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Abstract

This thesis is divided into two major parts. 1In the first part an
experimental study of proton and deuteron transfer in H; + He and
HD+ + He has been carried out as a function of kfnetic and vibrational
energy. Tﬁe data gives evidence that at lower kinetic energies, the
spectator stripping mechanism indeed plays an important role when
H; or HD+ is vibrationally excited. The HZ(V:O) reaction has a much
smaller cross section than the v=1-4 reactions and seems to go through
intimate, small impact parameter collisions involving all the atoms.
Investigation of the competition between both the proton and deuteron
transfer channels for the HDf case, shows that vibrationél enhancement
towards forming the HeD+ product falls off sooner with increasing
kinetic energy than does the HeH+ product again in accordance with the
spectator stripping model. The higher yield for HeH+ production at
both higher vibrational levels of HD® and at lower kinetic energy and
the behavior of translational energy dependence of HeH+ seems to

indicate the'importance of the induced orientation of Ho* during the

collision -with He. Because of the displacement of the center of mass
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from the.cenfer of charge in HD+, the charge induced dipole interf
action between He and HD+ tends to swing the H atom more towards He
during the approach of He and Ho".

The second half of this thesis examines the relative efficiencies
between the excitation of C-C stretching vibration and cb]]%sion energy
on the promotion bf tﬁe H atom transfer reaction of CZH; +'H2 >

23
tionally enhanced in agreement with previous thermal energy studies.

C H+ + H. At Tow collision energies the reaction is strongly vibra-

Tkanslatiohai energy was found to be not as effective as exciting the
C-C stretching vibration in_promoting‘the reactioﬁ.'vThe results indi-
cate thgt the_H atom- transfer ffom H2 io the‘t atdm.shouid héve a 1ate
barrier, but the C-C stretching vibration of C2H;.is apparently |
coupled to the reaction coordinate. Because the C-C bond ih'CzHg is
expected to be'longer.thén that of CZH;,,Qibrationalvenergy added to
the C-C bond might reduce the barrfer fof'H éfom transfer from szto-a
. .
2°2°

C atom in C H
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CHAPTER 1 GENERAL INTRODUCTION

Ion-molecule reaction dynamics

- reactions;

It is the intent of our research group to study the details of
chemical reaction dynamics. Ion-molecule reactions have been studied
by a variety of methods including mass spectrometry, flowing after-

1,2 Most of these

glow, ion cyclotron resonance, and crossed beams.
studies have used electron impact ionization for the production of
reactant ions. The disadvantage with electron impact ionization is
that the ions are produced with a broad range of vibrational energies
which may drastically influence the reaction. Using photoionization
jons can be produced with some degree of state selection. Chupka,
et. al. had pioneéred the use of photoionization in ion-molecule

3 he prepared vibrationally pure H; ions for use in the

reaction H; + H2 > H; + H. The reaction was found to be slightly
less probable with increasing vibrational energy at thermal collision
energy. The trend reverses itself as the collision energy is raised
past 1 eV. Because photon fluxes are usually smaller than electron

10 photons/sec for this experiment versus

emission currents (10
1015 - 1016 electrons/sec for emission currents up to 1 mA) and photo-
ionization cross sections are generally lower than electron impact
jonization cross sections, photoion intensities can be somewhat lim-
ited. See references 4 and 5 for ionization cross sections of H,

and N2 as examples.

The best possible reaction to study would be if one were to

specify all the reactants' quantum states, pre- and post-collisional



angu]arvmomenta and kinefit energies, and productst quantum states.
The cross section_fof such a detailed reaction would théh be measured.
Obviously sUch detail is quite,impracticé], but one caﬁ attempf to
study a reaction with as mﬁth control (state selection) as possible,
for instance-using photoionization dver electron impact jonization as
sfated above. The degree of state se]ecfion is always at the cost of
some reéctant or product intensity. Besides knowledge of the molecu-
1ar system's quantum interna1 states, one needs to have some informa- -
tion about the collisional angular mohentum.and kinetic energy states.
A crossed beams experiment gives one dynamical knoﬁledge of the reac-
tion; thét is, angu]ér and energy reso]vedidifferentia] cross ée;tions.
‘However, because the products afe spréad throughout velocity space,
intense beams must be used or the reaction must be confined to some
i_kinematical]y acceptable portion of velocity space. Integrating dif-
ferentia] cross sections or collecting all scattered producté gives
one the integré] or”total'cross sectidn as described in this thesis.
Here a sma]]ef cross seétion Eeaétion'or_a reactionrusingviesé intense
reactants may bevstudied at the cost of some dynamical information.
Ultimately, with experimehta] data in hand, the experimental
observatfons mighf be understood from the nature of the potential
energy surface (PES) comparing the data against theoreticai séattering
calculations. Thése calculations can be carried out with various
levels of sophistication from classical and semi-c]aséica] to quantum
treatments. In order to ca]cuiaté trajectories, a PES is required.
How well theoretical predictions match experimental results depends on

the accuracy of the PES as well as the method by which the scattering



calculations are performed. A surface can be generated by ab initio,
diatomic-in-molecules (DIM), etc. methods.6 To compute ab initio
surfaces, a variety of methods may be used to solve or approximate the
Hartree-Fock equafions. For polyatomic systems where exact solution
of the Hartree-Fock equations is too difficult (in terms of complex-
jty, computational time requirements, etc.), one may use the self
consistent field (SCF) method where one uses an incomplete, but useful
set of basis functions with which to calculate the energy eigenstates.
The Hartree-Fock equations describe motion of a particular electron in
response to an averaged field due to the remaining electrons. The
configuration interaction (CI) method is used to overcome this short-
coming. Here more than a single configuration is calculated simul-
taneously; the energy states are calculated in a variational manner.
In constructing a DIM surface, separated energy states of the reactant
and product molecules are brought together to form the complex energy
states in much the same way molecular orbitals are calculated for a
molecule from the atomic orbitals of the constituent atoms. Conse-
quently the entrance and exit channels of a DIM surface can be very
accurate, being fitted to very accurate spectroscopic or theoretical
energy eigenvalues of the separated molecules. The interaction region
may be fitted to ab initio points.

Using a more simplified theoretical approach, the dominating long

range potential under which an ion-molecule pair interacts has the form



‘where e is the charge of the ion, a is the electric polarizability of
the neutral (without a permanent dipole mbment),‘and r is the distance
between the ion éhd md]ecu]e.7 Given an initial relative velocity

g, the impact parameter bovfor which the ioﬁ-md]ecu]e pair will

orbit each other is

, 4e%a \1/4
by = (23%)
0 Mo 2

o ug

where y is the reduced mass of the reactant system. Assum{ng‘all
impact parameters‘b<b0 lead to reaction, the-keaction cross section

(or Langevin cross section) has the form

2
) ((ee

n 1/2
g u

o(g) = wbf =

~ The cross section is inveréely proportional to the relative velocity

and thus inversely proportional to Ell2

, the square root of the
translational energy. The rate is calculated as the product of the
cross section with velocity and is found to be energy (or temperature)
independent. Many ion-molecule reactions have been found to proﬁeed »
close to the Langevin rate which can be_a_kéte larger than the gas
kinetic coHi‘sio‘nbrate.8

The ion-induced dipole potential is the long range force leading .
to the attractive well found at small intefnuc]ear distances between
all the atoms involved on the ion-molecule PES. The wéll,'a conse-

quence of the chemical forces involved, can be quite substantial in

some cases (a few eV deep) and generally extends quite far out due to



the r'4 term in the potential. Basically this well can influence

the reaction in one of two ways. If the reactants can come together
and tranfer some of their collision energy into internal degrees of
freedom such that the complex will be captured in the well for more

13 sec), then products

than a couple of rotational periods (about 10~
will separate isotropically without knowledge of initial conditions.
Product intensity which is found symetrically about the %90° scatter-
ing angle on center of mass (CM) velocity diagrams is indicative, but
not conclusive of a long lived complex.

If the reaction does not proceed via a long lived complex, it is a
direct reaction and is characterized by an assymmetry of product in-
tensity about the *90° scattering angle on CM velocity maps. If the
kinetic energy is raised, eventually a long lived complex reaction
wi]] become direct because not enough internal degrees of freedom can
be found in the collision complex_in which to partitién the reactants'
energy to cause the complex to be quasfbound within the well. Complex
lifetimes may be estimated through the use of a variety of unimolecu-
lar reaction rate theories. In particular the stgtistica]—mechanica]
Rice-Ramsperger-Kassel-Marcus (RRKM) theory has pfoven useful in pre-
dicting complex lifetimes provided the reaction does go through a long
lived complex.g ‘The complex 1ifetime is governed by the complex's
total internal energy as compared to the minimum energy needed for
decomposition and by the density of internal states over which the
internal energy may be distributed. ‘Non-fixed energy (energy not tied

up in inactive internal modes) is assumed to be subject to rapid



statistical redistribution throughout the active vibrations and rota-
tions of the complex. The 1ifetimé decreases as the internal energy
inc}eases or as the mo]ecu]ar complexity decreases. The RRKM lifetime
may be compared to the complex rotational period to predict the exist-
ence of a long lived complex or a d1rect reaction mechanlsm.' Obvi-
ously a doubly differential cross section experiment is required to
ascertaln such dynam1c 1nformat1on about the react1on.

In lieu of detailed theoretical ca]cu]at1ons, simple models are
often used to help-elucidate the react1on.dynamics. Mahan was quite
suécessfuT»invexplaining feaction'me;hanisms through the use of elec-

tronic state correlation diagrams as crude PES's.lo’l1

The ground

and electronically excited states of reactants, products, and com-.
plexes for a variety of collision geometries are plotted reiatiVe to
one anotﬁer against an energy scale. The states are correlated to one
- another through spin.correlation rules and symmetry properties. With
this diagram one may trace reactants to products and see which complex
states'may play a role in the reactive scattering. Reactants some-
times_may have access to the deep well of the reaction complex posing
the possibility of the existence of a long lived complex, which can be
investigated experihenta]]y. Without benifit of a PES, however, maﬁy
ion-molecule reactions can be described dynamically by su;h simple

-models as spectator stripping (SS),12‘14 15

16,17

knockout, sequential

and long lived complexesls’19 among others.

impulse,
One interesting feature about ion-molecule reactions is that since

quite often the ionization potentials (IP) of the neutrals A and B for



fhe reaction [A + B]+ are close to one another, the two charge trans-
fer (CT) states account for two low lying PES's which play important
roles in the reaction dynamics. Because of the number of surfaces
involved in the proximity of the reactants' total energy (due to dif-
ferent electronic states and collision geometries), the reactive scat-
tering may proceed with the possibility of probing the potential well
of the complex or the scattering may be direct in nature. The effect
of multiple PES's was seen to be important in the CT and proton trans-
fer (PT) reactions of H; with DZ’ 2.20'22
the IP of H2 is close to that of the neutral reagent; the adiabatic

Ar, and N In these systems
PES has two entrance valleys (along the [HZ—X]+ reaction coordinate)
due to each CT state of the reactants. These valleys have an avoided
crossing because they are states of the same symmetry. The reactanfs
can easily move from one valley to another as the reaction progresses.-
This behavior is used to explain tﬁe trends seen in the total cross
section as a function of both vibrational and translational energy.
in particular for the ArH; system, at high collision energies (6-9 eV),
the PT reaction cross section reflects the CT reaction. Both reaction
channels exhibit very similar dependences of the feaction Cross sec-
tion on vibrational.energy and this behavior strongly suggests that
both reactions share a common portion of the PES.

In an effort to understand more about the dynamics of ion-molecule
reactions, total cross séction measurements are described in.this
thesis using the photoionization octapole guided ion technique. The

PT reactions of H; and HD+(v=O-4) with He and the H atom abstraction



of H2 by CZH;(V=O_2) are studigd as a function of vibrational and
translational energy. Vibrational state se]ection is accomplished by
the photoionization technique. The use of the octapole ion guide
ensures a high collection efficiency of all ions and therefore accu-
rate relative total cross section measurements as a function of ion
vibrational energy. The_H; + He reaétion was chosen because it is
one of the simplest ionfmolecule reactions (3 nuclei and 3 electrons)
for which PES's may be calculated. Because the He ionization poten-
tial is so much higher than that of H, and because excited electronic
states of H; are energetically inaccessable in the exberiments
déscribed herein,vthjs reaction_is expeéted to take place on a single
PES. . In particular HD+ was used.as an isotopfc aid .in ofder to.
uhderstand the H; + He reaction. C2H2v+ H2 was studied becaﬁse

. very few greater than 3 étomvendothermic'reacfion systems have been
unambigiously studied comparing translational to vibrational energy
’competitioﬁ:in influencing the reaction cross section. This complex
" reaction is not we]1 Understood theoretically.

Both ground state reaction systems share similarities in that they
are both endothermic reactions at thermal trans]afiona] energy. For_
both systéms‘vibratioﬁal energy may be.put into the ion to energeti-
cally overcome the reaction endoergicity} At low collision energies,
both systems are found to be strongly vibrationally enhanced even
though the trans]ationa] energy exceeds the reaction endoergicity. In

the HeH; case, vibrational energy is put into the reaction coordinate

itself to drive the proton transfer reaction. Simplistically, -added



vibrational energy extends the H; bond and thereby helps to break it
in order for proton tranfer to proceed. Looking at the other system,

2H; to promote H2 bond breakage

to form CZH; is not directly related to the reaction coordinate for

this reaction. The role that vibrational energy plays in affecting

however, vibrational energy put into C

the cross section is less well understood for such a reaction. These
data complement and extend previous experimental and theoretical

studies of these reactions.
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CHAPTER 2 EXPERIMENT

Total cross section measurements

Total integral cross sections were measured on the machine picfured
" schematically in Figure 2.1. Briefly, a beam of neutral molecules is
photoionized with some selected wavelength (for which the vibrational
population is well characterized) inside én RF octapole ion guide.
The ions are formed into a béam, guided along the octapole axis, and
- are accelerated through a scattering cell surrounding a section of the
octapole guide with a heasurgd pressure of neutral reagent gas. Prod-
uét'ions are extracted from the octapo]e,fmass analyzed, and counted.
we have studied both reactions of”H;.(or HD+, v=0-4) and C2H+-
- (v=0-2). For the production bf-H;, 1ight'from a 11 inch quartz capil-
lary He pulsed discharge lamp is directed through a 180 micron entrance
'siit; two regions of.differentia] pumping, onto a Bausch and Lomb 1200
lines/mm Os coated concave diffraction grating b]azed at 800 A. The
 grating is mounted in a McPherson 225 1 meter near-normal incidence
monochromator. The diffracted wavelength of choice is then focussed
through the 380 micron exit slit into the'octapofe ion source where it
intersects a molecular beam of H2f The beam source will be described

“in detail later.

1 The

This light source is described in more detail by Samson.
He discharge produces a continuum centered about 810 A and extending
beyond 1000 A. The power supply is usually run at a 60 KHz repétition

rate with 40-50 torr He in the lamp.
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Hy photoionizes at a threshold of 803.2 A (15.43 eV) predominently

2

via an autoionization mechanism.~ The light pumps H2 up to vibration-

ally excited Rydberg states. Only the sum of the Rydberg energy with

the vibrational energy, Ev’ is above the ionizing threshold to pro-

+ _
duce Hz(v'). In H2, autoionization occurs such that av=1 where ener-
+

2
Also there exists some smailer contribution

getically possible or it predominently leaves H
3

in its highest possi-
ble vibrational state.
of direct ionization to the H2 ionization process which is governed
primarily by Franck-Condon transitions. The relative populations of
the H; vibrational levels at different ionizing wavelengths has pre-
viously estimated4 and is shown in Table 2.1. H; cross éections are
given in'both its raw and vibrationally deconvoluted forms as noted.
The HD used in this experiment was produced by reacting L1'A1H4
5

with DZO'

wavelengths for producing specific vibrational states of HD+ were

The HD purity was better than 95 percent. The ionization

chosen based on spectroscopic knowledge of where the vibrational ener-
gies of HD+ 1ie6 and on the low resolution HD photoionization effi-
ciency spectrum obtained with this experimental arrangement. The
wavelengths for each vibraﬁional state were taken.on clusters of auto-
ijonizing peaks which are as far away from adjacent vibrational levels
as possible. The high resolution HD autoionization spectrum has been
measured recently by Dehmer and Chupka.7. The autoionization and
direct ionization contributions were integrated where the autoioniza-
tion peaks were assumed to leave HD' in its highest possible vibra-
tional state. Franck-Condon factors obtained by Berkowitz and Spohr

are used to provide an estimate of the vibrational contribution from
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direct ‘iom'zati-on;8 The relative vibrational populations estimated

by this method are found in Table 2.1. The following wavelengths were
" used: v=0, 797 R; v=1, 782 A; v=2, 772 A; v=3, 763 A; and v=4, 754 A.
A1l the HD' data is Tleft in its raw form. Table 2.1 gives the esti-
mated vibrational popu]ation‘distributions for both H; and HD*._

| The prdduction of CzHgvions is done in a similar manner to that
of H;. qu-CéH2 photoiqnization light from a 11 inch.capi11ary (fhe
same quartz tube) H2 DC discﬁarge Tamp isvdirecfed'through»a larger
330 micron entrance slit, through the same monochrometer arrangement
as above, and finally through a 508 micron exit slit located at the
jon source. The.light used is from the H2-many-1ined spectrum which

runs from 1300 to 900 A.° The lamp isvoperated with 2 torr H, at

2
1.4 kV and 1.0 ampere. A monochrometer calibration and resolution
detérminatibn in this wavelength region was‘accomp]ished by 1boking at
the Lymah beta line at 1025.722 A. Figure 2.2.p]ots CZHZ ion inten-
sity as a function of monoﬁhromeier wave]ength in 1 A increments.

Since the entrance and exit slits were smaller for the H; experiments,
the fo]]owiné resolution arguments set an upper limit for all the
experiments described in this work. Figure 2.2 shows the Lyman Beta
line to be approximately 3 A FWHM. At 1088 A the grating dispérsionlo
is 288 A/°. The 0.020 inch exit slit subtends 0.029 ° at a distance
of 1 m from the grating allowing a bandpass of 8.4 Ror 4.2 R FWHM
(assuming a triangu]ar slit function). The experimental observation

and calculation are in reasonable agreement assuming the Lyman beta

line is negligibly Doppler broadened.
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11 The

At thresho]d C2H2 jonizes via a Franck-Condon (FC) process.
threshold is‘]ocateq at 1088 A (11.40 eV) and the ion yield exhibits
step structure when the vy C-C vibrational mode of the ion, the
<HeC-Co>H> symmétric stretch, is excited as ionizing wavelength is
decreased, The relative step sizes for v=0:1:2 ié 1.00:0.33:0.11
which is exactly the calculated relative FC factors for the transi-
tions of C2H2 (v=0) to those vibrational states. Assuming the rela-
tive step heights represent the relative vibrational populations at a
given wgve]ength, Table 2.2 is derived giving vibrational distribu-
tions for CZH;. The following wavelengths wefe used; v=0, 1076 &;
v=0 and 1, 1056 A; and v=0, 1, and 2, 1034 A. A1l ionizing wave-

lengths leave the CZH+ molecule predominantly in the v=0 state.

2
The ion beam source is basically the same as that described previ-
ous]y.4 The neutral beam is forméd into a supersonic beam, colli-

mated, and introduced into the ionization chamber. There the beam
intersects the focussed, monochromatic light in a volume roughly 1.3

mm in diameter by 1 c¢cm in length.
+

2
source; a 30 micron nozzle was placed 0.819 inches from a 0.016 inch.

The H, and HD+ experiments were done with an improved neutral
diameter electroformed skimmer tip. The skimmer tip to the ehd of the
octapole ionizafion source was 2.115 inches. The nozzle pressure for
H2 was set at 80 psi producing roughly 15 KHz v=0 H; jons and HD was
run at 70 psi to yield 12 KHz HD' in v=2. A more detailed explanation
of the improvements of this source over earlier experiments on this '

+
+

) He chapter.

.machine is given in the H
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The CZH; experiments were run with a 70 micron nozzle placed
0.778 inches from the same skimmer. All other beam source dimensions
were kepf the saMé.’ The C2H2 was run through a dry ice—ethanol'trap
(to remove acetone)_and pressurized behind the nozzle to 400 torr.
Under these conditions the CZH; fon count rate was appro*imately 1 KHz
for v=2. | |

The molecular beam and light beam intersect inside an RF octapole
jon guide. The'ion guide consists of (8) 1/8 inch molybdenum rods
aSymmetricaily spaced around the circumference of an imaginéry llinch _
diameter cylinder. Alternate rods are connected to opposite phases of

a 15 MHz tunable RF generator. The effective potential inside the ion

guide is described'by the equation

eff 4mw2RS» R0
where ng is the peak RF voltage, R0 is the radius of the cylindri-
cally placed rods, R is the radial distance if the ion from the octa-

pole axis, w is the RF frequéncy, and m is the ion mass.12

The bctapole is broken into four segments (Ji) to which separate
DC potentials are applied as shown in Figure 2.2. This allows control
of ion translational energy. The segments are capacitively coupled in
series from the driven octapolie (the ion source). A scattering cell
- surrounds a length of the last octapole and is filled with some

measured pressure of a neutral reagent gas. All ion-molecule reactions
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occur within the octapo]e} use of the octapole ensures 100 percent
transmission and Coi]ection efficiency of all product ions.

Product ions (or reactant ions)'afe extracted from the octapole by
a set of conventional ioh optics, accelerated to 70-90 eV for mass
analysis by a quadrupole mass spectrometer, and are counted by the
detector. The scintillator and PMT of the original Daly detector was
replaced by a solid state Li drifted Si detector. Ions are acceler-
ated to an electrode of -33 kV potential from which secondary elec-
trons are ejetted.‘ The number of secondary electrons, n, ejected per
incident idn has a Poisson probabi]ity which is dependent on the ion

mass and impact energy and can be written as

where a is the average number of electrons ejected in the pu]se.13’14

The electrons are accelerated across the -33 kV potential to the face

*of the liquid N, cooled Li drifted Si detector biased 900 V below

2
ground potential. The voltage across the detector itself is 900 V to
_ground. This solid state detector is used to count bursts of elec-
trons produced per fon to accomplish single ion detection.

The great advantage that this solid state detector has over the
usual Daly detector is its sdbstantia]]y better energy reso1ution,
that is its abi1ity to resolve the number of electrons contained in

each signal pulse. Because the scintillation and photoemission mecha-

nism is relatively energy inefficient, large statistical flucuations
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~in the pulse heights result from the pulse of electrons striking the
scintillator. Only about 3 eV is required to produce a hole-electron
pair in a Si detector; this energy is about 100 times smaller than
that for scintillation detector‘s.l-5 Consequently statistical flucu-
“ations in the charge production process are greatly reducéd and reso-
lution is improved.

When the secondary electrons impact upon the detector, electron-
hole pairs are formed which are swept ouf by the 900 Vv bias vo]tage.
This charge triggers an FET located directly behind the Si wafer
itself and serves as the first preamplifier stage; the entire preamp-.
lifier is located as close to the detector as possisie. The preampli-
v'fier also includes a test pulse inputf The.amp]ified pulse is then
fed into a pileup rejecter. The pileup rejectef is an integral unit
| containing an amplifier, pileup rejecter (to keep pulses from piling
up if the signal rate is too high), and discriminator. The output'of
.the pileup rejecter is a logic pulse suitable for scalar counting.

Figufe 2.3 shows the pd]se height distribution of $econdary elec-
tron emission of -33 kV H; ions impacting the electrode. Oné can see
that at this energy, H; most probably causes the.ejection of 4-5
electrons from the electrode surface. Because the detector has such
high resolution, one can accurately set the discriminator to avoid
counting n, n-1, n-2, ... electron events. The major noise in the
entire detector system is field emission from the high potential elec-
trode which are 1 electron events. Accurately setting the discrimi-

nator obviously wastes the least signal counts especially in low cross
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section reactions as described in this'thesis. For H;, the ngl peak
constitutes less than 3 pércent of the total H; signal. Figufe 2.3
also shows the pulse heightvdistribution avoiding the n=1 eTectron |
events; the discriminator is set at 8.18. The discriminator is set at
8.60 for discrimihating n=2 electron events. Increasing the ion mass
or energy will cause a higher yield of secondary electron emission.
Signal plus backgrqund counts are taken with tne scattering cell
filled with reagent gas (S+B) and with the cell off to count back-

ground (B). The cross section is calculated as

(S+B)-B
Inl

where [ is the_uhattenuated primary ion beam intensity, n is the number
density of the neutral gas known by Baratron capacitance monometer
absolute pressure measurement,‘and 1 is the effective scattering cell
1en§th.

The experiment may be run in two different modes. The collision
~energy may be fixed and.the wavelength (or vibrational states) may be
scanned. Or the photoionizing wavelength is fixed and signal is taken
as a function of collision energy. Usually for data analysis a best
energy scan is taken as the standard to which all the wavelength scans
at the varios énergies are normalized. Doing both wave]ength'and
energy scans provides én internal check to the cross sections; one
normalizes all the data to one vibrational level at one energy. Typi-
cally the wavelength and energy scans agree to within 20 percent (as

+

in the HeH2_experiments where the cross section is less than 2.5 Az).
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The error is hard to estimate, however the absolute cross sectional
error is estimated to be less than 25 bercent while the relative error
between vibrational stafes is estimated to average less than 10
percent.

The raw cross sections are vibrationally deconvoluted once they
are cajculated and normalized. The vibrational population distribu-

tions for H,, HD', and CZH;'afé given in Tables 2.1 and 2.2.

25
Because at each wavelength the H; and HD+ jons are expected to be
fairly vibrationally pure, the cross sectional trends seen in the raw
data are merely enhanced in the deconvoluted data. However for CZHZ’
since at each wavelength the v1brat1ona1 distribution is largely v=0,
the deconvolution process may 1ntroduce vastly differing cross sec-
.tional variation versus vibration for similar sets of raw data. Repet-
itive experiments were run in an effort to ovefcome this problem. 1In

any. case both the raw and vibrationally deconvoluted cross sections

are tabulated.
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Figure captions

FIG. 2.1. Machine schematic. Ji are the seperately biased octapole

segments. XBL 808-10865A

FIG. 2.2. CZH; ion intensity versus monochrometer wavelength in 1 A

increments. XBL 842-737

FIG. 2.3. Pulse height distribution of secondary electron emission
from 33 KeV H;, with the discriminator sét at 8.18 to
cut out n=1 electron events on the left and no discrimina-

tion pictured on the right. Peak is at n=4. XBB 842-1230
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Tables

TABLE 2.1. Estimated vibrational state distributions for H; and HD".
Estimated H; HD'
vibrational v nominal v nominal
distribution 0 1 2 3 4 0 1 2 3 4
0 1.000 0.107 0.078 0.085 0.070 1.000 0.139 0.108 0.083 0.077
1 0.893 0.161 0.174 0.145 0.861 0.220 0.168 0.156
2 0.761 0.188 0.157 0.672 0.206 0.191
3 0.553 0.152 0.543 0.184
4 0.476 0.392

TABLE 2.2. Estimated vibrational distributions for CZH;'

actual
vibrational v nominal
distribution 0 1 2
0 1.000 0.752 0.694
J 0.248 0.229

2 0.076
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CHAPTER 3 H;, HD' + He

Introduction

The reaction between H; and He forming HeH™ has been extensively

investigated in the past. This reaction is endothermic by 0.8 eV and
was the first experimental example, as shown by Chupka, et. al., that
vibrational energy strongly promotes product formation over kinetic

1,2

energy. Aside from these photoionization studies which prepared

H; in a specific vibrational state, most past experimental work,

3-5 6,7 8 and

including crossed beam, mass spectrometric, merged beam,
ion beam-gas ce]]g techniques, used H; produced by electron impact
jonization of Hz;'thus a broad range of H; vibrational states parti-
cipated in the reaction with He. These studies all give evidence to a
direct reaction with a maximum cross section for HeH+ productidn of
approximately 5 Az at a collision energy of 1 eV in the center of

maés (CM) coordinate system. The cross section decreases sharply with
the increase of collision energy beyond 1 eV. -The crossed beams

4,5 have shown the reaction to proceed

studies of Herman, et. al.
mainly via the spectator stripping (SS) mechanism when the collision
energy is between 0.5 and 4.0 eV. However, when H; was specially
prepared to be in lower vibrational states, the intensity of products
which can be ascribed to the SS mechanism is substantially smaller.
This system is one of the simplest ion-molecule reactions for

which potential energy surfaces can be rigorously calculated. Because

of the large difference between the jonization potentials of He and
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the excited and charge transfered states of this triatomic system
10,11

HZ’

lie appreciably above the ground state and the reaction between

H; and He, at low collision energies, is expected to take place on a
single potential energy surface. Brown and Hayes have calculated an
12

ab initio surface for the 1inear‘H; + He ->7'HeH+ + H reaction.
Their surface shows a barrier late in the exit channel and the exist-
ence of a small well (0.15 eV below reactants) cooresponding to a weak
HeH; complex. The linear complex has been shown to be the most

stable geometry. Kuntz then fit this surface to a surface generated

13

by the diatomics-in-molecules (DIM) method; > however, quantum mechan- -

ical {QM) scattering calculations using this surface does not give the

experimentally observed enhancement in the reaction cross section with

an increase of H; vibrational energy.14’15

as a function of collision energy shows sharp resonance structure

The reaction probability

above the reaction threshold with resonance widths ranging anywhere
from 0.002 to 0.04 eV. The qua]itativeudisagfeemént between experi-
mental and calculated results may not be entirely due to the limita-
tion of using the 1D collinear potential energy surface. Kuntz and
Whitton have run classical trajectorfes on a revised DIM surface with

16,17 Raff and his coworkers

good, qualitative experimental agreement.
have also‘generated a spline fitted ab initio (SAI) surface which gives
vibrational enhancement to the reaction probability in a collinear cal-
culation using both QM and quasiclassical trajectory (QCT) methods.18
They have also found that the difference in the shape of the inner

repulsive wall between the SAI and DIM surfaces accounts for their
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19

dynamical differences,”~ whereas including or excluding the potential

well on a spline fitted DIM surface was shown by Sathyamurthy to have

little effect.20

More recently McLaughlin and Tﬁbmpson have calculated the four
lowest electronic energies for HeHg in CS symmétry; 596 ab initio

points are reported for a total of 7 different bbnd ang]es.21

Trajec-
tory studieé of both Hartree-Fock (HF) and the configuration inter-
action (CI) collinear versions of the surface give vibrational
enhancement for reaction from v=0 to v=1, but the more accurate CI
surface gives a decreasing reaction probability as vibration is
increased. 22

Although collinear QM scattering calculations on the‘original
Kuntz DIM surface does not give the desired vibrational dependénce,

.23

the three dimensional QCT results of Schneider, et. a were in

satisfactory agreement with their experimental differential cross
sections,4’5 and, except fdr low translational energies and low
vibfationa] states, they are in good agreement with the data of
Chupka, et. a].l’z

Truhlar, et. al. extended the earlier application by Light and
24

. R | ‘
Lin®" of statistical phase space theory to the H2 + He reaction using

an ion-induced dipole potentia].zs’26

Although vibrational enhance-
ment of the reaction is obtained, the cross section varies too slowly
with energy, being too large for low vibrational levels and too small
for higher levels. Apparently the full statistical assumption is not

valid for this system.
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In this Chapter results obtained using our unique apparatus
consisting of a photoionization ion source and octapole RF ion guide
for the investigation of the reactions of H;(v) + He and HD+(v) + He
are described. . The 0-10 eV center of maés kinetic energy range used
here extends as well as improves the knowledge of the trané]atidna]
energy dependence derived from previous photoionization studies. The
previous studies of the translational energy dependence were derived
from the repeller vd]tage dependence of the reaction taking place in
the fon.source. The substantial]yvbetter kKinetic enérgy definition
between reactants in this experihent allows the direét determination
of the microscopic cross section as a function of kinetic energies.
New information on the HD+ system, especia]ly its cross section and
branching ratio as a function of vibrational and kinetic energy of
reaction provideéladditional information on the dynamical aspécts of
this réaction.

Part of the original motivation for carrying out the detailed
investigation of the translational energy dependence of the reaction
cross section for various vibrational states of H; was the possibil-
ity of experimentally observing the sharp resonances shown .in the
collinear QM ca]Cu]étions of the reaction probability as a function of

14,15,

collision energy. No evidence of these resonances was detected

in this experiment.
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Results and analysis

+

H2 + He

Figure 3.1 shows the raw data of the collision energy dependence
of the reaction cross section for HeH' formation from state.se]ected
H;. The wavelengths were chosen to produce the various H;(v) states
shown. In all the cases except for v=0, the cross section rises
sharply below leV (all kinetic energieé are CM kinetic energies unless
otherwise specified), peaks at 1-2 eV, then decreases sharply until
about 4 eV. At 4 eV and above, the cross section decreases at a visi-'
bly slower rate. For the v=0 state, the cross section rises much more
slowly, peaks broadly with a value of about 0.15 AZ around 3 eV, and
decreases very slowly thereafter. Although the state selection is not
pure, contamination of lower vibrational states for the chosen state
tend to deemphasize the vibrational dependence, yet the vibrational
enhancement of the cross sections can be clearly seen in these raw
data. Figure 3.2 gives the cross section, deconvoluted for the vibra-
tional state distribution of H;, as a function of ion vibrational
energy for a given kinetic energy. The reaction is substantially
vibrationally enhanced at the lower translational energies. At 1 eV,
the reaction probability is increased well over an order of magnitude
for v=0 to 4, from 0.0569 to .67 AZ. At 2 eV, near the cross sec-
tion maximum, the cross section varies from 0.129 to 0.964 AZ for v=0
to 4. Above 5 eV, little vibrational dependence is seen. Table II
. gives the values of the cross section as a function of kinetic and

vibrational energy for both the raw data and the deconvoluted results.
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HD' + He

Figure 3.3 shows réw data plots of.HeD+ production as a function
of kinetic energy. The reaction is again strong]y vibrationally
"énhanced at low kinetic energy and the cross section at maximum is
~roughly the same as that for HeH+ production from H;. Owing to the
limited suppiy of HD available, only one extensive energy scan of the
HeH+ channel was made and is shown in Figure 3.4. The cross section
‘drops more sharply with collision energy thén for the HeD+ channel.
An improved ion source was required because the ion-molecule reaction
of HD+ with itself in the ion source interferes with the same mass
product of Hervwe were trying to defect. ‘A new electroformed skim-
mer and an increased nozzle-skimmer distance‘we?e uéed in the experi-=
ment in an effort to clean up the supersonic HD beam in the ion source.
A cleaner HD beam prbduced less background HD gas with which the HD+
could react. Data shown in Figure 3.4vare the results using the
improved source, which substantially decreased the time needed to
obtain the HeH™ signal with reasonable statistical errors. The HeH™
channel cross sections were normalized to the data found in Figure
3.4. Figure 3.5 shows the HD+(V=4) to the same product cross section
similar to Figure 3.4. This scan was made with 3/4 counting time and
1/2 the ion beam intensity as that of Figqure 3.4. Obviously the
statistics of Figure 3.5 are too poor to be useful for normalizing the
wavelength scans. -

Figure 3.6 shows the dependenée of the reaction cross section on

HD+ vibration at various kinetic energies for both the HeH+ and HeD+
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channels. These data are deconvoluted from the raw data based on the
‘estimated HD+ vibrational state distributions given in Table 2.1.

For HeH' formation at 1 eV, the reaction is strongly vibrationally
enhanced, increasing one order of magnitude for v=0 to 4, from 0.099
to 2.25 AZ. Vibrational enhancement is seen up to 4 eV. By 8 eV,

the cross section shows only a slight vibrational enhancement. In
contrast the HeD; channel shows Tittle vibrational dependencé af 4 eV
even though at 1-2 eV both channels behave similarly. By 8 eV, the
HeD' channel shows a noticeable vibrational inhibition. The branching
ratio for the formation of HeH+ to HeD+ is 1.79:1 for HD+(V=4) at 1 ev.
Table III gives the values of the cross sections for both reaction
channels as a function of kinetic and vibrational energy for both the

raw and deconvoluted data.
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Discussion

Herman, et. al. have studiéd the reaétion of H;, formed by elec-
tron impaét; with He in the 0.5-4.0 eV range using the crossed beams
method and have found most of the product,HeH+:peakéd at spectator
stripping (SS) ve]’ocities.4 The data presented here indeed contain
some features which support the significant involvement of the SS
mech;nism for this reaction when H; is vibrationally excited.

The role played by the SS mechanism can be seen in Figufe 3.1.
For v=1-4, above 3 eV, the cross section decreases rapidly for
vibrationally excited'H;, but around 4 eV the rate of decreaSe
_becomes markedly slower as if a sudden disappearence of.a reaction
' methanism occurs leaving a second reaction mechanish which does not
strongly depend on collision energy. The range of collision energies
in which the breaks in the cross sections occur for various H;
vibrational states is exactly the range of cfiticalvenergies for the
SS mechanism.

The range of kinetic energies over which product formation by SS
is stable is calculated in a stréightforward manner. In the CM frame,
the SS model implies that the He atom abstracts tﬁe proton without
imparting any momentﬁm to the remaining H atom of the origihal H;
mo]ecu}e. If HeH+ is to be formed, thé two body kinetic energy be-
tween He and H+ must be larger than the reaction endothermicity, but
no more than the binding energy of H;. Below the thresho]d energy,

the product formation is energetically impossible and above the criti-

cal energy, HeH+ formed will contain too much internal energy to be
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bound. Table IV lists the kinetic energy range for each ion vibra-
tional level for which SS is stable. The energy range for the forma-
tion of stable products via the SS model shifts for each vibrational

level of H; by that vibrational energy in the 2 body (H+'+ He) CM

frame. The 3 body (H; + He) CM kinetic energy

m,,+ V2

m
He H2 rel

cm 2mHe+H;

is related to the 2 body CM kinetic energy

mHe mH+ vre]

My asy™

Ee,nt =

by a factor of

Mie+H™ Myt

- 2 _ 5

mHe+H; M+ 3
that is

€ n(5/3)Ee_y*-

Vibrational energy dependence of the reaction cross sections at
various collision energies shown in Figure 3.2 also reveal the impor-
tant role played by the SS mechanism. For example at 4 eV the cross

section decreases from v=2-4. Referring to Table IV reveals that HeH™
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cannot be formed via.a SS mechanism for these vibrationa] levels at
this collision énergy. At 8 eV, the strong.vibrationa1.enhancement is
'completer absent and energética11y product cannotlbevformed by SS.
The breaks in the collision energy dependenée_of‘the>reaction cross
sectioﬁ shown in Figure 3.1 are dependent on the Vibrationa1 state of
| Hy
- critical energy for SS. For v=2, the break moves up with energy to

.. For v=3, this break occurs at 3.4 eV, close to the calculated

4 eV as expected. The-fact that a visible break does occur near the
SS critical energy supports the presehce qf the SS mechanism for this
reaction. |

The role played by théASS reactions is seen to becbme more and
more impoktant as the vibrational energy -in H; is increased. For
v=0, the cross séctiona] dependence as a function of kinetic energy
shows a broad peak which decays slowly with energy. Here one must
assume thgt SS does not play as important a role as in the case of
vibrationally excited H;. The small magnitude of the cross sectfon
(under 0.15 AZ) and the slow vériatibn of the cross section with
kinetfc energy indicate.tnat this v=0 reaction probably prdceeds
most]y‘via intimate, small impact parameter co]liﬁions which involve
all three atoms. The increase of vibrational energy not only reduces
the dissociation energy, but also extends the average_H; bond dis-
tance which facilitates the capture of H+ in H; by He. as a two body
co]iision, 1eav1ng theAH atom as a spectator. Pacak, et. al. have
looked at HeH' formation using a v=0,1 enhanced H; beam.5 The con-

tour maps of product angular and velocity distributions at 3.58 eV
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reveals a substantial amount of product which is backscattered with
respect to the He direction; this backscattered peak is approximately
2/3 the intensity of the forward peaked product. Using a nonselected
H; beam (produced by electron bombardment ionization) at a similar
collision energy, the forward peak is 5 times the backscattered peak,4
that is, H; in higher vibrational levels reacts to form product
mainly in the forward direction. |

Above the critical energy for the SS mechanism, the formation of
HeH+ is only possible when the H atom ceases to be a spectator and
the extra energy is carried away as the relative motion between the H
atom and HeH' molecule. The reaction mechanism must remain direct

17,27 which

and is most likely a sequential impulse type of mechanism
forms the product at predominently small impact parameters. Energet-
ically the collision induced dissociation (CID) channel opens up at
the bond energy of H+, 2.65 eV. But, for vibrationally excited'H;,
CID only becomes important beyond the critical energy for the SS mech-
anism. Chupka, et. al. have indeed found CID to be vibrationally

enhanced.2

Their data shows that for v=0 the cross section is small,
comparable to that of proton transfer and for v=3 the cross section
rises slowly and peaks at 6 eV total energy. All these results indi-
cate a clear relation between SS and CID at collision energies beyond
the critical energy of the SS mechanism; at translational energies
above 4 eV, vibrational inhibition exists as a result of CID competi-
tion against proton transfer. The trajectory studies of Whitton and

Kuntz also indicate that CID is vibrationally ennanced.17
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fhe CID mechanism using SS as an-intérmediate step can be viewed |
in two ways. Either the H atom or the proton may be left after‘the-
reaction as the spectator. With the proton as the spectator, its
-velocity would simply be the same as the initial H;_velocity. The He
atom strip§ the H_atdm from the H; molecu]e leaving behind the proton
'to be detected ih~the direction of initial H; velocity. Havemann,

et. al. do find a peaking of proton intensity occuring in the direction
28

+

" motion close to the initial H2 vélocity,

2
the H atom is the spectator, the He atom will strip the pfoton'from the

of the original H If

'H; molecule to form HeH' which subsequently falls apart. H' is

detected in the direction of the initial He atom (backward with respect

+

2
detecting these low laboratory energy, backward scattered protons in

vto the initiaﬁ H, motion). Because of the experimental difficulty ih
. crossed beams expgriments, the failure to observe backward scattéred
H+ in-the CID work of Havemann, et. a].vmight not imply a preference
of.H+ to be the spectator over H in the,CID of,H; with He.

Tﬁe qualitative agreement between this work and'that‘of Chupka 1is
satisfying. The proton transfef reactionvfar v=0 is in qualitative
agreement, but for v=3 our cross sectiona] dependenée differs stewhat
from that of Chupka. Their data is found to beak sharpiy at 0.2 eV
- with a cross section_of 5.2 AZ and it fa]]§ off sharply afterwards.
In our data sﬁown in Figure 3.1, thé cross section rises sharply, but
peaks at 1.7 eV with a value of 1.16 AZ.Y Afterrpeaking the cross

section also falls off sharply through 4 eV. The discrepencies in

magnitude and where the maximum occurs may be due in part to the
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1 In these pioneering studies of Chupka, et. al.,

experimental method.
the reaction took place in a single photoionization chamber where the
ion kinetic energy was varied by changing the repeller voltage and a
mass spectrometer sampled pfoducts from that chamber. Due to the
presence of the electric field over which the H2 molecules were photo-
ionized and reaéted, the ions reacted with He over a range of kinetic
energies. Consequently, phenomenological cross sections were measured;
microscopic cross sections were derived by use of a deconvolution

29

method given by Light. In the present experiment, the kinetic energy

between H; and He is very well defined and the microscopic cross sec-
tions are measured directly.

Using HD+ as the reactant ion, it is possible to verify many
dynamical features of the HeH; system in greater detail. Both chan-
nels forming HeH+ and HeD+ exhibit the same qualitative features as
for HeH+ formation from H;. At Tower kinetic energy strong vibra-
tional enhancement is seen which turns into vibrational inhibition as
the collision energy is raised. The SS mechanism can again explain
the cross sectional behavior. Here, Ecm=(15/7)EHe,H+ for HeH' and

Ecm=(9/7)E + for HeD' as SS formed products. As seen on Figures

He,D
3.3 and 3.4, fhe cross sections decrease similarly with collision

energy over the energy range studied. The plot, however, does not
show a sudden shift in this rate of decay as in Figure 3.1 for the
HeH; system. Near 1 eV, the maximum cross section is 0.66 and 0.51
AZ for HeH+ and_HeD+ respectively from HD+, v=2 compared to 0.74 AZ

for HeH+ from H;, v=2.



40

Different kinemétic relations may be seen between the protdn and
deﬁteron transfer channels HeH' and HeD'. Both channels exhibit simi—
- lar.vibrational enhancement at 1 and 2 eV. However, at 8 eV, the Her'
channel is slightly vibrationally enhanced for v=0-3_wh1’1e.HeD+ is
vibrationally inhibited for the same vibrational levels. The energy
range fOr’HéD+ formation by the SS mechanism is lower than for HeH ™ as
shown in Table IV. As the collision enérgy is raised, SS is closed to
stable HeD+ fbrmation first. At 4 eV all vibrational 1eve1§ except
v=4 are open to SS for HeH+, but ﬁo HD+(v) levels are open for HeD+-SS
formation. SS also manifests itself near its threshold at 1 eV. The
cross section increases at an even rate of roughly 0.3 Aziwith each
vibrational level v=1-4 for the,HéD+ Eﬁanne]. A1l these vibratidnai
_1eve]s are opén to SS. But for HeH+, only v=2-4 is accessible via
SS.V;Thé v=0-1 increase is only 0.15 A2 while those for v=l-4 are
" each on the order of 0.4 AZ or greater. The larger cross section
jumps correlate with the onset of SS channels.

The HeH+:HeD+Vbranching ratio is 1.79:1 for the reaction of .
HD+(V=4)~with He at 1 eV relative trans]étional energy. The cross
section for HD+(v=2) + He -» HeH'™ + D shown in Figure 3.4 drops ;qn—
siderably faster than for HD+(v=2) + He —; Hed™ + H.in Figure 3.3.
Possible charge induced orientation effects where the H atom points
more towards the Hevatom during collision may account for a sharper
rise of cross section at lower collision energies. At low energies a
charge induced dipole interaction between-HD+ and He will govern the

+
reaction dynamics of vibrationally excited HD+. For HD the charge is
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centered between the two atoms and is shifted from the CM, which lies
closer to the D atom. The charge induced dipole interaction, being
much larger than the HD+ rotational energy, may rotate the HD+ about
its CM preferentially pointing the positive charge and therefore the H
atom towards the He atom. The He atom then abstracts the ' leaving
the neutral D atom behind. Therefore the HeH® cross section would be
enhanced over HeD+. At higher energies when the charge induced dipole
interaction becomes less important, the induced orientation effect dis-
appears and the expected sharp cross sectional drop off can be seen as
in Figure 3.4.

The‘potential energy surface for the HeH; system has its barrier,
which is approximately the reaction endothermicity, late in its exit
channel. Based on this feature, one may expect that vibrational rather
than translational energy is more efficient towards making the proton

30 'At_1ow kinetic energies above the reac-

transfer reaction proceed.
tion threshold, this enhancement is indeed seen. Trajectory calcula-
tions using the DIM surface generated by Whitton and Kuntz have clearly
demonstrated the reaction to be strongly vibrationa]1y enhanced.17
Potential energy contours of extended H;(v) molecules with respect to
an incoming He atom show an attractive well which lies further from
the center of H; (or is localized on one H atom) as v is increased.
This effect becomes important from v=3-5 and illustrates how HeH+ is
forming as the.H; bond is partially broken.

Their trajectory studies show good agreement with the present

experiment. The v=0 total cross sectiona] dependence rises slowly,
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peaks at 3 eV total energy (almost 0.5 AZ), and then decays slowly in
similar fashion to these results. The maxima for v=2 and v=3 are
found at 1.3 and 1.4 eV respectively compared to 1.6 and 1.7 eV in
this éxperiment; Also in agreement is v=3;4 Where-the cross sections
. decline rapidly unti] 4 eV where all the cross sections (v;Q—4) de-
crease s1ow]y and little vibrational dependence is seen invthe cross
section as functionvof total eﬁergy thereafter. In.éomparison_with
the results of our experimenté, three major differences are noted: a)
the y;O—l enhancement is absent with v=1 near]y identical to v=0, b)
v=2 does not rise and fall as steeply as it shou]d,'t).the mdgnitude
of the total cross section is fough]y a factor of 2 tbo_]arge. Théy
aftribute‘the drop in reactive cross section at high frans]ationa]
enefgy (2-5 eV) to two reasons: é) as translational enekgy is

increased, the maximum impact parameter decreases for which capture of

+

2
-as translational energy is increased, collision time becomes toe short -

Hé by H, is possibie and b) compared to the ion vibrational period,
to allow the rearrangement fo proceed.

In the same work Whitton and Kuntz have a]so-calcu]ated approxi-
mate 3D reactive cross sections for HD+ + He. Both channels show
strong yibrationa] enhancement. The v=3 HeD+ curve falls too s]ow1y
and the cross sections are again too large, but the agreement is
qualitatively assuring. The discrepencies between their calculations
and this work may be due to their use of collinear points to generate
3D surfaces.

Classical trajectory calcu]ations on some of the potential energy

surfaces have reproduced many of the important features of this
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reaction. A 3D quantum scattering calculation on a more accurate ab
initio potential energy surface would be very useful for a better
theoretical understanding of many of the fine details of the reaction
dynamics.

The failure to observe resonances in the energy dependence of the
total reaction cross section is not entirely surprising. Redmon and
Wyatt have shown that for the 3D quantum calculations of F + H2
reactions, since the reactants with different orbital angular momenta
form quasibound states at different translational energies, the sharp
resonances observed in the collinear quantum mechanical calculation of
the energy dependence of reaction probability is likely to be smoothed
out in a 3D reactive scattering calculation, especially when a sub-
stantial number of partial waves are involved in the scattering.31
The experimental observation of reactive resonances for this system
might only be possible with the measurement of viﬂrationa] state
resolved product angular distributions at appropriate collision

energies.32
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Conclusion

In sumhary, total cross sections for the protdn transfer reactions
of‘H;, o + He have been measured as a function of ion vibrational
and collisional energy. The data are in qualitative agreement with
preVious-work in the energy range where comparison can bewmade. Where
'enérgetiCaily'possible the v=1-4 reaction proceeds via a SS mechanism.
The v=0 reaction most 1ike]y proceeds via a morevintimate 3 body col-
Tision. Evidence shows that at high collision energies where SS is
nqt'allowed, the reactidn competes with CID. New data are presented
'on‘the stéte.se]ected‘HD+(v) reactions; the vibratﬁona] enhancement
of the cross section for the HeD' channel falls off before that of
HeH+, in'accordanéé”with SS energetics. The larger cross sections
~ for HéH+ formation at low translational and higher vibrafiona]
energies seems to indicate thé importance of the induced orientation
“of HD" due to the charge induced dipole interaction during the

~ approach between HD' and He.
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Figure captions

FIG. 3.1. H;(v) + He > HeH' + H, Total cross section versus CM
kinetic energy for v=0-4, raw cross sections shown.

XBL 834-9164

FIG. 3.2. H;(v) + He > HeH' + H Vibrational and translational energy
dependence for HeH™ formation, vibrationally corrected

cross sections shown. XBL 833-8726

FIG. 3.3. HD+(v) + He > HeD® + H Total cross section versus CM
kinetic énergy for v=0-4, raw cross sections shown.

XBL 834-9160

FIG. 3.4. HD+(v=2) + He > HeH™ + D Total cross section versus CM

kinetic eneréy, raw cross sections shown. XBL 8311-12314

FIG. 3.5. HDf(v=4) + He > HeH' + D Total cross section versus CM
kinetic energy using the old beam source, raw cross sections

shown. XBL 839-11824

- FIG. 3.6. Vibrational and translational energy dependence for the
competitibn reactions of HD+ + He to form both HeH+ and
HeD+, vibrationally corrected cross sections shown.

XBL 842-736
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Tables

TABLE 3.1. Raw and vibrationally corrected data for H;(v) + He >

HeH' + H. Cross sections given are x107L A2,

| Raw ' | Deton901uted
Ecm/eV 1 2 4 8 1 2 g4 8
V<o 0.569 1.29 1.45 1.24 0.569 1.29 1.45 1.24
1 3.62 4.10 1.84 1.36  3.99 4.44 1.89 1.38
2 . 7.300 6.04 2.46 1.24 8.70 6.86 2.69 1.21
3 9.70 7.17 2.26 1.24  13.2  9.03 2.35 1.2l

4 - 12.0 7.77 2.20 0.957 16.7 9.64 2.20 0.624



55

TABLE 3.2. Raw and vibrationally corrected data for the HD® + He »

+ + . . . -1 42
HeH ,HeD + D,H reactions. Cross sections given are *107~ AS.

HeH+

Ecm/eV 1 2 4 8 1 2 4 8
ve0 0.989 0.340 0.627 0.464 1.01 1.16 1.27 0.698
1 2.26 1.19 1.03 0.531 3.10. 2.44 1.75 0.574
Raw 2 4.93  2.05 0.893 0.639  4.97 3.5 1.85 0.437
3 8.55 3.57 1.10 0.819 6.81 4.45 1.94 0.335
4 12.8 5.41 1.23 0.537 8.38 5.18 1.87 0.368

Ecm/eV 1 2 4 8 1 2 4 8
vao 0.989 0.340 0.627 0.464 1.0 1.16 1.27 0.69%
| 1 2.47 1.33 1.09 0.542 3.44 2.65 1.83 0.554
Deconvoluted 2 6.36 2.56 0.870 0.699 6.11 4.24 1.94 0.357
3 12.4 5.3 1.26 1.00 9.01 5.60 2.08 0.203
9.55 1.56 0.250 " 725 1.6 0.313

4 22.5

12.6
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TABLE 3.3. Energies‘for which the proton transfer reaction is allowed

via spectator stripping.

v(Hy) et v(HDT) M’  hed'
0 1.33-4.42eV 0  1.76-5.72eV  1.05-3.43eV
1 0.88-3.97 1 ~ 1.24-5.21  0.75-3.12
2 0.45-3.53 2 0.75-4.71  0.45-2.83
3 0.05-3.13 3 0.24-4.20  0.14-2.52
4 0.00-2.77 4 0.00-3.69  0.00-2.21
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Introduction

The effect of vibrational and translational energy on the reaction
cross section for endothermic atom-diatom systems is fairly well under-
stood with respect to the location of the barrier along the reaction

coordinate on a potential energy surface (PES).1

Generally, transla-
tional energy is more effective than vibrational energy in driving the
reaction if the barrier to the reaction is encountered early on the
PES. If the barrier is found late in the exit channel, then vibra-
tional energy is more effective than the same amount of energy present
as translation in driving the reaction. The H; + Hé > HeH® + H reac-
tion is characterized by this latter case.2

For an endothermic reaction between two molecules, the effect of
translational and vibrational excitation on the reaction cross section
is somewhat more complicated. There are many ways of adding vibra-
tional energy in polyatomic molecules and in contrast to atom-diatom
systems, added vibrational energy is not necessarily coupled directly
to the reaction coordinaté. The trends seen for these larger systems
may be'expected to be qualitatively the same as those seen for the
atom-diatom systems if the reaction is a simple afom transfer reaction
and the vibrational energy is added to the bond being broken. But the
effect vibrational energy has in promoting an endothermic reaction
might not be appreciable if the excited vibrational degree of freedom
is not coupled directly to the reaction coordinate.

Relatively few endothermic reactions involving polyatomic systems

containing 4 or more atoms have been studied as a function collision
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and vibrational energy. Krajndvich, et. al. have carried out Such a
study on.the Br + CF3I > CF3 + iBr reaction by the crossed molecular
beams-method;_high]y vibrationally excited CF3I was prepared by the
infared multiphoton excitation process and a beam of hyperthermal Br
atomévwas produced by seeded supersonic expansion.3 Two trends could
be related to general{zations obtained frpm,the resu1ts.of classical
| scattering calculations on endothermic atom transfer reactions. The
amount bf_forward scatﬁered IBr (with fespect to the initial Br d{rec;
tion) increases with vibrationally hot CF3I as compared to vibration-
al]y cold CF3I in accord with previous trajectory ca]culations.4 When
the collision energy is comparab]e'td the ehdqergit barrier height,
vibration is substantially more effective than translation in promof—
ing the reaction partially due to constraints impoéed by the conserva-
tion of angular momentum of the syStem. However, when the eo]lision
energy is several times the barrier height, vibrational energy appeers
to be less effective than an equivalent amount of translational energy
in driving the reaction suggesting that the PES has a Qradua] barrier
with most of the barrier lying in the entrance channeI.5 The compar-
-ison of vibrational to translational energy in tdié experiment was
only qualitative as the extent of vibrational excitation of the CF3I
eould only be estimated for the multiphoton eb30rption process.

In a molecule-molecule reaction, a chemical bond which is not to
be broken but is coupled to the reaction coordinate mayvbe excited.
Duncanson and Guillory reacted CH(v=0,1) with N2 presumably to fofm

6

the products HCN and N. The HCN + N product channel is the least
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endothermic reaction channel for v=0 and becomes exothermic for v=1.
The rate of disappearance of CH increased by a factor of 40 from v=0

to v=1 as determined from the decay rate of CH monitored by LIF.
Although the substantial increase of the disappearance rate of CH(v=l)
over CH(v=0) could be due to the enhanced reactivity, neither the HCN
product formation nor the increase of CH(v=0) due to vibrational relax-
ation of CH(v=1) was monitored directly; the relative contributions of
reaction and vibrational re}axation to the decay rate of CH are not
known.

Experiments have shown the H2 + 02 > 2HD metathesis reaction to
proceed with vibrational energy added to either H2 or 02.7’8 Ab initio
§tudies, however, pfedict an activation barrier well above the H2 bond
energy'for this reaction.9 The reaction of NO + 03 > NO2 + 02 has been

shown to overcome its activation barrier with vibrational excitation in
either of the reactants.lo’11
The excitation of the C-C stretching vibration in CZH; in promot-
ing the H atom iransfer reaction of CZH; + H2 > C2H§ + H has proven
itself interesting. The reaction is endothermic for ground state
reactants and becomes exothermic for CZH; in its first excited vibra-
tional state. Photoionization appearance potentials of reactants and
products set the ground state reaction endothermicity close to 1 kcal/

mo]e.lz'17

Buttrill, et al. studied this reaction by both photoion-
ization and ion cyclotron resonance (ICR) techniques.18 A photoion-
ization mass spectrometer arrangement was used to examine the reaction

cross sectional dependence on ion vibrational energy, however, only at
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thermal collision energies. The reaction was found to be strongly
vibrationally enhanced for v=0-2 at this collision energy. The ICR
experiment was used to measure an absolute rate for this reactidn

averaged over-all the_vibrationa] states produced in the electron

impact ionization of CZHZ' A value of 6.3 £ 1.8 x 10"11 cm3 molecule”

séc-1 was obtained. No evidence was found to support a long lived

!

comp]éx mechanism for this reéction. In a more recent study, Adams and

3 1

Smith estimate a thermal reaction rate of 7.0 x 10‘11 cm” molecule”

sec'l;using their SIFT apparatus,19

in close agreement wfth'Buttrill's
'experiment. |
In this paper results obtained using our uniqué apparatus consist—

ing of a photOionizatidn ion source and octapole RF ion guide to study
' the“CZH;(v) + H2 system are described. The reaction cross section

for this system was measured as a function of both ion vibrationai and
translational energy for the purpose of making a comparison between
vibr;tional ehergy and translational energy in dkiVing'an enddergic
reaction, especially for a.larger po]yétomic system where vibrational
energy is added to a part of the molecular system which might be only
weakly coupled to the reaction coordinate. When the H atom transfers
ffom H2 to CZH;, the H-H bond is ruptured énd a new C-H bond is
formed. Although the acetylene ion C-C bond appears td remain intact,
the formation of the new C-H bond could reduce the bond order and
lengthen the C-C bond and itsvstretching vibration could be a part of
the reaction coordinate. The 50—750 meV center of mass (CM) kinetic

energy range used here‘extends the knowledge derived from previous

thermal studies.
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Results and Analysis

Figure 4.1 shows the raw relative reaction cross sections as a
function of vibrational and kinetic energy. Because the scattering.
;ell pressure.was not accurately calibrated and measured, the total
absolute cross section was not measured. However, the total absolute
reaction cros§ section in its raw form is estimated from ion gauge
pressure measurements near the scattering cell to be approximately
1 A2 at its maximum value. The cross section for v=0 is normalized

14

to the thermal rate constant as measured by Adams and Smith. Their

reported rate constant is 1.0 x 10'11 cm3 m_olecu]e'1 sec"1 which
cooresponds to an average cross section of 0.54 R to which the 50 meV,
v=0 cross section of this experiment is normalized. Figure 4.2 shows
the data of Figure 4.1 aftef the raw cross sections have been vibra-
tionally deconvoluted. All collision energies are for the CM frame
unless otherwise specified. At 50 meV collision energy the reaction
is strongly vibrationally enhanced. The relative cross section in-
creases from 1.00 to 5.72 at 50 meV,'v=0—2. As the collision energy
is increased, the vibrational enhancement becomes less pronounced.
The v=0-1 step decreases monotonically from 50-750 meV; however the
v=1-2 step decreases with energy until 250 meV when the v=1-2 step
gradually increases.

Figure 4.3 is a plot of the raw relative reaction cross section as

a function of collision energy for C H+(v=0). The cross section

22
shows a monotonic increase from 100-750 meV. Figure 4.4 is a plot of

the raw relative reaction cross section as a function of collision
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energy for CZH; produced at 1034 A which consists of v=0-2 vibrational
states. ,Forvthe'energy range covered in this experiment,lthe measured
cross section is highest af 50 meV and rapidly decreases thereafter.

- This rapid decline is reé] and reflects the strohg vibrational enhance-
ment of the cross'secfion from v=0-2 at low collision energies. The
cross section levels off from 1004400 meV at which time it slowly
starts to climb. At 750 meV, the cross section is roUgh]y 30 percent
‘greater than its minimum value. The cross section basically shows
s]ight trans]ational-dependence beyond 100 meV.  The wavelength scans
at dffférent cqllision energies are all normalized to this energy
scan. Table 4.1 gives the values of the cross_sgction as a function
of kinetic and vibrational ehergy for both the raw and vibrétionally
deconvoluted data normalized to the data found in Figure 4.4. Tab]é
4.2 gives the values of the cross section as a function of vibrational
energy only; the v=0 cross sections are normalized to 1.00 at each

~ collision energy. This table also gives the vibrational step cross
section ratio for v=2-1.

Upon vibrationally deconvo]utihg the data, cross sectional trends
vseenAin.the raw data can become enormously magnff#ed because of the
enormous contribution of v=0 at eachvse1ect¢d wavelength. Small. errors
in the raw data can result in large errors upon deconvolution and can
greatly influence interpretation and analysis of the deconvoluted data.
For this reason both the raw and vibrationally deconvoluted data are

reported.
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Discussion

Although the uncertainty of the estimated heat of reaction of
CZH; + H2 > CZH; + H is larger than the estimated endothermicity,
the experimental resu]ks of this reaction appears to be in agreement

with what is expected for a slightly endothermic reaction. Combining

the well defined ionization potentia] for C2H2 of 11.402 eV12 with the
well known heat of formation of AH? 298(C2H2)=2.350 eV20 one calcu-

0 + . + .
lates AHf 298(C2H2)=13.752 eV. The heat of formation of C2H3 is

less well defined, however, as ité appearance threshold from the dis-
sociative photoionization of C2H4 is not well determined and is esti-
mated by Chupka, et al. to be 13.25 %= 0.05 eV as an upper 1imit.21
Using AH? 29g(CoH,)=0.544 ev20 one may calculate AH? 298(CZH;)=11.535 eV.
The above chemical reaction then simply has an upber limit to its
endothermicity of 42 meV at 298°K.‘ Taking Chupka's other possible

appearance potential for CZH; of 13.13 = 0.02 eV,21

one arrives at a
reaction exothermicity of -78 meV. This threshold is less well defined
and is not consistent with our experimental observations.‘

The data presented here, at a relative collision energy of 50 meV
shows an enhancement of the reaction cross section of over a factor of
5 for increasing C-C stretching vibration in C2H; from v=0 to v=2.

The substantial vibrational enhancement is in qualitative agreement

18 However, as the col-

with the previous study of ButtriT], et. al.
lision energy is raised, the vibrational enhancement of the reaction
cross section declines. Energy pértitioned into the translational

degree of freedom between the reactants is seen to only slightly
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enhance the reaction compared to the vibrational enhancemeht; over the
energy range covered, the cross section for CZH;(V=0) increases only
about a factor of two from its minimum to maximum values as seen in
Figure 4.3.

Experimentally this CzHg(v) + H2 reaction behaves in many ways
similarly to the H;(v) + He reaction.2 In thé H;(v) + He reaction,
one is exciting the bond which is tp be broken. Both v=0 reactions
show little trans1ationa1 energy dependence. The H;(V:O) reaction
probably proceeds through intimate, small impact parameter collisions.
At 10w»col}isidn energies the H; + He reaction is‘strong1y vibra-
tionally enhanced. Vibrationa]venergy along the reaction coordinate
_Strong1yvbfomoting_the reaction over translational energy is indica-

tive of a barrier found late in the exit channel of the PES.1
. Collision energy being less effective than an equivalent amount of
vibrational energy even up to several times the barrier height sug-
gests that the barrier lies mostly.in the exit channel of the PES..5
The failure of translational energy in promoting the reaction of
_ C2H;(v=0) efficiently clearly suggests that the potential energy
barrier associated with the C-H bond formation and H-H bond rupture is
late along the reaction coordinate, similar to the H; + He reaction.

In an ear]iervstudy using the photoionization mass spectrometér
technique, Buttrill, et al. found that the cross section is enhanced
over an order of mégnitude when the C-C stretching vibration is in-

creased from v=0-2; the vibrationally corrected relative cross sec-

tions for v=0: 1: 2 are 1.0: 6.0: 12.18 Buttrill attributes the
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appreciable reactivity of the endothermic reaction of CZH;(V=0) at
thermal energies to the thermal excitation of the lower:-fregquency
bending modes. At room temperature it was estimated that 14 percent
of the CZHZ molecules have one quanta of vibration in either of the
dou | ‘

bly degenerate va or_vs_bending modes (76 and 90 meV respective]y).22
Assuming the energy of these modes remains the same for the ion as the
neutral upon photoionization, this residual vibrational energy is

above the calculated reaction endothermicify and would be able to

drive the v=0 reaction. But whether only those CZH; molecules with

one quanta of bending excitation are responsible for the thermal energy
reacfion of CZH;(V=0) is not clear. At 360°K, the'average transla-
tional energy between collision pairs is 39 meV. A large fraction of
molecules have enough relative collision energy to drive the reaction

even without the thermal excitation of the bending vibrations or rota-

tional degrees of freedom.

23 24

McClelland, et. al. and Mariella, et. al. studied the effect

of vibrational relaxation of diatomic molecules in seeded supersonic
beams. They studied the relaxation processes for I2 and LiF respec-

tively. The I2 vibrational energy spacing is 214 cm'1 and that of LiF

is 910 cm‘1.25. In both cases the molecules were substantially relaxed

upon supersonic expansion with up to a 40 percent decrease in vibra-
+ .
tional temperature. In our experiment C2H2 was produced by photoion-

ization of a supersonic beam of‘CzH2 and the Vg and Vg vibrationai

modes of CZH; (612 and 729 cm-1

stantially relax during the isentropic expansion. Consequently most

respectively) are expected to sub-



66

. of the product seen from the v=0, C2H2 ions in this experiment is
expected to be the actual reaction of v=0 jons.

Buttr111 and co-workers further 1nvest1gated the react1on of
C2H2, formed w1th the e]ectron 1mpact of 15 eV e]ectrons w1th 02 at
thermal collision energies. S1nce_no CZDZH ions were detected at low
02 pressures,vthe conclusion was reached that the a long-lived inter-
~mediate CZHZDZ complex does not p}ay any role as a reaction mechan-

-11 cm molecule™ -1 sec.'l which

ism. A rate constant of 6.3 # 1.8 x 10~
represents an average over the distribution of vibrationally excited
C2H2 mo]ecu1es.reacting with H2 was measured. Adams and Smith report
.agreement with th1s rate constant us1ng their SIFT apparatus at room

temperature.19 The thermalized C He mo]ecules are reacted with H2

22
O 11 em3 mo]ecu]e'1 sec"1 was measured.

and a rate conStantlof 1.0 x 1
Using Buttrill's argument they say 14 percent.of the CZH; mo1ecu1es

at room temperature have one vibrational quanta in either'the v4 or vg
mode which are responsible for ‘the formation of C2H3. The estimated
rate coeff1c1ent for these excited state reactions is more like 7 x -

-1 g3 mo]ecu]e -1 sec"1 in agreement with the value of Buttrill,

10
et al. In fact at a temperature of 300°K and usihg a value of 76 and
90 meV for the doub1y degenerate v4 and vg modes respectively, one
calculates that 8 percent of the tota] number of C2H2 molecules have
one quanta in either of these two modes 1nstead of 14 percent. Adams'
and Smith perform the1r exper1ment 1n a flow tube which guarantees all

reactants to have a Boltzmann vibrational population distribution due

to the collisional quenching of the higher vibrational levels by the
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carrier gas before reactions can take place. Thus the measured rate

is for CZH;(V=0) with some excitation in the Vg and vg bending modes,
but without those CZH; which have one and two quanta in the C-C
stretching vibration. The rate constants measured in each experiﬁent
are not the same and the reported closeness of their values is entirely
based on the assumption that ground state CZH; does not react at
thermal energy which is not at all convincing.

The PES for this reaction has not been previously calculated.
Electronically excited and charge transfer states are not expected to
play a role in this reaction because the first electronic state of
C2H; above the inu ground state is 4.96 eV higher in energy. The

difference in the ionization potentials (IP) between C2H2 and Hé puts

the charge exchanged system of reactants, CZHZ + H;, 4.02 eV higher

than ground state reactants. Based on the IP of C2H4 of 10.51 eV26
0 20 . .
and AHf 298(C2H4)=0.544 eV,”" the potential well coorespohd1ng to
the CZHZ complex is 2.698 eV below reactants. Apparently this poten-

tial well cannot be accessed from'the ground states of CZH; and H2

uhder our experimental conditions. A large potential barrier must
] + + '

exist between C2H4 and CZHZ + HZ'

The electronic configuration of the X2

Ly ground state of CZH;

is (1°g)2(1°u)2(2°g)2(2°u)2(3°g)2(1"u)3 where one lone electron is

_ found in one of the degenerate luu molecular orbitals. The lnu orbital
is formed from a combination of 2px and Zpy atomic orbitals of the C
atoms with the 2pZ orbital defined as lying along the internuclear

axis. This electron is shared equally between the two C atoms. As
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Hy

bond distorts and H atom addition to one C atom should localize the

approaches the CZH; molecule, the electron cloud along the C-C

1one~e1é¢tron to that C atom aﬁd localize the pdsitive charge on the
other C atom unless the bridged structure with one H atom bridging the
two C atoms isymofe stable. As one of the H atoms in thevH2 molecule
continues to apprbach the extended C-C bond, the electron becomes mofe
~and more 1ocalized.- The C-C bond of C2H§ should resemble the double
bond of C2H4.v Since the bond order of‘C2H; is 2-1/2 as compared to 2
for C2H+, one would expecf‘the bond length of CZH; to be siight]y
longer than that’of CZH;. “H atom addition to CZH;_in its ground
vibrétiona] staté v=0 will accompany a cooresponding increase in the
C—C boﬁd distahce and the C-C stretchihg vibratioh iﬁlindeed coupled.
diféct]y to the reaction coordinate. With CéH; in an excitedbvibra-
tional state, C-H bond formation wou]d'be facilitated by the extension
vqf the C-C bond. Cohsequent]y vibrational energy would serve to effec-
tively lower the barrier to reaction and one would see a vibrational
enhancement to the reaction. |
Apparently yibratﬁona] energy in the C-C bond is quite effective
in driving the CZH; + H2 reaction oveé its barrier, especially at low
collision energies. Simplistically the C-C bond doés not appear to
play an importént role in this reaction; the H2 bond must be severed
and a C-H bond must be formed. However, the reaction cobrdinate is
apparently not so.simple as for the H; + He case. For the present

reaction, as the Hz'bond is breaking and the new C-H bond is forming,

the C-C bond must stretch to accomodate these changes. Thus the
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reaction coordinate involves the concerted motion of the four H-H-C-C
atoms. The stretching motion of the C-C bond seems to be as important

as that of the H-H bond for the H atom transfer.
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Figure Captions

FIG. 4.1.

FIG. 4.2.

FIG. 4.3.

FIG. 4.4.

C,H

2 ;(v) + H2 > C2H3 + H. Vibrational and translational

energy dependence for C2H3 formation. Raw relative cross

sections shown. The cross sections are normalized to 0.541

for v=0, 50 meV as described in the text. XBL 846-2620

CZHE( ) + H2 > C2H3 + H. Vibrational and translational

energy dependence for CZH; formation. Relative cross sec-

tions shown are deconvoluted from the raw data of Figure 4.1
using the v1brat1ona1 distribution of C2 2 given in Table

2.2, XBL 846—2584

C2H2(v=0) H2 > C2H3 + H. Total cross section versus CM

Kinetic énergy obtained at the wavelength chosen td produce

‘V=O,.raw crOSS'seétions shown. XBL 846-2387

C,H (v 0-2) + H > C,H Total cross section versus

272 2 3 H.

(M kinetic energy obtained at the wavelength chosen to pro-

duce v=0-2, raw cross sections shown. XBL 846-2588
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Fig. 4.1
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CoH3(v=0)+ Hy—= C,Hj + H

[.0 :
0.8
0.6 |

0.4 {{{

0.2r

0.0 :
0.0

0.2

0.4 0.6 0.8
Energy (eV)

XBL 846-2387

Fig. 4.3



Relative o

CoHy(v=0-2)+ Hy—=C,Hj + H

76 -

[.O

0.8

0.4+

0.6 ¢

0.0
0.0

0.4

Energy (eV)

Fig. 4.4

88888888888



77

Tables

Table 4.1. Raw and vibrationally corrected data for CZH;(V) + H2 >

CZH; + H., Cross sections are normalized relative to the v=0, 50 meV

cross section as 0.541 as described in the text.

Raw Deconvoluted
ECm v=0 1 2 0 1 2
50 meV 0.541 0.762 0.938 0.541 1.43 . 3.09
100 0.512 0.68 0.791 0.512 1.21 2.08
250 0.447 0.523 0.554 0.447 0.754 0.932
500 0.537 0.578 0.616 0.537 0.704 1.08

750 0.687 0.697 0.748 0.687 0.726 1.39



Table 4.2. Vibrationally corrected data for C

/8

2

+ +
H2(v) + H2 > C2H3 + H

with all v=0 cross sections normalized to 1.00. Total cross sections

and the cross section ratio for v=2: v=1 are given.

Ecm v=0 1 2 v=2:v=1
50 meV 1.00 2.64 5.72 2.16
100 1.00 2.38  4.07 1.71
250 1.00 1.69  2.08 1.24
500 1.00 1.31  2.02 1.54
750 1.00 1.06 2.02 1.91
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