.9+02) x 107 | (3.1+0.9) x 107
2H (non-ionizing 0.14+0.01 (4.4+09) x 10" 0.16 + 0.02 (5.1£1.0)% 107
dissociation)
H+H' (1603 %107 | 5115 =107 | (1.5+03) = 107 | (4.8+1.4) = 107
_ H+H 029 92x100" | 031 9.9 107
H," (non-dissaciative 0.50 16 x 107 0.48 1.5 % 1076
ionization)
2H" 0.067 2.1 %107 0.063 20107
Total destruction (6yp) = (3.1+£0.5) = 107 = (32+0.5) % 107
Electron loss ° 0.86 2.7 %107° 0.84 PRERIUk
Sum (H channels) 0.43+0.04 (14£02)x10™° 0.46 + 0.04 (1.5£02) x 107"
Sum (H production) * = (1.8£03) % 10" = (2.0+£03) x 107
Sum (H™ channels) 0.36 1= 10" 0.37 N0
Sum (H' produetion) * = 1.3 107" - 1.4 % 107°
Total dissociation 0.50 + 0.04 (1.6+0.3) x 107 0.53 +0.04 (1.7£0.3) % 10"

Shaded boxes contain branching ratios and cross-sections which were generated by summing distinct channels. *Unless errors are specified otherwise. ®The sum of the
H* +H, Hy*, and 2H* channels (s a current-type electron production cross-section). “These cross-sections can be compared directly with current-type measurements,
i.e., the cross-sections for channels including the production of two H atoms or two H* ions are counted twice for the sums.
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Fig. 7. Comparisons of the present partial cross-sections for Hy* and H* pro-
duction in Hj collisions with helium atoms with the measurements of Bouliou
et al. [3].

section (3.0 0.5)3 x 1071% cm? recommended by Tabata and
Shirai [32] for H, projectile dissociation in a collision with an
H; target.

It is interesting to compare the present data with the cross-
sections for the ionization and dissociation of H; by electron
impact reviewed by Tawara et al. [36]. In particular, this
review includes cross-sections for specific dissociative elec-
tronic excitations determined by the spectroscopic analysis of
emitted photons [36]. For 30eV (1.5 vg, 56 keV/amu) electron
impact upon Hj, cross-section measurements for excitation to
the lowest-energy dissociative state, b>X,*, lie in the range
(1-4) x 10~'7 cm? [36]. These results are of the same order
as (4.440.9) and (5.1 £1.0) x 1077 cm?, the present cross-
sections for neutral dissociation in helium collisions at 50 and
60keV/amu, respectively (Table 3). That the present cross-
sections are slightly greater than those provided by Tawara et al.
[36] is not surprising as the excitation of H» into states other than
b> X, * can be expected to contribute to the presently observed
non-ionizing dissociation channel.

The present total cross-section (1.6 £0.3) x 10~ 10 cm? for
H," production (non-dissociative ionization) in collisions with
He atoms at 50keV/amu is in agreement with the only directly
comparable previous cross-section (1.4 +0.3) x 10~10 cm? [3]
(see endnote 1). Bouliou et al.’s [3] absolute cross-sections for
H* and Hy* production in Hj collisions with atomic targets
are also in good agreement with earlier measurements in the
low-energy part of their range [37,38]. Fig. 7 shows that the
present cross-sections are consistent with the broad tendency

3 The values given above for the cross sections for Hy dissociation recom-
mended by Tabata and Shirai [32] are read from a figure as, to our knowledge,
the relevant numerical value is not available in the literature. The given error
reflects only the precision available from the relevant figure. The value given for
Bouliou et al.’s [3] measurement of H* production in collisions with He atoms
at 50 keV/amu has also been taken from a figure. In this case, the error (£20%)
is estimated from the error bars on the H" production cross-sections presented
in the communication.

observed by Bouliou et al. [3] for the Hp* production cross-
section to increase with impact energy at a steadily decreasing
rate for 5-50keV/amu collisions with He, Ar, and Kr. Indeed,
for H, impact upon He, no meaningful increase in Hy* produc-
tion between 30 and 50 keV/amu was detected [3]. Accordingly,
the present cross-section for Hp* production at 60keV/amu
is (1.5+0.2) x 10710 cm?, comfortably within the error mar-
gins of the 50keV/amu result. By contrast, Bouliou et al. [3]
observed do(H*)/dE as well as o(H") to increase with energy in
5-40 keV/amu collisions with He atoms. The present H produc-
tion cross-sections are (1.3 £0.2) x 1071°cm? at 50keV/amu
and (1.4 +0.2) x 10~1° cm? at 60 keV/amu. Thus, while com-
parison with the previous work [3] may be interpreted to indicate
a continued increase in H* production up to 50 keV/amu, no evi-
dence is observed in the present data for o(H*) dependence upon
impact energy between 50 and 60 keV/amu. The present cross-
sections for H* production are ~100% greater than Bouliou et
al.’s [3] result at 40 keV/amu, corresponding to a slightly greater
increase than would be expected from a simple extrapolation of
the previous data.

To the authors’ knowledge, the present work provides the first
experimental evidence for H™ production in Hj collisions with
an atomic target. Table 3 shows that the sum of the observed
H~ production channels (H~ + H and H™ + H*) represents less
than 0.3% of H destruction following 50 keV/amu impact upon
helium.

Finally, it is interesting to compare the presently observed
channels with the potential energy curves corresponding
to the electronic states of H, and H,*t calculated in the
Born-Oppenheimer approximation [39]. The observation of
non-ionizing dissociation indicates access either to the 5> X,*
dissociative state, producing two ground-state H atoms, or to an
H)* state, BIZJ,[r or CIT «» Which can, with vibrational exci-
tation, lead to the production of two H atoms of which at least
one is in an electronic excited state. Excitation to these states
from Hj in the electronic and vibrational ground state requires
an energy transfer of several eV up to around 15 eV, depending
on the interatomic distance at the instant of excitation, while 2H*
production, also observed in the present experiments, requires an
energy transfer of around 50 eV. Therefore, the observed chan-
nels (Table 3) provide evidence for energy transfer events of
several eV to around 50eV (or greater) in the present impact
conditions. This range is consistent with recent energy loss cal-
culations based on a dynamical model for a proton colliding
with different atomic targets at energies up to 100keV [40].
For 50keV collisions with a weak impact parameter, Cabrera-
Trujillo et al. [40] report the kinetic energy lost by the proton
and converted into internal energy of the target atom through
electronic excitation to be of the order of several tens of eV.

4. Conclusions

This work provides the first absolute cross-section measure-
ments for the various channels of H3" and H, dissociation in
collisions with helium atoms at 50 and 60 keV/amu. Further-
more, to the authors’ knowledge, the present cross-sections
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(1.64+0.3)x 10710 and (1.74£0.3) x 10~ cm? at 50 and
60 keV/amu, respectively, represent the only total dissociation
measurements for Hy in collisions with a helium atom, or indeed
any atomic or molecular target at any energy. Comparisons with
previous measurements show the present data to be broadly con-
sistent with the trends observed at lower and higher energies.
However, it is interesting to note that the present results indicate
that electron capture processes contribute more significantly to
H™ production in H3" collisions with He at 50 keV/amu than at
0.8-2.3 keV/amu [23]. In addition, comparison of the branching
ratios for dissociation following the capture of an electron from
a He atom by H3* with those following free electron capture
[17] demonstrates major differences, indicating that the helium
target has a significant effect on dissociative electron capture
processes.
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