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Destruction cross sections for fast hydrogen molecules incident
on helium, neon, and argon
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We measured the destruction cross sections of fast Hq molecules (3.0 ( v ( 7.0 a.u. ) in helium,
neon, and argon targets. We also measured, complementing previously published data, the Hz+
destruction cross sections in neon for 3.0 & v & 7.0 a.u. and in helium and argon for v = 3.0
a.u. The H2 beam was obtained from fast H3 molecules dissociated in an auxiliary target. These
H2 and Hz+ destruction cross sections were compared with the previous ones for H2+ and H3+
ions and also with the H electron-loss cross section, and a simple description is able to explain
quantitatively the observed trends for these four sets of experiments, giving also information about
the main destruction channels for the H2 and Hq+ molecules.

PAGS number(s): 34.90.+q

I. INTRODUCTION

High-energy molecular &agmentation is a basic prob-
lem, particularly for the simplest molecules H2, H2+,
and H~+, as it yields information both on the molec-
ular structure and on the collision itself. However, al-
though the literature presents experimental results of col-
lision processes at intermediate and high energies involv-
ing H2+ ions [1—6], and also for Hs+ ions [6—12], few of
these works deal with a wide range of energies and even
less make a systematic choice of targets. In particular,
the lack of systematic data for fast H2 molecules collid-
ing with noble gas targets prevents comparing H2+ and
H3+ data at the same velocities and colliding with the
same targets, such comparison being needed in order to
build models for molecular dissociation [13]and hydrogen
cluster &agmentation.

We have systematically studied collisions of fast Hz+
and H2 + molecules with He, Ne, Ar, and, eventually,
Xe gas targets, these ions being produced in a radio &e-
quency ion source and subsequently accelerated to ve-
locities going &om 3.0 to 7.0 a.u. Up to now the H3+
measurements include the total destruction cross section
[7], the center-of-mass distribution of H and H+ ions
[8], and the production of H ions [9] and neutral frag-
ments [10]. The study of fast H2+ collisions started by
measuring the total destruction cross sections in helium
and argon (4.0 ( v & 7.0 a.u. ) [5]. Additional H2+ de-
struction results are given in the present paper for a neon
target and 3.0 & v & 7.0 a.u. and for helium and argon
targets at v = 3.0 a.u.

It is also possible to obtain beams of fast H atoms
and H2 molecules, through the &agmentation of H3+
molecules followed by the removal of the charged &ag-
ments. In this paper we present the Grst, as far as the
authors are aware, measured values of the destruction
cross sections for fast H2 molecules. This process has
only been studied by electron and photon impact (a re-
cent review is presented in Ref. [14]). In this paper we

also discuss the H2 and the H2 + data in terms of a simple
model, which describes well the data for the several tar-
gets (He, Ne, and Ar) and the different projectiles (H2,
H2+, and Hs+).

II. EXPERIMENTAL ARRANCEMENT
AND METHODS

A scheme of the experimental setup is shown in Fig.
1 (a previous and similar arrangement has already been
described [7]). The Hs+ ions were produced by a radio
&equency ion source, accelerated by the PUC-Rio 4MV
Van de GraafF accelerator and momentum selected by a
90' magnet. By closing the vacuum pump located near
this magnet, a preliminary 1 m long target was formed by
the residual gases, going &om the magnet exit to stabiliz-
ing slits. This target breaks some of the Hq+ molecules
into neutral and charged fragments, the latter being re-
moved by a permanent magnet placed just after the sta-
bilizing slits. Neutral fragments eventually ionized by
the residual gas before reaching the target were removed
&om the beam by another permanent magnet, 2 m apart,
located just before the slit system at the entrance of the
chamber containing the gas cell. This slit system lim-
ited the beam intensity to values as low as a thousand
particles per second, thus allowing the use of a surface
barrier detector for the transmitted neutral particles. An
arrangement already employed in the previous [7] Hs+
destruction measurement allowed monitoring of noncon-
stant beam currents: an auxiliary surface barrier detector
facing a rotating gold target placed on a beam chopper
and counting the Rutherford scattered (90') particles.
This arrangement was not employed for the present ex-
periments as improved accelerator conditions led to con-
stant intensity beams.

The diKerentially pumped target system was composed
of a 10 cm long gas cell, with the diameters of the en-
trance and exit openings being, respectively, equal to 0.5
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FIG. 1. Scheme of the experimental setup
(the drawing is not to scale). The sym-
bols should read: Pq, P2, and P3 are di8'u-
sion vacuum pumps; Ij and I2 are vacuum
impedances; Sq and S2 are collimation slits;
V is a gas valve; T is the target; G is a ther-
mocouple pressure gauge; C is the chamber
containing the target; SBD is a surface bar-
rier detector; and M is the switching magnet.

and 2.0 mm, placed in a vacuum chamber pumped by a 4
in. di8'usion pump. The cell pressure was measured em-
ploying a thermocouple device, calibrated, for each gas,
against a Baratron capacitive manometer. The uncer-
tainty arising &om this calibration procedure was smaller
than 1'%%uo. Before entering the chamber the beam was col-
limated by a set of staggered crossed pairs of micromet-
ric sliding slits, defining beam dimensions always smaller
than O.1x0.1 Inm and reducing its intensity in order to
allow the use of a surface barrier detector. The cham-
ber was isolated &om the beamline by entrance and exit
vacuum impedances, with diameters of 0.5 and 5.0 mm
respectively and indicated in Fig. I, leading to chamber
pressures outside the gas cell that were a factor of a thou-
sand lower than the ones inside. Low beamline pressures
were ensured by the small size of the entrance impedance
opening, reducing the gas How &om the chamber, and by
the employment of one 2 in. and one 4 in. di8'usion
pump, placed just outside the chamber impedances. As
the &agments acquired transversal momentum from in-
ternal molecular energy, the lighter H atoms sufFered. a
larger angular deBection than the heavier H~ molecule;
thereby this entrance aperture, together with the mi-
crometric slits, reduces preferentially the number of H
atoms, single or in pairs, reaching the gas target. A sim-
ilar arrangement using an iris aperture was employed by
Nir and co-workers [1] to study the H2+ fragmentation
but with the difFerent purpose of ensuring the full collec-
tion of the &agments.

The scattering chamber was followed by a magnetic
switch with seven exits, one at 0' and three on each side
at the angles +15, +30, and +45', where di8'erent &ag-
ments could be simultaneously measured, as was done in
Refs. [5,7—10]. In the present H2 attenuation measure-
ments only the 0 exit was needed.

Besides the H3+ fragmentation in the auxiliary target,
neutral particles reaching the target could also be gen-
erated by processes occurring between the two auxiliary
magnets. One such process, negligible at these velocities,
was electron capture by H+ and H2+ ions, associated
with small momentum transfers and therefore leading to
neutral particles still remaining in the beam. Another
process was H2 &agmentation into H-H pairs. If it oc-
curred near the target cell entrance the &agments would
reach the target but it has been shown [14] that this
H2 dissociation channel was totally negligible for elec-
trons with similar velocities. The residual gas pressure
between the two magnets was lom, particularly near the
cell entrance where a diB'usion pump ensured 10 Torr,
further reducing contributions &om this region. As the
H-H pairs came &om a region at least 2 m away &om

the target cell and their angular spread, owing to their
lighter mass, was larger than the one for H2 molecules,
these pairs were expected to be strongly discriminated
by the collimators placed before the gas cell.

The H2 transmitted molecules were measured by a
large (25 mm diam) surface barrier detector. For difFer-
ent target pressures (about ten values, the first and the
last ones being the background) the number of transmit-
ted particles was measured at 6xed time intervals. The
H2 total destruction cross section was then obtained by
fitting the transmitted "double-mass events" as the sum
of the transmitted molecules and pairs of atoms:

where 1Vri(vr) is the measured number of "double-mass
events" (H2 and H-H), KH, and NHH are the respec-
tive numbers of H2 molecules and H-H pairs incident
upon the gas target, m is the product of the target den-
sity and length, uD' is the destruction cross section for
the H2 molecules, and ~oq is the loss cross section for
H atoms. In the above expression processes such as
H~ ~H2+ —+H2 and H2 —+H-H were neglected, the rea-
sons being the same as the ones employed in the residual
gas processes: at these high velocities electron capture is
negligible and H2 fragmentation is expected to proceed
through single and double ionization.

The y curve yields a value for o.o' but is very fI.at
for variations of the NHH and NH parameters, with the
similarity of the oD' and 2oo~ values precluding the ex-
traction of the parameters' exact values. Even so, these
two parameters may be extracted with large uncertainties
and NHH seems to be much smaller than NH, , rejecting
more the strict collimation than the collision yield for the
respective H3 + fragmentation channels.

In order to account for possible beam Huctuations,
at least four experimental runs were done for each tar-
get and energy value, leading to independently obtained
cross section values. The 6nal result, for a given target
and a given energy, was the arithmetic average of these
cross section values, their standard deviation accounting
for statistical, fitting procedure, and beam instability er-
rors.

The present results of the H2+ attenuation were mea-
sured with the same gas target, pumping system, and slit
system above described, with two obvious difFerences: the
90 magnet vacuum pump was left open and no perma-
nent magnets were used. The transmitted H2+ ions were
detected on the +45 switch magnet exit. A surface bar-
rier detector was used for small beam currents, otherwise
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a Faraday cup was employed. The experimental cross sec-
tions were obtained by fitting a single-exponential func-
tion to the normalized beam attenuation. He

III. RESULTS AND DISCUSSION
C4

E

The H2 destruction cross sections for helium, neon,
and argon targets measured in this work are presented in
Table I (the experimental conditions did not allow mea-
suring the cross sections for v = 6 in Ar and v = 7 in
Ne) . Table II contains the H2 + destruction cross sections
for the same gases and velocity range, and includes, for
completeness, our previous results [5]. A semiempirical
formula for atomic ionization [15],already applied to the
Hs+ destruction problem after some simplifications [7],
described well the cross section velocity dependence as
1/0 = a + bii2. This fitting procedure for the H2 and
H2 + destruction cross sections, here shown in Figs. 2
and 3, respectively, was employed in order to smooth ex-
perimental Huctuations, for better data comparison and
interpretation, with the values so obtained also being pre-
sented in parentheses in Tables I and II.

In order to interpret these data one may erst look at
the projectile dependence. It is then useful to compare,
for the same targets and velocities, the H2 and H2+ data
with the H and H3+ destruction cross sections. One
may consider the collision as a free projectile electron
moving with the projectile velocity and colliding with a
static noble gas target and a simple expression for the
destruction of molecular projectiles, detailed below, then
allows this comparison to be made [13]. Secondly, one
may look at the target dependence of these two collision
processes.

Salpeter [13) gives an expression where the molecu-
lar destruction cross sections are inversely proportional
to the dissociation energy I. This expression is based
on a model for atomic ionization proposed by Bohr [16],
where the energy I is defined as the one needed to excite
the molecule, placed at its equilibrium internuclear dis-
tance, &om its electronic and vibrational ground state to
the first dissociative electronic state. The basic assump-
tion of this model is the &ee movement of the projectile
components, leading to destruction cross sections directly
proportional to the number of projectile electrons, n. We
then defined OI/n as a normalized cross section value S,
where the 0 values employed were the smoothed ones
coming Rom the interpolation procedure. The results
for each projectile are presented in Tables III, IV, and
V divided by SH, the I values employed being [18,7,13]

0—
0
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i i I I I I I I i I I

20 40
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FIG. 2. Experimental Hq destruction cross sections for He,
Ne, and Ar targets, plotted as o versus v and 6tted to
straight lines, as justified on a semiempirical basis (the error
bar is not shown when the standard deviation of a data point
is smaller than the point symbol size).

16.3 eV for H2 and 13.6 eV for H corresponding to the
respective ionization energies, 12.5 eV for H2+ transi-
tion to the dissociative state 2po„and 15.4 eV for H3+
corresponding to the dissociative state E'. Concerning
the H2 destruction by fast electrons, it is already known
[14] to proceed through ionization and not through the
excited triplet state of H2, b Z„(its first dissociative
state). To test this hypothesis for H2 destruction by no-
ble gases we tried tentatively two I values, namely, 16.3
eV as mentioned above and 10.0 eV, corresponding to
the erst dissociative state. The former seems to be the
dominant process for the H2 destruction induced by colli-
sions with noble gases, as this leads to normalized values
agreeing much better with the ones for the other projec-
tiles.

Tables III, IV, and V show, respectively for He, Ne,
and Ar targets, the normalized cross section values for
H2+, Hq, and H3+ divided by SH. Several interesting
conclusions may be drawn Rom these tables. First of all,
S~, i„t;i,/SH is roughly equal to unity, the overall av-
erage of the 45 ratios S~, ~„t;i,/SH being equal to 0.97
and its standard deviation 0.20. The small spread of
these data and their closeness to unity are surprising, as
the data include, for velocities ranging Rom 3.0 to 7.0
a.u. , three different molecular projectiles and three dif-

TABLE I. Hz destruction cross sections for He, Ne, and Ar targets (measured values, followed
by the interpolated values in parentheses).

Velocity (a.u. )

3.0
4.0
5.0
6.0
7.0

He
0.85+0.09(0.80)
0.45+0.07(0.56)
0.36+0.04(0.41)
0.30+0.03(0.30)
0.26+0.03(0.23)

o~' (10 "cm')
Ne

2.2+0.1(2.3)
1.8+0.3(1.9)
1.6+0.3(1.5)
1.1+0.2(1.2)

not measured (1.0)

Ar
5.0+0.5(4.8)
3.5+0.5(4.0)
3.2+0.3(3.4)

not measured (2.8)
2.5+0.3(2.4)



3834 de CASTRO FARIA, BORGES, COELHO, AND JALBERT

TABLE II. Hz + destruction cross sections for He, Ne, snd Ar targets (measured values, followed

by the interpolated values in parentheses).

Velocity (a.u. )

3.0
4.0
5.0
6.0
7.0

He
0.64+0.04(0.61)
0.44+0.09(0.47)
0.39+0.05(0.36)
0.27+0.03(0.28)
0.22+0.04(0.22)

(10 cm )
Ne

2.0+0.1(2.o)
1.6+0.1(1.6)
1.2+0.1(1.2)

0.94+0.05 (0.97)
0.80+0.10(0.78)

Ar
3.8+0.1(3.7)
3.2+0.1(3.1)
2.3+0.2(2.6)
2.3+0.3(2.1)
1.8+0.1(1.8)

ferent noble gas targets. The simple Salpeter approach
accounts then for the main characteristics of the molec-
ular projectiles, even neglecting the higher dissociative
states and considering the molecular ions produced in
the rf ion source to be in the lowest vibrational state
(the vibrational excitation may lead to an internal en-
ergy around 1 eV, for a typical rf ion source [7]).

A qualitative view of these data, for a given target,
shows that the normalized cross sections present essen-
tially the same velocity dependence and, if in addition
one fixes the velocity, the data present a very small pro-
jectile dependence, both results to be expected IIrom the
Salpeter approach. A more stringent test will then be
the analysis of the target, the projectile, and the velocity
dependences of these ratios and to see whether these in-
dividual averages significantly difFer IIrom unity. For each
target, the result of a statistical analysis of data for the
three difFerent projectiles and the five difFerent velocities
was 1.14+0.27 for He, 0.86+0.08 for Ne, and 0.92+0.07
for Ar. The three cases present near-unity averages, with
the Ne and the Ar data having standard deviations of
less than 10'%. In the He case a velocity dependence is

CV

E

C)

present and leads to a standard deviation around 25%%up.

When looking, in a similar way, at the projectile and
the velocity dependences of these ratios, we again find
near-unity averages. The averages and standard devia-
tions for the several projectiles are 1.08+0.22 for H2+,
0.86+0.11 for H2, and 0.96+0.18 for H3+, the presence
of the He data leading to larger values of the standard de-
viations. The velocity dependence of the data, obtained
by averaging data for the three projectiles and the three
targets, refIects again the clear velocity dependence of
the He case, attenuated, however, by the smaller depen-
dences for Ne and Ar: 0.85+0.10 for v = 3, 0.93 + 0.10
for v = 4, 0.99+ 0.17 for v = 5, 1.02 + 0.23 for v = 6,
and 1.05 k 0.27 for v = 7. The presence of this veloc-
ity dependence for the He target may be related to its
ionization potential being the largest for the three tar-
gets, thereby increasing the minimum velocity for a free
collision model (FCM) description to be valid.

The destruction cross sections for fast molecular pro-
jectiles are expected to grow with the size of the atomic
target [19],as is roughly the case when fast Hs + projec-
tiles collide with noble gas targets ranging from He to
Xe [7]. In a FCM description this process corresponds
to a free electron colliding with a noble gas target and
receiving a large enough momentum transfer, either &om
the target nucleus or the target electrons. A similar pro-
cess occurs when fast electrons ionize noble gas targets,
with cross sections proportional to target sizes alterna-
tively given by (r2&) or ((r ~))2, where n and I are the
quantum numbers of the ejected electron [20] (for the
present velocity range this means the valence target elec-
tron). Collisional destruction of fast molecules and atoms
may then present a similar target-size dependence and in
order to investigate this possibility the ratios of the de-
struction cross sections in Ar-He, Ne-He, and Ar-Ne are
respectively presented in Tables VI, VII, and VIII for the

0-
0

I I l i l I I I

20

{v/v. }

FIG. 3. Experimental Hq + destruction cross sections for
He, Ne, and Ar targets, plot ted as o versus v and fitted
to straight lines, as justified on a semiempirical basis. (The
error bar is not shown when the standard deviation of a data
point is smaller than the point symbol size. )

H. +

0.78+0.16
1.01+0.17
1.19+0.19
1.32+0.21
1.40+0.22

TABLE III. Normalized destruction cross sections S for a
He target and H2, H2+, and H3 + projectiles, divided by SH.

Velocity (a.u. )
H, +

3.0 0.82+0.16 0.71+0.13
4.0 1.12+0.19 0.88+0.12
5.0 1.34+0.20 0.99+0.12
6.0 1.50+0.21 1.04+0.12
7.0 1.61+0.26 1.09+0.12
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Velocity (a.u. )

3.0
4.0
5.0
6.0
7.0

H, +

0.94+Or 10
0.95+0.09
0.96+0.10
0.97+0.10
0.98+0.10

+projectile/~H
H2

0.71+0.18
0.74+Oe18
0.76+0.18
0.79+0.20
0.81+0.21

H, +

0.86+Oe15
0.86+0.15
0.86+0.14
0.86+0.14
0.86+De14

TABLE V. Normalized destruction cross sections S for an
Ar target and H2, Hz +, and H3 + projectiles, divided by Sz.
Velocity (a.u. )

3.0
4.0
5.0
6.0
7.0

Hg+
1.0+0.12
1.0+Oe12
1.0+0.12
1.0+Oe12
1.0+0.12

~project i le /~H
H2

0.87+0.13
0.87+0.12
0.87+0.13
0.87+0.13
0.87+0.14

Hs+
0.94+0.16
0.94+0.16
0.90+Oe15
0.83+De14
0.81+Oe14

TABLE VI. Ratio of the Ar and He target destruction cross
sections for the projectiles H2, H2 +, H3 +, and H.

Velocity (a.u. )

3.0
4.0
5.0
6.0
7.0

Hg

5.9+1.1
7.2+1.2
8.3+1.4
9.4+1.6
10.3+1.8

o.rt (Ar)/o z) (He)
H, + H, +

6.1+1.0 6.8+1.4
6.7+1.1 7.6+1.6
7.6+1.3 8.6+1.8
7.6+1.3 9.2+1.9
8.0+1.4 9.7+2.0

H
4.8+0.7
7.2+0.8
9.5+0.9
11.0+1.0
13.0+1.2

TABLE IV. Normalized destruction cross sections S for a
Ne target and Hz, Hz +, and H3 + projectiles, divided by S&.

difFerent projectiles H2, H2+, H3+, and H. As expected,
the cross sections vary very roughly with the target size
(the respective ((r i))z values for He, Ne, and Ar are
0.86, 0.94, and 2.75 a.u. [21]). Besides that there are
velocity dependences which, for a given pair of targets,
behave similarly for difFerent projectiles, with a stronger
monotonic increase in Table VI and a weaker one in Ta-
ble VIII. This similarity may indicate that the size of the
compound system formed during the collision is the rel-
evant one and, as the molecular projectiles have similar
sizes (the average internuclear distances in Hq, H2 +, and
in Hq+ are, respectively, 0.8, 1.1, and 0.9 A.), the com-
pound molecular noble gas systems also present similar
sizes.

These results motivated us to compare the molecular
ion destruction with the corresponding processes in the
atomic systems H and H . It seems that the model works
very well for H atoms colliding with He, Ne, and Ar, as
shown in Tables III, IV, and V. DifBculties arise, how-
ever, when we try to make a simple description of H as
a two-electron system with an electron afBnity of 0.755
eV. The experimental results of Ref. [17] have shown a
very strong electron-electron correlation underlying the
mechanisms governing the electron loss &om H . The
semiempirical treatment of Ref. [15] for H and H elec-
tron loss also points in that direction, with the projectile
orbital electron velocities that fit the model difFering only
by a factor of 2. In fact, when we tentatively calculate
the normalized cross sections S~- for the three targets,
considering 0.755 as the binding energy of the ejected
electron, we get values an order of magnitude lower than
the ones for H, H2, H2+, and. H3+. This indicates that
the strong H electron correlation prevents the use of this
simple independent-particle model for the H projectile.

IV. CONCI. USIONS

Velocity (a.u. )

3.0
4.0
5.0
6.0
7.0

H2
2.8+0.8
3.3+0.8
3.6+0.9
4.0+1.0
4.3+1.2

o r (Ne)/o. o(He)
H+ H+

3.1+0.5 3.7+0.8
3.3+0.6 3.8+0.8
3.4+0.6 4.0+0.8
3.5+0.6 4.1+0.9
3.6+0.6 4.1+0.9

H
2.8+0.4
3.9+0.4
4.7+0.4
5.4+0.5
5.8+0.5

TABLE VIII. Ratio of the Ar and Ne target destruction
cross sections for the projectiles H2, H2 +, H3 +, and H.

Velocity (a.u. )

3.0
4.0
5.0
6.0
7.0

H2
2.1+0.6
2.2+0.6
2.3+0.6
2.3+0.6
2.4+0.7

o.o (Ar) /o o (Ne)
H, + H. +

1.9+0.2 1.8+0.4
1.9+0.2 2.0+0.4
2.0+0.2 2.1+0.4
2.0+0.2 2.2+0.5
2.1+0.3 2.3+0.5

H
1.7+0.2
1.9+0.2
2.0+0.2
2.1+0.2
2.2+0.2

TABLE VII. Ratio of the Ne and He target destruction
cross sections for the projectiles H2, H2 +, Hz +, and H.

Total destruction cross sections for fast H2 molecules
(velocities in the 3.0—7.0 a.u. range) incident on He, Ne,
and Ar targets and for H2+ colliding with Ne (3.0—7.0
a.u. ) and with He and Ar (3.0 a.u. ) have been mea-
sured. The simple model proposed by Salpeter a long
time ago [13] is able to reproduce well our present Hq
and H2+ results, and also our previous H2+ and H3+
results. In all three cases, the average internuclear dis-
tances are almost the same, and this, together with the
small correlation of the H2 and the H3+ electrons and
the possibility of defining a dissociation energy, leads to
a normalization procedure for the cross sections which
then becomes projectile independent. This procedure,
consisting in defining a normalized cross section oI/n, .

also gives a good agreement for the smaller H atomic
projectiles but does not work for H projectiles, due to
the strong correlation between its two electrons. Con-
cerning the main H2 destruction channel, the experimen-
tal results strongly point to ionization and not to the
direct excitation of the b Z+ dissociative state. The tar-
get dependence of the destruction cross sections, as given
by cross section ratios for different targets, is remarkably
identical for all three molecular projectiles. This fact may
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be, together with the success of the simple normalization
procedure here employed, a guide for more sophisticated
models taking into account accurately the projectile and
target form factors.

On the experimental side, in the future the destruction
of HeH+ ions will be studied, for the same target gases
and velocity range. These molecular ions are important
due to their similarity with the three other rnolecules
already studied by our group, being diatomic like H2+

and H2 and possessing two electrons like H3+ and H2,
thus leading to the question whether they will behave
similarly.
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