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Two reactive processes are observed: X~ +H, —» XH+H™ (R) and X~ +H, » XH+H+e¢~ (RD). The angular and
energy distributions of the molecular XH products are measured at collision energies varying from 5 to 10 eV center of mass.
These distributions obey identical rules in the three systems: (a) XH molecules formed by both R and RD processes are
scattered at the same c.m. angle, respectively 55° + 10 for CIH, 80° +20 for BrH and 90° + 20 for IH. (b) The rovibrational
energy of the XH molecules, when formed by R processes, is limited to a small amount: <2 eV for CIH, <1.5 eV for BrH,
<1 eV for IH, whereas when formed by RD it extends to the highest amount available from the collision energy, up to the
dissociation limit. The RD process is not observed experimentally in the I~/H, system. This dynamical behaviour is fully
understood in terms of non-adiabatic interaction between the two lowest [XH,]™ ionic surfaces, but the reason of the angular

anisotropy is still not well understood.

1. Introduction

A multiconcident analysis of two products of
the collisional C1~+ H, system has been previ-
ously described [1]. Energy and angular distri-
butions of the two families of HCl molecules
formed by reactive (R) (HC1+ H™) and reactive
detachment (RD) (HCl+ H +17) processes, re-
spectively, were independently obtained. These
distributions have remarkable features, some of
which are explained by the topology of the two
lowest adiabatic surfaces of the [CIH,]™ system as
they appear in the asymptotic product cut.

The competition between R and RD channels
depends on the interaction between the two lowest
surfaces along the avoided crossing seam (fig. 1).
The apex at infinite XH-H distance of their coni-
cal intersection is a real crossing in the asymptotic
product cut due to the existence of the ground
state of HC1™ which is stable at large internuclear
distance but vanishes at shorter distances into the
detachment continuum.

The competition is seen as an electron transfer

within the [CIH, ]~ pseudomolecule:
ClI"+H,-CHH-H -»CHH,_;+H™ (R)
)
CI'H-H-CIH, +e” + H (RD).

In order to check this mechanism, the analo-
gous systems Br H, and I"H, have been in-
vestigated. The same qualitative features of the
angular and energy distributions of the XH mole-
cules are observed. The quantitative differences
confirm the critical role of the HX ™ intermediate
ion.

Recent theoretical calculations performed by
Sizun et al. [2] confirm the relevance of this basic
idea and have led to a deeper understanding of the
dynamics involved on such [H, X]™ surfaces.

2. Experimental

The experimental arrangement has been de-
scribed in detail previously [1,3}. A beam of fast
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Fig. 1. Energy diagram of [H,Cl]~ system in two asymptotic cuts: right-hand side entrance partners, left-hand side exit products.

ions crosses a supersonic beam of H, molecuies at
right angles. The scattered fast neutral species
(X, XH) and the negative ones (e”, H™) are coin-
cidently detected on two 1ndependent position-
sensitive detectors using microchannel plates with
resistive collectors. The time delays of the two
types of products and their impinging positions on
their respective collectors can be correlated. The
neutral detector is perpendicular to the X~ beam,;
the electrons and H™

ions are extracted from the
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collision region by a transverse electric field to-
wards a collector parallel to the X7 - H, plane
(fig. 2). The extracting field introduces a dissym-
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Fig. 2. Schematic diagram of the apparatus.

metry in the geomeiry of the apparatus: the im-
pinging positions of the H™ depend on its strength.

In these eynenm?nte the corresnondine informa-
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tion has not been used. The N(At, X, Y) spectra
correspond to the delay time spectra of neutrals
detected in each pixel of the front detector and
their correlated electrons or H™,

The raw data consist in intensity (1) plots as a

function of delay time (Ar) for various scattering
lnhnrnfnry angles 8. For peaks corresnondine to
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an electron coincidence, this I(6, At) is directly
transformed into I(v, x) where v and x are re-
spectively the velocity and the scattering angle of
the neutral product with respect to the original
direction of the projectile ion beam in the center
of mass frame. For peaks corresponding to H™

1 1 thi + £, 1A
coincidence this iransiormation

simulation program [1].

In this paper only the results corresponding to
the two reactive channels are reported: the other
peaks which were experimentally observed, namely
the simple detachment (SD) and the dissociative
detachment (DD) processes, have been omitted.
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polar coordinate system in which the radial co-
ordinate represents the speed of the product XH

alati t~ th m
relative to the center of mass and the

coordinate x is measured with respect to the
original direction of the projectile ion beam. Small
values of the radial coordinate correspond to small
values of the final relative translational energy of
the products and therefore, by energy conserva-
tion, to large internal excitation of the product.

angular

The various circles Luucayuud to various en-
dothermicities. They are the same for R and RD
processes because the kinetic energy of the elec-
tron released in RD has been measured to be
negligible, therefore for both R and RD the total
endothermicity is QO = A H, eqoiq + Er (XH) where
Er‘, is the rovibrational energy

The augulal aperture of the pnmary ion beam
and the size of the pixel determine the angular
resolution of the scattered particle. To this labora-
tory acceptance spread A@ correspond, in the
center-of-mass frame, angular and energy inaccu-
racies Ax and AQ which, due to our heavy on
light-light (HLL) mass combination, increase with
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with

=[4(4+B)/C(B+ )],

where E__ is the center-of-mass collision energy,
Q the endotherrmcny of the reaction, A4 the mass
of the projectile and BC the mass of the target
molecule. The mass of H, being very small com-

pared to the mass of Cl, Br and I projectile «
UL PO I | —1/2,4

3. Results

Figs. 3-5 show the contour maps of respec-
tively CIH, BrH and TH formation at two different
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Fig. 3. Contour map of the specific intensity of HCL. The circles labelled Q =2.91 eV and Q = 4.5 eV are the locus of threshold
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threshold energy of HC1 formed by RD process.
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Fig. 4. Contour map of specific intensity of HBr. The circles labelled Q =3.28 eV and Q =4.5 eV are respectively the locus of
threshold energy and highest internal energy observed for HBr formed by R processes. The circle labelled Q = 4.08 eV is the locus of
threshold energy of HBr formed by RD process.
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Fig. 5. Contour map of specific intensity of HI. The circles

labelled @ =3.73 eV and R = 4.5 eV are respectively the locus

of threshold energy and highest internal energy observed for
HI formed by R.

collision energies. CIH and BrH are formed by
both R and RD processes; the RD process is not
experimentally observed in IH formation. As a
first remark it is clear that the two processes,
when they are both present, could not be sep-
arated without the coincidence technique. The
three systems exhibit common features belonging
mainly to two independent classes, namely:

— The angular anisotropy of HX production. The
angular distribution of XH is peaked around the
same c.m. scattering angle, for both R and RD
processes, whatever the collision energy, but de-
pendent on the halogen ion: x=55°4+ 10 for
HCl, 80° + 20 for BrH and 90° + 20 for HI. The
reason of the increasing width of the I(x) distri-
bution from Cl to Br to I is purely experimental as
seen in eq. (1).

The relative cross sections for RD and SD
channels are plotted in fig. 6 as a function of x
for various internal rovibrational excitation en-
ergies of respectively XH and H, molecules. It is
clear that the x value characteristic of the RD
channel corresponds to the limiting value of x for
the SD channel.
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Fig. 6. Angular distributions for RD and SD channels. The angular deflection of HCI and HBr is independent of their internal
energy, the angular deflection of Cl and Br increases with internal energy of H,.
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— The small rovibrational energy E,, of XH
formed by the R processes. E_(HCl)=1.5+03
eV, E (HBr)=1+05¢eV, E (H)=07+£05¢eV
- contrasting with the fact that for the RD chan-
nels, the rovibrational excitation occurs up to the
dissociation limit. The equiprobability of excita-
tion of all the levels of excitation of CIH and BrH
by RD is shown in figs. 3 and 4.

4. Discussion

The implications of these two remarkable fea-
tures can be discussed in two different frames.

4.1. The angular distribution and mechanistic model

The independence with collision energy of the
x peaking of the XH product suggests that the
reactive path obeys a mechanistic model, indepen-
dent of details in the shape of potential energy
surface.

In refs. [1,3] we discussed the relevance of a
sequential impulse model for the HCl formation.

Various impulse models [4,5] in which the atoms
interact via hard-sphere potentials have been ap-
plied to many direct thermoneutral reactions in-
volving one atom exchange. These models repro-
duce well the main features of angular and energy
distributions of the product for high-energy colli-
sions for which the whole system does not rotate
nor vibrate too much during the collision.

In the present case, however, the reaction is
endothermic, the collision time is of the order of a
vibrational period, and furthermore, two particles,
namely an H atom and an electron, are exchanged
in opposite directions.

However, Bates’ [4] model gave a satisfactory
approximation for HCI formation. This model
requires an orientation at 45° of the H, molecule
with respect to the incident beam. The whole
collisional process is then seen as two successive
binary collisions in which X hits the first H impul-
sively and then this H atom hits in turn the other
H in a like manner. The Cl combines with one of
the two Hs if their relative energy is less than the
dissociation energy. The calculated scattering an-
gle in the limit of infinite mass of X is found to be

45° [1). However, the experimental x value in-
creases from Cl, Br to I instead of converging to
45°,

Such successive collisions of the central hydro-
gen atom as invoked in the impulse model have
been shown to occur in HLL mass combination
systems by theoretical surface trajectory calcula-
tions [6]. In such systems the potential energy
surface representing the collinear approach is
strongly skewed which causes the system to cut
the corner by successive rebounds on the two
repulsive walls. Such trajectories produce sharp
oscillations in the LL bond length when the new
bond is formed. In other words the central light
atom trapped between a heavy and a light atom
undergoes multiples collisions on these two
partners in the process of formation of the new
HL bond.

Sizun et al. [2] have well reproduced the x
peaking of the R process by surface hopping
calculations on the two lowest diabatic surfaces
(calculated by the DIM procedure) of the CI " H,
system at 9.7 eV center-of-mass collision energy.
These authors also have checked the independence
of their differential cross section with the coupling
between the two diabatic ionic surfaces and the
relative position of the neutral one. They thought
that this result is consistent with the sequential
impulse model which is insensitive to details of the
PES. However, they did not check the influence of
the position of the crossing seam of the two di-
abatic surfaces. In order to gain more insight into
the mechanism these authors have also determined
the probability of producing each channel as a
function of the impact parameter and of the angle
of attack B at the crossing seam (B is the angle
between H, molecule axis and the vector drawn
from Cl to the c.m. of the H, molecule). The angle
of attack of 45° is found to favor the R process
and the favorable impact parameter decreases from
SD to R to RD. This last finding is in agreement
with our experimental result shown in fig. 6. The
larger are the excitation of H, and the deflection
x angle of Cl in the SD channel, the shorter is the
impact parameter down to a limit at which the SD
process disappears while the RD is enhanced.

It is perhaps worthwhile to compare with the
slightly endothermic parent neutral reaction Cl +
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H, - HCl + H, for which some experimental
scattering results are available. They indicate that
the product is mainly back scattered [7]. Classical
trajectory calculations on a LEPS surface repro-
duce that result [8]. From the trajectory calcula-
tions performed at various collision energies. Per-
sky concludes that the scattering angle is mainly
dependent on the impact parameter: when the
impact parameter increases the scattering angle
shifts to lower angles.

This latter fact may be an indication that in the
X~H, systems, in contrast to the XH, systems,
the reactive processes would occur at a fixed im-
pact parameter independent of the collision en-
ergy, at a value depending on the radius of the
orbiting p electron.

However, it is still impossible to conclude
whether the angular anisotropy of the HX mole-
cule is due to a typical topology of the potential
energy surface of such systems or to a purely
kinematic type of trajectory independently of the
surfaces.

The analysis of the F~/H, system will perhaps
shed some light on this problem.

4.2. Rovibrational energy distribution and surface
crossing

The similitude of the dynamical behaviour of
the three systems leads to an extension of the
discussion which has been given for the [CIH,]”
system.

In that discussion a simple understanding of

the competition between the two reactive channels
was obtained by just considering the asymptotic
potential curves corresponding to non-interacting
particles. In figs. 1 and 7 are presented the
asymptotic cut, on the right-hand side in the inci-
dent channel at infinite X—H, distance and at the
left-hand side in the reactive product channels at
infinite XH-H distance. On that side are drawn
the energy curves of HX formed with H™ and in
the detachment continuum (dashed curve). The
[XH,]™ representation has to take into account
the X H states. The ground 2237 state dissoci-
ates in X~ 4+ H and cuts the XH curve in point A.
In [CIH,]™ {9] and [BrH,]™ [10] this state disap-
pears into the continuum at shorter XH distance.
By contrast the ground state of HI™ is attractive

and stable with respect to electron detachment
over a large range of internuclear distances [11].
These systems exhibit clearly two [XH,]™ surfaces
and a neutral one. Point A can be seen as the apex
of an avoided crossing between the two lowest
adiabatic surfaces of the [XH,]™ systems. The
lowest one leads to HX + H™ and dissociates into
X"+ H+ H, the upper one leads to HX™+ H
which autodetaches giving XH + ¢~ + H and dis-
sociates into X+ H+ H™. Point A can also be
seen as the apex of the crossing seam of the two
diabatic surfaces, one corresponding to C1~ + H,
in the reactant region and HX"H in the product
region. This surface leads to the RD process when
X™H penetrates in the detachment continuum.
The other diabatic surface corresponds to HX +
H™ in the product region and is correlated in the
reactant region to X + H; which leads to non-re-
active detachment process (SD).

It is clear from the DIM surfaces calculated by
Sizun et al. [2] that no product channels are acces-
sible if the trajectory does not reach the ionic
crossing. At the point A the interaction between
the two surfaces is zero, but at shorter internuclear
distances the seam is the locus of a strong XH -
H™ < X7 H - H electron exchange interaction. The
limiting value of XH rovibrational excitation en-
ergy in the XH + H™ channel is that for which the
probability of the electron transfer to X"H-H is
maximum. An upper limit is given by the position
of A, figs. 1 and 8. The A crossing lies at or
slightly below the energy of the X~ + H asymp-
tote which is in the energy scale of the [XH,]™
systems at the same common value of 4.49 eV (H,
bond energy). The calculated maximum values of
internal energy of XH are respectively 1.8 eV for
HCl, 1 eV for HBr and 0.7 eV for HI, in excellent
agreement with the experimental data. At smaller
H-X enters the continuum of HCl and HBr at the
B crossing giving rise to HX +e~ + H. In the
I7/H, system, the potential curve is attractive
and stable with respect to electron autodetach-
ment over a large range of internuclear distances
{11] precluding any electron detachment. This ex-
plains why reactive detachment is not observed
experimentally in this system. In that case the
HI™ formation is followed by dissociation into
I+ H, a channel that cannot be observed in our
experiment.
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Therefore it is now clear that the dynamics of
the (halogen) H, reactions are dominated by the
interaction between the two lowest ionic surfaces,
the location of their seam and the relative position
of the neutral surfaces.

It is also clear that the reaction R which be-
longs to the family of reactions X~ + HY — XH
+ Y ", usually considered as proton transfer [12]
reactions, is not a one-step reaction in which the
negative ion is the acceptor of a proton from a
neutral molecule. It is a more complex reaction
involving an H transfer plus an electron transfer
in the opposite sense X_ HH. The experimental
data are well explained by a mechanism involving
H stripping as a first step leading to CI"H-H,
followed by the electron transfer as the second
step. The energy barrier for the R process would
be given by the level of the seam; this is not
incompatible with the experimental measurements
of Hugq et al. [13] who observed the R process at
the very threshold, the C1™H, diabatic surfaces
calculated by Sizun et al. [2] show clearly that at
short internuclear distances the seam is at an
energy level equal to the endothermic threshold of
R reaction.

The rate constant of the reverse exothermal
reaction has been recently measured at thermal
energy in a flow tube experiment [14] for H™ +
HCl — C1™ + H,. This rate constant is equal to
half the Langevin orbiting rate constant, which
means that half the collisions are efficient. The
fact that the cross section of C1~+ H, -» HCl +
H~™ is very low [13] when the endothermicity is
overcome by kinetic energy indicates from a “de-
tailed balance” argument that the exothermicity of
the reverse reaction does not result in relative
kinetic energy of the C1~ and H, products but in
rovibrational energy of the H, molecule. In re-
turn, this means that a rovibrational excitation of
H, would lead to a cross section higher by many
orders of magnitude for the direct reaction. Un-
fortunately, this cannot be checked in our experi-
ment. An increase in the cross section for the
neutral reactions [15,16] X + H, — XH + H is also
observed when the endothermicity of the reaction
is supplied by vibrational excitation of H, instead
of relative kinetic energy of the reactants. This is a
usual behaviour for many endothermic reactions

and many classical trajectory calculations have
shown the importance of the location of the bar-
rier and other features of the potential energy
surface [17-19].

In the X~ + H, system not only the position of
the endothermic barrier but the shape and the
location of the region of strong non-adiabatic
interaction are the features which can have major
effects on the dynamics of the reactive collision.
Moreover in this particular HLL mass combina-
tion recrossing or multiple crossing of the seam
can occur [20].

5. Conclusion

The competition between the two reactive
channels R and RD of the X -H, collisional
systems is clearly dominated by the non-adiabatic
interaction between the two lowest ionic potential
surfaces. On the other hand, the parameters de-
termining the anistropy of the angular distribution
of the XH product are still an open question.
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