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In this vroxk a comparison between new experimental and quantum-mechanical results is per-
formed for the reactions He+H2+(u;)~HeH+(guf)+H; u;=0—4 in the energy range 1

eV&Etot &2 eV, cohere E„, is the total (vibrational plus relative translational) energy including the
zero-point energy. It was found that the taro features w'hich characterize this system, namely, the
strong enhancement of the reaction rate with initial vibrational energy (at fixed total energy) and the
relatively weak dependence of the cross sections on translational energy, are moderately vrell repro-
duced by the quantum-mechanical infinite-order sudden approximation.

I. INTRODUCTION

The systems H++H2, He+ H2+, and H+H2, and their
isotopic analogues (two- or three-electron systems) consti-
tute the simplest available reactive systems. Moreover,
the latter two reactions are expected to proceed adiabati-
cally up to total energies of about 10 eV. The He+H2+
system is therefore one of the apt prototype cases for
comparing theory and experiment. There are, however,
other features which make this system interesting. One is
its endothermicity, due to which the energy stored in the
vibrational mode is much more efficient in promoting the
reaction than the translational energy. ' Although in gen-
eral not unforeseeable, this feature is intriguing. Another
interesting feature is the typical energy dependence of the
reactive cross sections of the system. The cross sections
for the higher initial vibrational states u; 2, for instance,
show maxima in the energy range 1.3 eV&E«, &2 eV,
while the quasiclassical trajectory calculations give only
monotonically decreasing cross sections in this range.

Considering the above three reasons, we decided to car-
ry out a joint study which would differ from other studies
in two main ways.

(i) In contrast to other experimental techniques, the one
we used [the threshold-electron —secondary-ion coin-
cidence (TESICO) technique] made it possible for us to
measure the reaction in the most straightforward way.
This in turn enabled us to carry out a detailed study of the
(relative) cross sections as a function of both the initial vi-

brational state and the translational energy. Special em-
phasis was put on the low-energy region (1—2 eV) for
which the comparison with theory is feasible.

(ii) The theoretical part of the study was carried out
employing the quantum-mechanical reactive infinite-order
sudden approximation (RIOSA) which has been found to
be both reliable and predictive; namely, with a given po-
tential, the state-to-state cross sections can be obtained. It
should be mentioned that this reaction has hen exposed

to several quasiclassical-trajectory (QCT) treatments,
but it is not obvious whether using classical mechanics is
fully justified. This is not only owing to the fact that rel-
atively light atoms are involved in the exchange process,
but also because it is known from collinear quantum-
mechanical calculations that this system is vulnerable to
strong resonances which can profoundly affect the
dynamics and are not detectable by the QCT.

Because of the importance of this system and because it
is a three-electron system, several attempts were made to
calculate the potential-energy surface governing the
motion of the three particles. The best-known model is
the diatomics-in-molecules (DIM) potential of Whitton
and Kuntz, which was constructed to fit best the
ab initio points of Brown and Hayes. s Since most of the
available calculations were done, with this surface, we too
use it for our present treatment.

II. EXPERIMENTAL METHOD AND RESULTS

The experiments were carried out using the TESICO
technique, which allows direct measurements of reactions
of state-selected molecular ions as a function of collision
energy. The reactant ions H2+ in a specified vibrational
state of interest ( v; ) are produced in an ionization
chamber by photoionization of the parent molecule Hi at
the threshold wavelength for the state, the source of the
monochromatic light being the helium Hopfield continu-
um emission dispersed by a 1-m Seya-Namioka vacuum
monochromator. Under almost collision-free conditions
the ions and photoelmtrons produced are repelled out of
the chamber into the directions perpendicular to thc in-
cident photon beam and opposite each other. An electro-
static electron-energy analyzer, together with a straight
section which serves as a steradiancy analyzer, selects
threshold electrons from a mixture of photoelectrons hav-
ing various kinetic energies and lets them pass to a chan-
nel multiplier. The ious, on the other hand, are formed
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into a beam of desired velocity by a lens system and
focused into a reaction chamber, where they react with
neutral He. Product ions HeH+ as weH as unreacted pri-
mary ions are again extracted from the reaction chamber
in the same direction as the primary ion beam, mass
analyzed by a quadrupole mass spectrometer, and detected
by another channel multipher. These ion signals are then
counted in coincidence with the threshold-electron signals
using a standard technique involving a time-to-pulse
height converter and a multichannel analyzer.

When the wavelength of incident photons corresponds
to the threshold energy for the U; state, iona produced are
Hz+(v;), Hz+(U& —1}, Hz+(U; —2), . . ., Hz+(0), out of
which only Hz+(u&) give threshold electrons. Thus, al-
though all of the above ions react with He to produce
HeH+, we can selectively observe the reactions of Hz+(v; )

by measuring HeH+ in coincidence with the threshold
electrons. The relative cross sections are determined from
the ratio of the coincidence count rates for HeH+ and
Hz+ (obtained after sufficiently long signal accumulation
time} at a fixed pressure of He in the reaction chamber.
The collision energy is determined by the difference of the
potentials at the point of primary ion production and at
the reaction chamber.

The experimental results are summarized in Fig. 1,
where relative cross sections are plotted against total
available energy E«, . Solid lines connect data points of
the same center-of-mass collision energy and the dashed
lines connect those of the same vibrational quantum num-

ber, as indicated in the figure. From Fig. 1, several im-
portant features of this reaction are clearly seen. First of
all, remarkable vibrational enhancement of the reaction is
immediately evident from the solid lines. The slopes of
these lines are sharper for lower collision energies, indicat-
ing that the vibrational energy enhances the reaction more
effectively at lower collision energies than at higher col-
lision energies. On the other hand, collision energy is smn
to be quite ineffective in promoting this endoergic reac-
tion, as evidenced from the U =0 and u =1 curves; with
these low vibrational states, the cross sections are quite
small even when the total energy exceeds the endoergicity
considerably.

In order to compare the relative effectiveness of the two
forms of energy quantitatively, we give in Table I the rela-
tive cross sections for five vibrational states numerically
at three fixed total energies of 1.5, 2.6, and 3.5 eV. The
cross section for U =0 is normalized to 1 within each
column corresponding to a fixed total energy. It can be
seen that the replacement of a fixed amount of transla-
tional energy by the same amount of vibrational energy
enhances the reaction considerably and that this effect is
larger for smaller total energies than for larger total ener-
gies. For instance, the replacement of 0.99 eV of transla-
tional energy by the same amount of vibrational energy
(corresponding to the energy difference between U =0 and
u =4) enhances the reaction by a factor of 107 at 1.5 eV
of total energy, while the enhancement is only by a factor
of 11 at 3.5 eV of the total energy.

When the cross section for each vibrational state is
viewed as a function of colhsion energy, it is found that,
in all the cases except for U =0, the cross section first
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FIG. 1. Relative cross section as a function of total energy

E„,. Solid lines connect the data points of the same center-of-
mass (c.m. ) translational energy. Dashed lines connect those of
the same vibrational quantum number. E,h is the threshold en-

ergy.

rises sharply at an energy that exceeds the threshold by a
certain amount, passes through a maximum, and then de-
creases. The maximum position is shifted to smaller ener-
gies as the vibrational quantum number is increased. The
cross sections for all vibrational states seem to reach a cer-
tain common finite value at higher collision energies
( & 4 eV}. This may indicate that there is another mecha-
nism different from that corresponding to the vibrational-
ly enhanced part of the cross sections. The cross section
for U =0 rises much more slowly and its maximum is
hardly discernible.

III. THEORY AND NUMERICAL TREATMENT

A state-to-state integral reactive cross section within the
framework of the RIOSA is written as

o(uf
~

u; ) = z g(2I;+ 1) I d(cosy; )
~
Si „(y;;B)

~

2k„,

(eV)
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TABLE I. Relative cross sections for the reaction
H2+(v)+He~HeH++ H at fixed total energies.

Total energy, E„, (eV)
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where u; and uf are the initial and final vibrational states
(i stands for "initial" and f for "final;" each refers to a
different arrangement channel}, k„ is the initial wave

number, /; is the orbital angular quantum number in the
initial channel, y; is the IOSA angle defined as
y;=cos '(R;,r;), where R; and r; are the translational

and vibrational vectors and S~,f„(y;;8) is the reactive

state-to-state S-matrix element calculated for a fixed
value of y; and l;. As can be noted, the S-matrix element
also depends on a parameter, the RIOSA 8 constant,
which permits transformation from a given value of y; in
the initial arrangement channel to a single value of yf in
the final arrangement channel.

In general, keeping y; constant means forcing the
three-particle system to move on one single plane defined

by y;=const in the three-dimensional (3D} coordinate
space. Within the RIOSA the three-particle system
moves on one plane in the initial arrangement and on the
other defined by yf =const in the final arrangement. The
two planes intersect along a straight line that goes
through the origin (r =R =0}. The parameter 8 deter-
mines the tangent of this line. Thus, assigning a value to
8 means fixing the line that separates the reagent channel
from the product channel. This line has to follow the
ridge of the potential-energy surface that governs the
motion of the three particles in the two arrangement
channels. In a symmetric case such as H+ Hz, the value
of 8 is 1, and this yields the following relation between y;
and pf e

gf —'fl fI' ~ (2)

In the present case 8 was found to be 0.8 and conse-
quently the relation between y; and yf is much more
complicated, namely

cosy; + (1 B)cot—p cotp

8 [1+(1—8 )cot y]'
where

cot/=
z z [cospcosy;+(8 —sin y;cos p)' ]

sinp
82 —cos~P

(4)

with by = 10'. As for the 1; range, it was strongly depen-
dent on E„, and y;. The smaller y; and the higher E„„
the larger the range for l;. The largest encountered value
vedas I; =56.

In order to obtain reliable results m'e had to include
closed channels. The number of these had to be increased
until convergence was obtained. The rate of convergence
depended not only on the energy (a fact well known from
collinear studies), but also on y; and l;. The total number
of vibrational states included in the calculation was be-
tween 15 and 30; a particularly large number of states had
to be included when both y; and l; were small.

Figure 2 shows the integral cross sections [Eq. (1)] for
E„,=1.5 eV as a function of u; for the reaction

Hi+(u;)+He~HeH+ guf +H, u; =0, 1,2, 3,4, 5 .

In addition to the RIOSA results, we show those due to
the QCT treatment of Whitton and Kuntz and another
set of quantum-mechanical results which, unlike the
RIOSA, are based only on the collinear arrangement

(y; =0), i.e.,

The main observations from the figure are the following.
(i) The RIOSA and QCT approaches yield the vibra-

tional propensity rule, namely, enhancement of reaction
rate with vibrational energy (total energy fixed). Howev-
er, it is also seen that the collinear results due to Eq. (6)
fail to do so, since a larger cross section is encountered for
u; =3 than for u; =4. This fact actually indicates that the
system is not collinear dominated.

(ii) A reasonably good fit is obtained between the
RIOSA and QCT cross sections, except for u;=2 where
the RIOSA result is almost 3 times larger. This
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Here, mz and mc are the masses of the two hydrogen
atoms and mz the mass of helium. The angle p is the
skewing angle, a characteristic angle for the three-particle
reactive system.

The calculations were done for three energies, namely,
E«, ——1.3, 1.5, and 1.8 eV. For the highest energy value,
eight open vibrational states in the reagent channel and
three in the product channel are encountered. The calcu-
lations have to be carried out only for the range
0 & y; & m /2 due to the symmetry, and the final results are
multiplied by 2. The number of y; grid points was 10,
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FIG. 2. Dependence of the theoretical cross sections for
E„,= 1.S eV on the initial vibrational quantum number
u;. ——:RIOSA [Eq. (1)]; ———:quasiclassical trajectory
calculation (Ref. 4); ". quasicollinear approximation [Eq.
(6)]
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discrepancy is not yet well understood.
More results are shown in Sec. IV below, and a more

detailed study will be given in a forthcoming publication.
1.0-

IV. COMPARISON BET%BEN THEORY
AND EXPERIMENT

The comparison between experiment and theory is
presented in Fig. 3, which shows normalized cross sec-
tions for different initial vibrational states as a function of
total energy. The comparison with the RIOSA is given in
Fig. 3(a) and with QCT in Fig. 3(b). We show results for
E„,&2 eV, only because the RIOSA study was carried
out for three energy values below 2 eV. All the results are
normalized to those for U; =4 and E„,=1.55 eV. The re-
sults for u; =5 are not shown because the data were not
collected due to experimental limitations.

As for Fig. 3(a), note the following two main points.
(i) The vibrational propensity rule applies to both the

experimental and the RIOSA results along the whole
studied energy range.

(ii) The cross sections are relatively weakly dependent
on the total energy.

As is seen from Fig. 3(b), the QCT calculations yield
cross sections which, for a given initial vibrational state
u;( & 2), decrease with the energy in the range
1.3(E«, (2 eV and the maxima appear at lower ener-
gies. & Our experimental results, however, indicate that all
the cross sections for u; =2,3,4 seem to have maxima in
the above energy range. The quantum-mechanical results
reproduce this tendency better than the QCT results, al-
though the agreement with the experimental results is not
quantitatively very satisfactory. The cross sections for the
lower vibrational states U; =0, 1 are quite small and show
very weak energy dependence in the range.

As for the quantum-mechanical calculations, it should
be mentioned that the He+ Hz+ system is the first sys-
tem, so far, to be treated by the RIOSA and to yield cross
sections which are so weakly dependent on the energy.

In conclusion, the system He+ H2+ is intriguing in its
dependency on the initial vibrational energy (for a given
total energy) and on translational energy. It is gratifying
to find out that this dynamic behavior is moderately well
reproduced by the RIOSA.
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FIG. 3. Comparison between theory and experiment for the
cross sections as a function of E„,. Figures attached to each
line are the initial vibrational quantum numbers. : present
experimental result; ———:present theoretical result (RIO-SA);: quasiclassical trajectory calculation {Ref. 4). (a}
Comparison between experimental and quantum mechanical
(RIOSA) results. (b) Comparison between experimental and
quasiclassical (QCT) results.
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