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Formation of negative hydrogen ions in 7-keV OH*+Ar and OH*+acetone collisions:
A general process for H-bearing molecular species
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We demonstrate that the formation of negative hydrogen ions (H™) occurs in a wide class of atomic and
molecular collisions. In our experiments, H~ emission from hydroxyl cations and acetone molecules was observed
in keV-energy collisions. We show that hydride (H™) anions are formed via direct collisional fragmentation of
molecules, followed by electron grabbing by fast hydrogen fragments. Such general mechanism in hydrogen-
containing molecules may significantly influence reaction networks in planetary atmospheres and astrophysical
media and new reaction pathways may have to be added in radiolysis studies.
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The formation of negative ions has been a subject of great
interest over the past decades [1-4]. Anions play a major role in
many areas of physics and chemistry involving weakly ionized
gases and plasmas [1,2,5]. Even in small concentration, anions
influence appreciably the properties of their environment
[1,6,7].

Since its prediction as a bound system [8], the hydride
H™ ion has drawn considerable attention because of its
involvement in many reactions important for cosmology [2]
and astrophysics [3,9,10]. In the early stage of star formation,
H™ ions are involved in the formation of H, through associative
detachment of H™ and H species [2,10]. Additionally, it is
commonly accepted that the main source of opacity in the solar
atmosphere at red and infrared wavelengths is light absorption
by H™ ions [3,6,9]. The presence of H™ is also predicted
in various regions of the interstellar medium [7] and in the
transition zones of planetary nebulae [10]. Because of the high
reactivity of H™, a variety of collisional and chemical processes
is expected in zones where both molecules and H™ anions are
present [11]. Likewise, H™ is involved in the chemistry of
planetary atmospheres [5]. Even in the case of small yields,
H~ formation mechanisms are of prime interest.

In the gas phase, slow electron impact on H-containing
molecules may lead to H™ formation [12,13]. Hydrogen
anions can also be formed in collisions between positive
ions and neutral atoms or molecules. Electron transfer in
keV proton-atom and proton-molecule collisions leads to
H~ emission [14,15]. In addition to H* impact, collisions
of homonuclear hydrogen ions (H,™ and H3*) with neu-
tral species may result in the formation of H™ anions
[16-21]. In the case of keV H,* projectiles, H™ production
was attributed to dissociative electron capture [17,18], e.g.,
Hy2t+Ar —» (H,?)*+ A2t — H- +H+ Ar?*. For a few
keV H;t +He collisions, it was concluded that the H~
fragments were formed by the electronic excitation of Hz™
followed by its fragmentation [(H3")* — H* +H™ +H']
[20,21]. All the identified processes [16-21], so far, involve
specific excited states of molecular species, which dissociate
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to H™. Momentum exchange between the colliding partners
was assumed to be negligible in these processes [16-21].

In this paper, we show that H™ anions can be formed in
molecular collisions under much more general conditions via
a previously unrecognized process. We demonstrate that H™
formation by collision-induced molecular fragmentation can
originate from a wider variety of heteronuclear molecular
species, such as organic compounds. While investigating
collisions at energies relevant to the solar wind and low-
temperature astrophysical and laboratory plasmas, we ob-
served H™ formation in collisions of a simple molecular
cation, OH' incident on Ar atoms and acetone molecules
(CH3-CO-CH3). The hydroxyl cation OH™ is a key partner
in many collisional and chemical processes in interstellar
media [22] and planetary atmospheres [23]. Here, we report on
the discovery of the process of H™ formation via quasielastic
two-body collisions involving a large momentum exchange
between a heavy atomic center and the active H center.

The experiment was performed at the ARIBE facility of the
Grand Accélérateur National d’Ions Lourds (GANIL) in Caen,
France. The experimental setup was similar to the one depicted
in [24]. A molecular OH' beam of ~10 nA was collimated to a
diameter of ~2.5 mm before entering the collision chamber. In
the center of the chamber, the OH™ ions crossed an effusive gas
jet of either argon atoms or acetone molecules. In the collision
area, the density of the gas target was typically ~10'> cm~ at
chamber pressures below 1.5 x 107> mbar. This is the regime
of single collisions, where a projectile ion has practically no
chance for two independent collisions within the target region.
The background pressure without target gas was lower than
3 x 1077 mbar. The electrons and negative ions produced in
the collision were detected by a channel electron multiplier
of a single-stage electrostatic spectrometer. In the energy
dispersive analyzer of the spectrometer, the trajectory of a
charged particle is determined by its energy per charge ratio.
The spectrometer was mounted on a movable ring, allowing
the detection at angles ranging from 30° to 150° with respect
to the beam direction.

Figures 1(a) and 1(b) show experimental differential cross
sections with respect to angle and energy for the emission
of negatively charged particles in 7-keV OH™ + Ar and
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FIG. 1. (Color online) Cross sections for emission of negatively
charged particles at different observation angles. (a) 7-keV OH* + Ar
collisions. (b) 7-keV OH™ + acetone collisions. The curves represent
electron emission, while the color-shaded peaks represent H™
emission. H™ ions emitted from OH' projectiles are observed in
the peak at about 300400 eV. H™ emission from the acetone target
results in a second peak, which appears at ~1100 eV at 30° and
merges with the other peak at 60°. The multiplication factors on the
right side are used only for graphical reasons.

OHT + acetone collisions, respectively. In such slow colli-
sions, ionization processes result in a broad distribution of
electrons emitted predominantly at low energies. Electron
emission is not the subject here; we only mention that in
OHT + Ar collisions, a peak structure due to MNN Auger
electron emission from argon is observed in the range 10—
20 eV [Fig. 1(a)]. Here, the most remarkable feature is the
appearance of well-defined peaks above 200 eV which cannot
be attributed to electron emission. The intensity of these
peaks was found to be proportional to the target density,
providing evidence that the overwhelming majority of the
detected particles leading to these peaks originate from single
collisions.

For both argon and acetone targets a pronounced peak is
observed in the range 300400 eV at all observation angles.
At forward angles (smaller than 90° with respect to the beam
direction) the peak energy is close to the kinetic energy per
nucleon of the projectile (412 eV) and decreases monotonically
with increasing angle. Based on a simple kinematic calculation
that includes the target recoil effect (see relations (1a) and (1b)
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FIG. 2. (Color online) Peak energy and emission cross section
for H™ ions ejected from the OH™ projectile. (a) Measured mean
kinetic energy of the H™ ions (symbols) and expected energy of
H centers elastically scattered on heavy target atoms (curves). For
acetone, a weighted average of the results for the C and O atoms
is presented. (b) Present work: Measured H™ emission cross section
[for Ar (@) and acetone (M) targets] and two-body elastic scattering
cross sections multiplied by constant factors (curves). For acetone the
curve represents the sum for the contributions of the C and O centers.
All data for acetone are multiplied by 1072 for graphical reasons.
Other works: Measured H™ emission cross sections on Ar target for
1-keV Hy* (@) [18] and H® (O) [26] projectiles.

of Ref. [25]) we could assign this peak as being due to the
emission of H™ ions moving with nearly the velocity of the
OHT projectile [Fig. 2(a)]. The presently observed H™ ions
are not only removed from the projectile, but they are also
scattered to large angles in a hard (large momentum transfer)
collision with a heavier target atom (Ar) or atomic core (C or
0). In this two-body collision, the H nucleus approaches close
enough to the heavier nucleus to be effectively deflected by the
Coulomb force. As the H nucleus leaves the collision partners
due to the Coulomb scattering it grabs two electrons from
the collision complex. The inelastic energy transfer in these
binary collisions was determined by fitting the angle-energy
relation for the scattered center (relation (1b) of Ref. [25]) to
the measured energy of the H™ ions [Fig. 2(a)]. It was found
to be close to zero within the limits of £5 €V, close to the
experimental uncertainties.

In double charge-transfer spectroscopy [14] and in molec-
ular dissociation experiments [16-21], H™ formation was
studied only at small scattering angles, at which the momentum
transfer between atomic cores is small. In contrast, we found
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FIG. 3. Peak energy and emission cross section for the H™ ions
ejected from the acetone target. (a) Measured mean kinetic energy
of the H™ ions (symbols) and expected energy of the H center after
elastic two-center (O-H) collisions (curve). (b) Measured cross
sections for H™ emission (symbols) and two-body elastic scattering
cross section summed over the six H atoms of acetone and multiplied
by 0.018 (curve).

that a hard two-body collision can result in the emission of a
fast negatively charged fragment from a positively charged
net collision complex. At first sight, formation of fragile
H™ atomic systems in hard two-body collisions is somewhat
surprising, and has not been considered earlier. This process
can be referred to as electron grabbing by the fast H fragment.

Another important feature of the OH* + acetone collision
is the existence of a second sharp peak at higher energies
[Fig. 1(b)]. This is a recoil peak, observed only at forward
angles. While it appears at about 1100 eV at 30°, its energy
decreases strongly with increasing observation angle. At 60°,
it merges with the other peak around 350 eV and disappears
at backward angles (larger than 90°). The kinematic analysis
[Fig. 3(a)] shows that this peak is due to H™ emission from
the target in hard, quasielastic two-body collisions between a
target H center and the projectile O center.

Beyond the level of a kinematic analysis, singly differential
cross sections for H™ emission from the projectile are
presented in Fig. 2(b) as a function of the observation angle.
The cross sections were determined by Gaussian fitting after
subtracting the background of the continuous spectra and by
integration of the peaks over the emission energy. Strong
forward enhancement is visible for both collision systems.
Since the energy of the fragments is satisfactorily described in
terms of two-center collisions with negligible inelasticity, we
compared the measured cross sections with a classical two-
body potential-scattering calculation. The scattering potential
has been determined by calculating the relaxed ground-state
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energy of the collisional diatomic molecules H-X (X: Ar,
C, or O) as a function of the internuclear distance R (with
E =0 at R — o0). Here, the collisional molecule H-X is
a transient quasimolecule formed by an H center of one
collision partner and by a heavier atomic center X of the
other partner. The energy curves were computed by means
of the MOLPRO quantum chemistry software package [27].
Since the present calculations were performed for the ground
state of the relaxed diatomic molecule, the obtained interaction
potential represents a fully adiabatic molecular situation. This
is a reasonable approximation here, because the projectile
velocity is about ten times smaller than the mean velocity
of the electrons, and thus, the electron orbitals evolve in a
quasiadiabatic manner.

The angular dependence of the calculated results follows
that of the measured cross sections within the experimental
uncertainties [Fig. 2(b)]. The experimental data fit fairly well
to the calculated cross sections multiplied by a constant
factor. Thus, the cross section for producing H™ ions in hard
quasielastic collisions is proportional to the cross section for
two-body scattering of the H component of the projectile; i.e.,
the fraction of anions among the emitted H centers does not
depend on the emission angle. The H™ fraction is found to be
comparable for both systems: It is 1.2% and 1.0% in the cases
of argon and acetone targets, respectively.

In the evaluation process, the best estimated values were
taken for all the parameters (target density, detector efficiency,
etc.). The largest systematic uncertainty emerges from the
target density determination at the collision center. It was
deduced from comparison of signal strengths for concentrated
(when the gas nozzle is close to the collision center) and evenly
distributed gas target (the nozzle is far). The corresponding
pressure reading (far from the center) is also subject to
different gauge sensitivity factors for different gases. For our
Bayard-Alpert ionization gauge we used 1.3 for Ar and 3.6 for
acetone. The resulting systematic uncertainty for cross sections
is estimated to be about a factor of 2. The relative uncertainty
of the measured H™-production cross sections (for a given gas
target) is generally much smaller. For argon it is smaller than
30%. It was estimated from the statistical uncertainties, and
checked by the reproducibility of independent measurements.

Though we could not measure near 0° with our apparatus,
from the validity of the two-body picture we expect signifi-
cantly higher yields at small angles for H™ ions emerging from
the projectile [Fig. 2(b)]. This expectation is also supported by
the fact that at small scattering angles (below 3°) our calculated
cross sections follow closely the previously measured cross
sections for H™ emission from H,* projectiles impacting the
same target (Ar) at about the same velocity as the present
one [inset in Fig. 2(b)] [18]. The results for atomic projectiles
H° are not far off either [26]. This good matching of our
calculation results with both the earlier and the present
experimental data suggests that the H™ emission yield is
proportional to the two-body collision cross section in a wide
range of scattering angles even down to fractions of a degree.

Similar results are shown in Fig. 3(b) for H~ emission from
the acetone target. The measured H™-production cross section
and the calculated two-body (O-H) scattering cross section
for the recoiling H center are found to be proportional. This
shows that the H™ fraction of the recoiling H centers is angle
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independent. From the proportionality factor, the H™ fraction
is found to be ~1.8%. One should note that the cross section
for H™ emission from the target must reach a maximum near
90° [Fig. 3(b)]. However, kinetic energies of H™ ions emitted
at angles close to 90° do not exceed a few eV [Fig. 3(a)]. Due
to the emission of low-energy electrons in large yields (Fig. 1),
the contribution of slow H™ ions to the recorded spectra cannot
be determined here.

We note that hydride anions may appear not only in the
two-body peaks, but also in a wide range of emission energies.
Sufficient energy and momentum transfer to liberate H centers
can occur in three- or many-body collisions. Moreover, in
softer collisions, the earlier observed mechanisms involving
excited repulsive states [16-21] may also contribute to H™
production from any H-containing molecules. Accordingly, the
total H™ yield is likely to be larger than those determined from
the peaks observed in Fig. 1. We conclude that H~ formation
is a general process in collisions of hydrogen-containing
molecular species at keV-impact energies.

A remarkable feature of the present process is the fact
that—at a given collision velocity—the relative H™ yield
appears to be independent of the observation angle and
only slightly depends on the parent molecule of the ejected
H center [Figs. 2(b) and 3(b)]. This finding indicates the
generality of the discovered process of two-electron grabbing
by an H fragment formed in a hard two-body collision.
Moreover, this finding provides insight into the physics of
the collision. It shows that for a given collision system the
H™ fraction remains constant with changing the momentum
transfer between atomic cores. According to the present
calculations, the distance of closest approach between the
atomic centers involved in the present hard two-body collisions
is of the order of 1 atomic unit (a.u.). In such close collisions,
the electronic clouds of the collision partners merge each
other so that the collision complex forms a quasimolecule in
which most of the electrons are shared. Hence, before escaping
the collision complex, the receding proton moves through a
reservoir of electrons from which it grabs zero, one, or two
electrons. Here, the collision velocity is small enough to allow
a nearly adiabatic development of the electronic states. The
independence of the H™ fraction from the momentum transfer
suggests the scenario that many capture channels are open
to end up in a limited number of final states and result in a
statistical distribution of the final charge state (0, +, or —) of
the emitted H centers.

For estimating the energy dependence of the discovered
process, one should consider its two main steps. First a proton
should be liberated, which needs a minimum energy transfer
(A Enin ~ 10-20 eV). The cross section for sufficient energy
transfer (AE > AEy,,) decreases with the impact energy E
(for E > AEp,, oRutherford 1 /F) The tendency is opposite
for electron transfer. The cross section for double electron
transfer to the proton increases with increasing E up to
~5 keV/u and exhibits a plateau up to 40 keV /u in proton-Ar
collisions [15]. Similar energy dependence has been found for
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the single capture to a hydrogen atom resulting in H™ [26].
Accordingly, the studied process is likely to show a maximum
cross section in the 1-5 keV /u collision energy range. Further
experiments are planned for mapping its significance in a wide
range of impact energy.

In conclusion, we found pronounced peaks superimposed
on the electron emission spectra following keV molecular
collisions, which are due to H™ emission from both the
projectile (OH1) and the H-containing molecular (acetone)
target. The angular dependence of the mean kinetic energy of
the H™ peaks can be accounted for by the simple kinematics
of a nearly elastic two-body collision between an H center of
one collision partner and a heavier center of the other partner.
Moreover, the cross section for H™ production is proportional
to that of the classical two-body potential scattering of the
corresponding two centers. From these results, our main
findings are the following: (i) Fragile atomic systems such as
hydride anions are formed not only in soft collisions involving
negligible momentum transfer, but also in hard core-core
collisions via double electron grabbing by fast hydrogen
fragments; (ii)) H™ ions can originate from any H-containing
molecules; (iii) for a given multielectron collision system the
H~ fraction among the emitted H centers is independent of the
momentum transfer, suggesting the ejection of H centers with
a statistical distribution of their final charge state.

As a brief comment on the possible impact of the present
findings, we note that the existence of the process reported
here is a starting point to study its details and its significance
in different fields. In heavy ion therapy and radiolysis, besides
aggressive radicals, hydride anions may also be produced
from water and organic molecules in regions where the ionic
projectiles slow down to a few keV in the tissue and reach their
equilibrium (low) charge state. In dense media, formation of
H™ may be further enhanced by the fact that each projectile
suffers several collisions before being stopped. The question
arises as to whether these H™ ions can deactivate some of the
aggressive radicals or initiate hitherto unexpected chemical
reactions. Furthermore, our finding of H™ emission from
isolated molecules colliding at keV energies is of prime
relevance for any low-density medium, where H-containing
molecules are present and collisions take place at solar wind
velocities. We thus anticipate that the formation of highly
reactive H™ anions in a large variety of collisions may influence
the collision and reaction networks in astrophysical media and
planetary atmospheres.

This work was supported by the Transnational Access
ITS-LEIF, the European Project HPRI-CT-2005-026015, the
Hungarian National Science Foundation OTKA (K73703),
and the French-Hungarian Cooperation Program PHC Balaton
(No. 27860ZL/TET_11-2-2012-0028). Thanks to N. Stolter-
foht, J. A. Tanis, and R. G. Lovas for critical reading of the
manuscript and to L. Maunoury and F. Noury for high-level
technical assistance.

[1] T. Andersen, Phys. Rep. 394, 157 (2004).
[2] S. C. Glover, D. W. Savin, and A.-K. Jappsen, Astrophys. J. 640,
553 (2006).

[3] T. Ross, E. J. Baker, T. P. Snow, J. D. Destree, B. L. Rachford,
M. M. Drosback, and A. G. Jensen, Astrophys. J. 684, 358
(2008).

032718-4


http://dx.doi.org/10.1016/j.physrep.2004.01.001
http://dx.doi.org/10.1086/500166
http://dx.doi.org/10.1086/500166
http://dx.doi.org/10.1086/590242
http://dx.doi.org/10.1086/590242

FORMATION OF NEGATIVE HYDROGEN IONS IN 7-keV ...

[4] O. Martinez, Jr., Z. Yang, N. J. Demarais, T. P. Snow, and V. M.
Bierbaum, Astrophys. J. 720, 173 (2010), and references therein.
[5] V. Vuitton, P. Lavvas, R. V. Yelle, M. Galand, A. Wellbrock,
G.R. Lewis, A. J. Coates, and J.-E. Wahlund, Planet. Space Sci.
57, 1558 (2009).
[6] R. Wildt, Astrophys. J. 90, 611 (1939).
[7] D. Field, Astron. Astrophys. 362, 774 (2000).
[8] H. Bethe, Z. Phys. 57, 815 (1929).
[9] S. Chandrasekhar, Astrophys. J. 100, 176 (1944).
[10] J. H. Black, Astrophys. J. 222, 125 (1978).
[11] G. I. Mackay, L. D. Betowski, J. D. Payzant, H. I. Schiff, and
D. K. Bohme, J. Phys. Chem. 80, 2919 (1976).
[12] M. Bacal, Nucl. Fusion 46, S250 (20006).
[13] D. J. Haxton, T. N. Rescigno, and C. W. McCurdy, Phys. Rev.
A 78, 040702(R) (2008).
[14] O. Furuhashi, T. Kinugawa, S. Masuda, C. Yamada, and
S. Ohtani, Chem. Phys. Lett. 337, 97 (2001).
[15] H. Martinez, F. B. Alarcon, and A. Amaya-Tapia, Phys. Rev. A
78, 062715 (2008).
[16] J. F. Williams and D. N. F. Dunbar, Phys. Rev. 149, 62 (1966).
[17] C. Cisneros, 1. Alvarez, C. F. Barnett, J. A. Ray, and A. Russek,
Phys. Rev. A 14, 88 (1976).

PHYSICAL REVIEW A 87, 032718 (2013)

[18] E. B. Alarcén, B. E. Fuentes, and H. Martinez, Int. J. Mass
Spectrom. 248, 21 (2006).

[19] J. Tabet, S. Eden, F. Gobet, B. Farizon, M. Farizon, S. Ouaskit,
P. Scheier, and T. D. Mirk, Int. J. Mass Spectrom. 272, 48
(2008).

[20] O. Yenen, D. H. Jaecks, and L. M. Wiese, Phys. Rev. A 39, 1767
(1989).

[21] G. Jalbert, L. F. S. Coelho, and N. V. de Castro Faria, Phys. Rev.
A 46, 3840 (1992), and references therein.

[22] H. Gupta et al., Astron. Astrophys. 521, L47 (2010).

[23] V. A. Krasnopolsky, J. Geophys. Res. 107, 5128 (2002).

[24] F. Frémont, A. Hajaji, and J.-Y. Chesnel, Phys. Rev. A 74,
052707 (2006); F. Frémont, A. Hajaji, R. O. Barrachina, and
J.-Y. Chesnel, C. R. Phys. 9, 469 (2008).

[25] P. Sobocinski, Z. D. Pesic, R. Hellhammer, N. Stolterfoht,
B. Sulik, S. Legendre, and J. Y. Chesnel, J. Phys. B 38, 2495
(2005).

[26] H. Martinez, A. Morales, J. De Urquijo, 1. Alvarez,
and C. Cisneros, Nucl. Instrum. Methods Phys. Res. B 40-41,
44 (1989).

[27] MOLPRO package of ab initio programs designed by H.-J. Werner
and P. J. Knowles, version 2010.1. See http://www.molpro.net/.

032718-5


http://dx.doi.org/10.1088/0004-637X/720/1/173
http://dx.doi.org/10.1016/j.pss.2009.04.004
http://dx.doi.org/10.1016/j.pss.2009.04.004
http://dx.doi.org/10.1086/144125
http://dx.doi.org/10.1007/BF01340659
http://dx.doi.org/10.1086/144654
http://dx.doi.org/10.1086/156128
http://dx.doi.org/10.1021/j100567a019
http://dx.doi.org/10.1088/0029-5515/46/6/S05
http://dx.doi.org/10.1103/PhysRevA.78.040702
http://dx.doi.org/10.1103/PhysRevA.78.040702
http://dx.doi.org/10.1016/S0009-2614(01)00173-7
http://dx.doi.org/10.1103/PhysRevA.78.062715
http://dx.doi.org/10.1103/PhysRevA.78.062715
http://dx.doi.org/10.1103/PhysRev.149.62
http://dx.doi.org/10.1103/PhysRevA.14.88
http://dx.doi.org/10.1016/j.ijms.2005.10.010
http://dx.doi.org/10.1016/j.ijms.2005.10.010
http://dx.doi.org/10.1016/j.ijms.2007.12.014
http://dx.doi.org/10.1016/j.ijms.2007.12.014
http://dx.doi.org/10.1103/PhysRevA.39.1767
http://dx.doi.org/10.1103/PhysRevA.39.1767
http://dx.doi.org/10.1103/PhysRevA.46.3840
http://dx.doi.org/10.1103/PhysRevA.46.3840
http://dx.doi.org/10.1051/0004-6361/201015117
http://dx.doi.org/10.1029/2001JE001809
http://dx.doi.org/10.1103/PhysRevA.74.052707
http://dx.doi.org/10.1103/PhysRevA.74.052707
http://dx.doi.org/10.1016/j.crhy.2008.03.001
http://dx.doi.org/10.1088/0953-4075/38/14/013
http://dx.doi.org/10.1088/0953-4075/38/14/013
http://dx.doi.org/10.1016/0168-583X(89)90919-1
http://dx.doi.org/10.1016/0168-583X(89)90919-1
http://www.molpro.net/



