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State selected ion-molecule reactions by a TESICO 
technique. II. Separation of the reactant spin-orbit states in 
the reaction Ar+eP3/2' 2P1/2)+H2(D2)~ArH+(ArD+)+H(D) 

Kenichiro Tanaka, Jean Durup,a) Tatsuhisa Kato, and Inosuke Koyano 

Institute for Molecular Science. Myodaiji. Okazaki. 444 Japan 
(Received 10 December 1980; accepted 22 January 1981) 

Cross sections for the atomic rearrangement reaction Ar+ + H,(D,)-.ArH+(ArD+) + H(D) [Reaction (1)] 
and the charge transfer reaction Ar+ + H,(D,)-.Ar + Hi(Dil [Reaction (2)] have been determined for each 
of the Ar+ spin-orbit states ('p]" and 'P, ,,) separately in the collision energy range from 0.05 to 0.5 eV (c.m.), 
utilizing the threshold electron-secondary ion coincidence (TESICO) technique which we developed recently. 

It has been found that the cross sections of Reaction (I) are larger for the' P'!l excited state than for the' P 312 

ground state by a factor of 1.5 (with H,) and 1.3 (with 0,), regardless of the collision energy in the range 
studied. The cross sections for both the H, and 0, reactions show an approximately E -, /2.5 collision energy 
dependence which is somewhat milder than that expected from the simple Langevin theory. The cross 
sections of Reaction (2) have been found to be about seven times larger for the 'P li , state than for the 'Pm 
state with H" whereas these are almost the same for both states with 0,. The charge transfer cross sections 
are almost independent of the collision energy in the same energy range as above. A simple reaction model has 
been developed and a calculation of cross sections has been performed based on it, with a result which 
satisfactorily explains the essential features of the experimental results. 

I. INTRODUCTION 

The importance of the concept of nonadiabatic transi
tions between two adiabatic potential energy surfaces in 
understanding many physical and chemical processes has 
increasingly been recognized in recent years. 1 Proto
types of such processes include collisional quenching of 
electrOnically excited atoms and molecules, electronic 
excitation in collisions of vibrationally or translationally 
excited molecules, charge transfer, internal conversion 
in polyatomic molecules, and some chemical (rear
rangement) reactions. 

Ion-molecule reactions constitute a unique class of 
chemical reactions involving such nonadiabatic transi
tions owing to their very nature that, in most systems, 
charge transfer and molecular rearrangement compete. 
Apparently more than one adiabatic surface is needed to 
describe these two product channels. 

From this viewpoint, the reaction Ar' + Hz and its iso
topic analog 

(1) 

have extensively been investigated theoretically. 2-4 
These investigations have shown that while the diabatic 
picture is the best representation of this system in the 
two asymptotic regions (Ar-Hz)+ and (ArH-H)+ the elec
tronic coupling of such diabatic states in between the 
two regions is essential for Reaction (1) and the charge 
transfer reaction 

(2) 

to occur. This is because the ground state ArH+ disso
ciates only into Ar+ H+ (not into Ar++ H) in this asymp
totic region, z indicating that only the reactant state 
Ar + H; correlates with the ground state of ArH+ + H. 

alIMS Invited Foreign Scholar, September-December, 1979. 
Permanent address: Laboratoire des Collisions Atomiques 
et Moleculaires, UniversiM Paris-Sud, 914050rsay, France. 

The important coupling has been found to be localized 
in a small area of the configuration space in the en
trance channel (large translational coordinate R), and 
the crossing seam to lie orthogonal to the Hz vibrational 
coordinate. The latter fact indicates that the transitions 
are induced by the vibrational motion rather than by 
translational motion. From dynamical investigations 
using the 3D trajectory surface hopping model, the pre
dictions for cross sections, average final translational 
energy, and average scattering angle have been obtained 
at one energy. 3 The results agree well with experi
ment. 5- 9 

There exists, however, another complicating, but 
very intriguing factor with this system, viz., spin
orbit coupling. The reactant Ar+ ion has doubly degen
erate zPl/2 states 0.178 eV above the fourfold degenerate 
2pS/Z ground states. The spin-orbit coupling is of in
terest because of the two consequences it can have: 
Firstly, it may resolve otherwise degenerate potential 
energy surfaces in the asymptotic region, and, sec
ondly, it may induce nonadiabatic transitions between 
surfaces. Although the importance of this coupling has 
often been emphasized, there has been no theoretical 
investigation which includes this effect explicitly. 

Reaction (1) has also most extensively been studied 
experimentally. Various techniques, such as conven
tional mass spectrometers, 5,ID-IZ tandem mass spec
trometers, 13,14 velocity analyzers (with and without 
angle analysis),7,15-18 crossed beams with energy and 
angular distribution measurements, 6,18 flowing after
glows,20 and ion cyclotron resonance, ZI have been ap
plied with the results which are not in complete agree
ment. Charge transfer reaction (2),8,22,23 as well as 
elastic? and inelasticz4 scattering of Ar' by Hz have also 
been stUdied. Again, however, there has been no direct 
information on the effect of spin -orbit coupling. 

Chupka and RusseUz5 reported evidence for about a 
1. 3 times larger cross section of Reaction (1) (with Hz) 
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for the zP1l2 state than for the ?oPa/2 ground state at 
nominally zero kinetic energy. This value was deduced 
from the photoionization intensity curves obtained with 
a single ionization chamber and a mixture of Ar and H2 • 

Very recently, Rakshit and Warneckz6 interpreted their 
observation of "unusual" initial decay of the Ar' parent 
ions with H2 pressure in a selected ion-drift chamber 
mass spectrometer as indicative of the fact that the ex
cited Ar'(2pI/2) ions are quenched very rapidly by H2o but 
the reaction of them with H2o is much slower than that of 
the ground state Ar·(2ps/?o) ions. They deduced from this 
decay data a quenching rate constant which is larger than 
the Langevin value and a reaction rate constant of the 
2PI /2 state which is about two orders of magnitude 
smaller than that of the 2PS/2 state. They measure, how
ever, only the overall Ar' intensities, and their inter
pretation and the deduction processes do not seem to be 
unequivocal. 

We have recently performed a direct determination of 
the separate cross sections of Reaction (1) for the two 
states,27 utilizing a threshold electron-secondary ion 
coincidence (TESICO) technique. 28 Preliminary results 
on the ratio of the reaction cross sections a( 1/2)/a( 3/2) 
have been reported. 27 In the present paper, we present, 
after briefly reviewing the experimental technique in 
Sec. II, a complete report of the determination of the 
individual absolute cross sections for Reactions (1) and 
(2) in Sec. m. Results are also discussed in Sec. m. 
In addition, we have developed a theoretical model and 
carried out approximate calculations of cross sections 
based on it, with the results in fair agreement with the 
experiment. These are presented and discussed in Sec. 
IV. 

II. EXPERIMENTAL 

The TESICO technique and the apparatus (named 
TEPSICO) have been described in detail elsewhere28 and 
are described here only briefly. In the pres ent study, 
the double-chamber mode of operation, namely, the ion 
beam-gas chamber method was used, in contrast with 
previous studies. This avoided the ambiguity inherent 
to the single chamber experiments due to the simulta
neous occurrence of more than one reactant ion (Ar' and 
Hi in the Ar/H2 system). 

The reactant Ar' ions were produced in an ionization 
chamber by photoionization of Ar at threshold wave-

22 0 

lengths of Ar'( Pm) and Ar'( P 1I2) (786.5 and 777.5 A, 
respectively), the monochromatic light being supplied by 
a helium Hopfield continuum light source and a 1 m 
Seya-Namioka monochromator (0.52 A FWHM). The 
ions and photoelectrons were extracted from the ioniza
tion chamber in opposite directions to each other. The 
ions, after extraction, were formed into a beam of de
sired velocity and led into the reaction chamber which 
contains H2 or D2 gas. The product ArH'(ArD') ions, as 
well as unreacted primary Ar' ions, were extracted 
from the reaction chamber in the same direction as the 
primary ion beam, mass-analyzed by a quadrupole mass 
spectrometer, and detected by a channel multiplier. 
These ion signals were then counted in coincidence with 
the threshold photoelectron signals obtained with a hemi-

spherical electrostatic electron energy analyzer. 

The collision energies were determined by the poten
tial difference between the position of the origin of the 
primary ions (center of the incident photon beam) and the 
reaction chamber. Since there is no potential gradient 
in the reaction chamber, the collision energy is defined 
much more precisely than with the single-chamber 
method where only the average collision energy is de
fined. 

The intensity of the helium Hopfield continuum was im
proved over the previous work by a factor of more than 
20 by the installation of an extremely high-power pulse 
generator (Velonex Model V -2403). This facilitated the 
present double-chamber experiments. The pressure of 
the He gas and the path length of discharge were the 
same as before. 

Since the intensities of the product H2(Di) ions of the 
charge transfer reactions (2) were extremely weak, the 
coincidence measurements were not practical with these 
ions. Instead, the product H2(D;) ions were measured 
without coincidence at two wavelengths, 786.5 and 584 A, 
with the latter wavelength (resonance line) being sup
plied by a low-pressure dc discharge through He. The 
procedure for obtaining charge transfer cross sections 
for each state from this measurements is given in the 
next section. 

High -purity argon (~ 99.999%) and hydrogen (99.9999%) 
were obtained from the Japan Oxygen Co. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Coincidence spectra of Ar+ and ArH+ with threshold 
electrons 

A typical example of coincidence TOF spectra of the 
primary Ar' and secondary ArH' ions with threshold 
electrons is shown in Fig. 1. The spectra were taken 
at 777.5 A [threshold wavelength for the Ar'(2Pl/2) ex
cited statel and thus the detected ions correspond to 
Ar'(2p lIz) and the ArH' ions produced from this reac
tant. The Hz pressure in the reaction chamber, and the 
laboratory kinetic energy of Ar' were 3.2 X 10-3 torr and 
1. 5 eV, respectively. The overall resolution of the 
threshold electron analyzer of about 25 meV [see Fig. 
3 in Ref. 28(b)1 was used to obtain higher intensity, al
though the analyzer had been improved to attain a max
imum resolution of 14.5 meV. The average count rates 
of the threshold electrons and the primary and secondary 
ions, and the signal accumulation time T required to ob
tain these spectra are given in the figure. The ordinates 
indicate the total number of coincidence counts obtained 
throughout the time T. The spectra show raw data 
without subtracting background. 

B. State selected cross sections for the rearrangement 
channel 

1. Determination of cross sections 

The absolute cross sections for Reaction (1) for each 
spin-orbit state were determined as a function of colli
sion energy. These were determined directly from the 
coincidence intensity ratio (ArW)/(Ar') (ratio of the 
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FIG. 1. Coincidence TOF spectrum of the primary (Ar-) and 
secondary (ArH·) ions of Reaction (1) with threshold photoelec
trons (eo). Incident wavelength was 777. 5 A. corresponding to 
the threshold for the 2Pl/2 excited state of Ar·. T represents 
the signal accumulation time and the ordinates indicate number 
of coincidence counts obtained during respective T. 

areas of the coincidence peaks) of the primary and sec-
0ndary ions. 

While the present double-chamber coincidence tech
nique separates the two spin-orbit states clearly, there 
still exists general complexity inherent to the beam
chamber method. Thus, in determining the absolute 
cross sections for Reaction (1), the following reactions 
of Ar· + H2 and subsequent reactions of the product ArH· 
and Hi ions must be taken into account: 

Ar'+H2-ArH'+H, Ur , (1) 

-Ar+ H2 , at , (2) 

- scattering , as ; (3) 

ArW+H2 -H;+Ar, a' r , (4) 

- scattering , (I' • s , (5) 

Hi + H2 - H; + H , U" r (6) 

- scattering , 0"" s ( 7) 

H; + H2 - scattering , a'" s • (8) 

Also, we have to consider the different collecting effi
ciencies for different ions. These are denoted by A, A', 
A", and A'" for Ar', ArH·, Hi, and H;, respectively. 
Taking all these factors into consideration and solving 
rate equations for these reactions, we finally obtain the 
expression for O"r (see Appendix A): 

A [ (ArHiJ 
(Ir= A'(m -q)nd In 1+(m -q) (Ari ' (9) 

where n is the number density of H~, d is the reaction 
path length (thickness of the reaction chamber: O. 6 cm), 
and m and q are given by 

(10) 

(11) 

the suffix 00 in the latter equation meaning that this is 
the value at d(ArHi /d(Ar·) = O. These constants are ex
perimentally determinable as follows: As a result of ' 
Reactions (1) -( 7), the observed intensities (Ar·) and 
(ArHi vary with H2 pressure in such a manner that, 
when (ArW) is plotted vs (Ar·), (ArHi first increases, 
passes through a plateau, and then decreases as (Ar-) 
decreases. This is illustrated in Fig. 2 for the case of 
the D2 reaction measured at 786.6 A [only Ar+eP S/2) is 
produced] and ion kinetic energy (LAB) of 1. 0 eV. The 
ratio (Ari/(ArW) at this plateau gives the value of q and 
the initial (n - 0) slope of the curve gives the value of m, 
as shown in Fig. 2. 

Using these constants, the procedure for determining 
the ratio A/A' (and hence O"r) is as follows: First, the 
zeroth approximation ratios O"/ur and us/ar are esti
mated, respectively, from the intensity ratio H2I ArW 
and the scattering experiments performed using He. 
With these ratios, A/A' is obtained from Eq. (10). This 
value, together with m and q, gives O"r of first approxi
mation according to Eq. (9). or thus obtained modifies 
the estimated ratio aJO"r (the ratio crt/crr is constant ir
respective of the absolute value of O'r) and the new set of 
ratios is used in Eq. (10) to yield new A/X' and O"r. This 
procedure is repeated until O"r is not changed any more 
by this process. 

15 Ar++02 (786.5A) 

~ab= 1.0 eV 

~ 
c: 
:::J 
810 

I') 

C -
" i-

'--
""( 5 

q = 1.1 :to.2 \ 
~-

°O~~----~--------~2------~ 

ArO+ / 103 counts 

FIG. 2. Plot of secondary ion intensity vs primary ion inten
sity. showing the determination of m and q in Eq. (9). Each 
datum point corresponds to a pressure of D2 in the reaction 
chamber. 
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2. Results and discussion 

Experimental results are summarized in Fig. 3 which 
shows the cross sections for individual reactant states 
as a function of collision energy. From the figure, sev
eral interesting aspects are immediately evident: First, 
the cross section at a fixed collision energy is always 
larger for the zP1/Z excited state than for the zP3/Z ground 
state in both the Hz and Dz reactions. Second, however, 
the cross section ratio a{1/2)/a(3/2) is larger for the 
Hz reactions than for the Dz reactions, namely, there is 
isotope effect in this ratio. Third, this ratio is inde
pendent of collision energy within the range studied 
here (0.05-0.50 eV c. m.) and is about 1. 5 for the Hz 
reactions and about 1.3 for the Dz reactions. Finally, 
the cross sections show somewhat less steep collision 
energy dependences than that expected from the simple 
Langevin theory (E-1/Z •3 and E-1 /Z.

6 dependences for the 
Hz and Dz reactions, respectively). 

Although Reaction (1) is one of the most extensively 
studied of all ion-molecule reactions, there has been 
no direct information on the reactivity of individual 
spin-orbit states of Ar+. Chupka and Russellz5 reported 
more than 10 years ago that the zP1/Z state reacts with 
Hz about 1. 3 times faster than the zp 3/Z state at nomi
nally zero kinetic energy, as indirectly deduced from 
their photoionization intensity measurements. The 
agreement between their (1. 3) and our (1. 5) results is 
rather marvelous considering that the Chupka and Rus
sell value was obtained using a single ionization cham
ber where three reactions, Ar'(zps/z) + Hz, Ar'(zp1/Z) 

+ Hz, and H;+Ar, contributed to the measured ArH+ in
tensity. 

On the other hand, Rakshit and WarneckZ6 recently 
reported that the major process of Ar+(ZP1/Z) in Hz is 
the quenching to the Ar+(ZP3/Z) ground state and that the 
rearrangement reaction to form ArH+ is about two or
ders of magnitude slower for Ar+(ZP1/Z) than for 
Ar'(zp3/Z)' This obviously contradicts our and Chupka 
and Russell results. 

In order to confirm the enhanced reactivity of the 
zP1/Z state as compared with the zP3/Z state, and also to 

100 

50 

1 1 

1 5 10 

ELab / eV 

I " "I I I! ! 

aT 0.5 

EC14 /eV 

Ar+(2F)) + D2 -+ ArD+ + D 

1 

0.5 
,I 
1 

o J=1/2 
L!. J =3/2 

ELab /eV 

1IIId 

0.1 

EC14 /eV 

5 

I I II 

0.5 

FIG. 3. State selected cross sections for Reaction (1) for the 
2P3/2 and 2Pl/2 states of Ar+, as a function of collision energy. 

0+-----~~----____ ~~~1_+ 
Ar+ + H2 ---+ ArH+ + H 

---+ H/ + Ar 

EC/ol=0.24 :!:.02 eV 

(H2 ).d=1.1 x1014 cm-2 

774.3 779.3 784.3 

WAVELENGTH / A 
789.3 

FIG. 4. Threshold electron spectrum of Ar (top) and photo
ionization efficiency curves for Ar+ (with and without H2 in the 
reaction chamber), ArH+, and H2o taken with double chambers. 
The number density of H2 in the reaction chamber is indicated 
in terms of (H2) 'd, where d=O. 6 cm. 

provide a rough idea about the relative magnitudes of the 
cross sections for Reactions (1) and (2) in a clearer way, 
we have also measured the photoionization efficiency 
curves (PIEC) of the relevant species using double 
chambers. These are shown in Fig. 4, together with a 
threshold electron spectrum of Ar (top diagram). The 
curve labeled (Ar+)o is a PIEC of Ar taken without Hz in 
the reaction chamber (Ar in the ionization chamber). 
When Hz is introduced into the reaction chamber, this 
curve is reduced to that labeled Ar+ and instead curves 
of ArW and H; appear. What is remarkable here is that 
a stepwise decrease in the Ar+ efficiency and a stepwise 
increase in the ArW and Hi efficiencies are clearly 
seen at the threshold of Ar+(Zp1/Z), in spite of the much 
smaller production rate of Ar'(zp1/Z) than that of 
Ar'(zps/z) at and above this threshold. This undeniably 
demonstrates the enhanced reactivity of the zP1/Z state 
in both Reactions (1) and (2). These steps were not ob
served in the single chamber experiments of Chupka 
and Russell, 25 presumably owing to the obscuration by 
simultaneous occurrence of the H; + Ar reaction. 

These steps definitely refute the validity of the Rak
shit and Warneck interpretationz6 of their experimental 
results: If the quenching to the zP3/2 ground state were 
the major process of the Ar'(zp1I2)+ Hz interaction and 
the reaction (1) with Ar'(zp1/Z) were much slower than 
that with Ar'(zp3/Z ) as they insist, the down step in the 
Ar+ efficiency and the up step in the ArW efficiency 
could not occur at the 2P1/Z threshold. 

Figure 4 also clearly shows, qualitatively at least, 
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that the enhancing effect by the 2P1l2 state is larger for 
Reaction (2) than for Reaction (1), and that the cross 
section for Reaction (2) is less than 5% of that for Reac
tion (1) with 2P3/2 and somewhat higher with 2Pl/2 , in 
agreement with the quantitative studies given above and 
in the next part (see Sec. mC). It is also seen that the 
fraction of the primary ions lost by scattering and/or 
product ions which escaped detection is about 2~-25%. 

Concerning the magnitude and energy dependence of 
the cross section or rate constant, considerable dis
agreement remains among existing literatures. Our 
collision energy dependence of the cross sections de
scribed above gives rate constants of Reaction (1) which 
increase with collision velocity, in contrast with the ex
pectation from the simple Langevin theory, as shown in 
Figs. 5 and 6. In this context, our results agree with 
the previous flowing afterglow (FA), 20 trapped-ion mass 
spectrometer,12 guided-beam tandem mass spectrome
ter (GBTMS), 14 and ICR21 studies. However, the ICR 
result21 

(a) shows a weakly discernible maximum of the 
rate constant around 0.2 eV (c. m.) and a gradual de
crease above that energy (in the D2 reaction), in dis
agreement with our result which shows the rate con
stant increasing up to 0.5 eV (c. m.). The latter result 
is supported by the GBTMS experiment14 which reports 
that the rate constant increases up to - 0.7 eV (c. m.) 
collision energy and then begins to decrease. Moreover, 
the rate of increase in the energy range 0.05-0.5 eV 
(c. m.) agrees quite well between our and the GBTMS 
experiments. The temperature dependence of the rate 
constant of the FA experiment, on the other hand, gives 
almost the same gradient (as a function of average col
lision velocity) in the D2 reaction but gives much steeper 
gradient in the H2 reaction (although the average colli
sion velocity range covered by the FA experiment falls 
below that covered by our experiment). Anyhow, all of 
these experiments indicate the occurrence of a small 
activation energy in this rearrangement channel. 

As to the magnitudes of the rate constant, our result 
gives higher values than those obtained in the GBTMS 

~ ELab ~ ~ ~ ~ 10 /eV 

~ a '---~--:------:!:-~-~-~~:------!---+-J o 234 5 6 7 8 

VR / 105 cm·s-1 

FIG. 5. State selected rate constant for Reaction (1) (with H2) 

as a function of collision velocity. kL indicates the Langevin 
rate constant for the system specified in the parenthesis. 
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FIG. 6. state selected rate constant for Reaction (1) (with D:!) 
as a function of collision velocity. kL indicates the Langevin 
rate constant for the system specified in the parenthesis. 

and ICR experiments at all energies. The FA rate con
stant for both the H2 and D2 reactions (the lowest-pres
sure value) overlaps that of ours within the experimental 
error at 500 K (average collision velocity = 2.4x105 

cm/s for H2 and 1.7x105 cm/s for D2). 

Teloy and Gerlich14 noted that theirs and the FA values 
at low energies are smaller than those from most of the 
previous conventional mass spectrometric measure
ments (the latter are almost" Langevin") by typically 
25%, and tentatively attributed this discrepancy to the 
possible difference in the relative abundance of excited 
Ar> ions in the reactant. However, the state selected 
rate constants in the present study show that this can not 
be the reason for the low absolute values, since the pure 
2P3/2 state gives rate constants which are almost Lange
vin and the 2P1I2 state gives higher values. In Figs. 5 
and 6, the Langevin rate constants are indicated by hor
izontal arrows labeled kL for each system specified in 
the parenthesis. It is seen that the experimental rate 
constants for the 2P1I2 excited state are rather close to 
the Langevin value for the H2(D2) + Ar system which is 
larger than that for the Ar> + H2(D2) system because of 
the larger polarizability of Ar than that of H2. Thus, the 
low rate constants of the FA and GI}TMS experiments 
may need to seek explanation elsewhere. 

Considering the nature of the potential energy surface 
of the (Ar-H-H)> system shown in the next section (Sec. 
IV), we would like to emphasize that what should actually 
be compared with experiment is the Langevin value for 
the Hi(D2}+ Ar system, rather than that for the Ar> 
+ H2(D2) system. In fact, our model calculation using 
the Langevin-type barrier on the H2+Ar adiabatic poten
tial surface gives results in good agreement with the ex
periment (see Sec. IV). 

C. State selected cross sections for the charge transfer 
channel 

1. Determination of cross sections 

As stated in the experimental section, the very weak 
intenSity of the charge transfer product (less than 10% 
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of the rearrangement product) rendered the coincidence 
measurements of it impractical. Thus the charge trans
fer cross sections were determined utilizing conven
tional pressure studies carried out at two wavelengths, 
786.5 and 584 A. An example of such pressure studies 
(for the Hz reaction) is shown in Fig. 7. In these ex
periments, a weak potential gradient was applied between 
the ion inlet and ion outlet of the reaction chamber to 
confirm complete collection of the charge transfer prod
uct. This gives the uncertainty of the collision energy 
E shown in the figure. 

At 786.5 A, the primary ions produced consist en
tirely of Ar+( zp 3/Z) and thus cross sections for this state 
can be determined without using the coincidence tech
nique for both Reactions (1) and (2). However, we ob
tained from these measurements only the relative values 
of the charge transfer cross sections with respect to the 
rearrangement cross sections, and converted them to 
absolute values using the absolute cross sections for the 
latter reaction determined above using the coincidence 
technique. The charge transfer cross sections for the 
zPl/Z state, on the other hand, were determined from the 
similar relative cross sections obtained in the 584 A ex
periments with the knowledge of the rearrangement 
cross sections, for both zP3/Z and 2P1/ Z , and the charge 
transfer cross sections for zP3/2 obtained above. Here 
it was assumed that the reactant ions were produced in 
the 2P3/Z and zP1/Z states in the 2: 1 statistical ratio at 
584 A. 

It is immediately evident from Fig. 7 that the relative 
intensity of the H; ion with respect to the Ar+ intensity 
is increased considerably in going from 786.5 to 584 A, 
whereas the increase in the relative intensity of the 
ArH+ ion is not so significant. This prominent increase 
in the charge transfer product was not seen in the Dz 
reaction. 

2. Results and discussion 

Results for the charge transfer channel are summar
ized in Fig. 8. Because the charge transfer data were 

Ar+ + Hz 584 A 

E{Lob)=5.0!1.I. eV 

~.--%+ 

Ar+ + Hz 786.5 A 
E{Lob) = 50~1.4eV 

3 ~rH+ 
10 / 

10 

2 ~ 
100ll---~2~~-4L---~6~100~~~2-----4L---~6~ 

P /10-3Torr P/l0-3 Torr 

FIG. 7. Pressure plot of the primary and secondary ions of 
Reactions (1) and (2), obtained at two different wavelengths. 
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FIG. 8. state selected cross sections for Reaction (2) for the 
2P3/2 and 2p 1/2 states of Ar+, as a function of collision energy. 

obtained without coincidence, and also because of the 
long error bars (indicated in the figure), we consider 
these results as preliminary, especially concerning the 
absolute values of the cross sections. Nevertheless 
some interesting features are clearly noted: First, the 
cross sections for the zP1/Z state are about seven times 
larger than those for the ZP3/Z state in the Hz reaction, 
whereas these are almost the same for both states in the 
Dz reaction, the values in the Dz reaction falling between 
the two values in the Hz reaction. Also, there seems to 
be subtle difference between the Hz and Dz reactions con
cerning the collision energy dependence of the cross 
section: The Slight increase in the cross section with 
decreasing collision energy observed in the Hz reaction 
is not seen in the Dz reaction. 

The rather large difference in the cross sections for 
Hz between the 2P1/2 and 2P3/Z states presumably results 
from the enhanced cross section for the former state 
due to the energy resonance of the v", 2 level of Hi and 
the zP1/Z state of Ar+(O.016 eV endoergic, see Fig. 11). 
No level of H; is in such resonance with the 2P3/Z state 
and no levels of D~ lie so close to either state of Ar+ . 

The importance of energy resonance in charge trans
fer processes has often been mentioned in the literature 
but has not yet been fully established. The kinematic 
study by Hierl et al. Z3 on Reaction (2) has shown that the 
two distinct mechanisms are operative in this system at 
low collision energies: A simple electron jump mecha
nism and an intimate-collision mechanism. For the 
former mechanism they found that the translational en
ergy distribution of products is best explained by a 
model which assumes selective production of Hi in the 
vibrational state most nearly resonant with the reactant 
ion. Although their results do not give any information 
on the absolute values of the cross section, our present 
results presumably indicate that the actual magnitude of 
cross section is largely dependent on how close this 
most nearly resonant state lies to the reactant state. 
HierI et al. compared their observed product transla-
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H 

a Ar __ ----------~~ 

R 

r 

H 

FIG. 9. The coordinate sys
tem used. 

tional energy distribution with that expected from the 
electron jump model based on the assumption that the 
two states of Ar+, 2P3/! and ZPl /2, have equal charge 
transfer cross sections. However, their experimental 
results seem to be explained equally well (or even 
better) with the cross section ratio observed here. 

Figure 8 shows that the charge transfer cross section 
ratio is almost independent of the collisiol) energy in 
the range 0.05-0.5 eV (c. m.). This may imply that the 
close resonance between the reactant and product states 
plays an important role as well in the intimate-collision 
mechanism, since otherwise the enhanced nature of the 
2Pl/2 state would have been reduced greatly at low col
lision energies (e.g., 0.1 eV) where the proportion of 
the intimate-collision mechanism is increased consid
erably compared with that at higher collision energies 
(e. g., O. 5 e V). 2S 

IV. REACTION MODEL AND CALCULATION OF 
CROSS SECTIONS 

In order to understand the experimental results pre
sented in Sec. III, we have developed a simple reaction 
model and performed a model calculation of reaction 
cross sections to see whether the observed cross sec
tion ratio a( 1/2)/0(3/2) and its collision energy depen
dence and isotope effect can be reproduced or not. These 
are presented in this section. The coordinate system 
used in the following discussion is shown in Fig. 9. 

A. The model 

As stated in the introductory section, the (Ar-H-H)+ 
system is characterized by the fact that, of the three 

R~ , 

FIG. 10. Two asymptotic cuts (R=ao and r=ao) of the two low
est potential energy surfaces for the (Ar + H + H)+ system. An 
equipotential plot of the lowest surface is also shown on the 
bottom of the box. 
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FIG. 11. The R =co asymptote of the four low-lying potential 
energy surfaces of the (Ar +H + H)+ system, with spin-orbit in
teraction being included. 

atom + diatom ground state channels, only Ar+ + Hz cor
relates to Ar++ H+ H fragments, whereas Ar+ Hi and 
ArH'+ H correlate to Ar+ W + H. This means that the 
system Ar++ Hz is nonreactive in a totally diabatic pic
ture and requires mixing and consequent nonadiabatic 
transitions between two surfaces in order for the rear
rangement (forming ArW + H) or charge transfer (form
ing Hi + Ar) to occur. This situation is visualized in 
Fig. 10 which schematically shows the two asymptotic 
sections (R=oo and r=oo) of the two relevant potential 
energy surfaces (an equipotential plot of the lowest en
ergy surface is also shown on the bottom of the box). 
These and other features of six low-lying potential en
ergy surfaces (without spin-orbit coupling) have well 
been established by the DIMZO (diatomics-in-molecule 
with zero overlap) technique. 2,s 

When spin-orbit coupling is taken into account, the 
entrance (R = 00) asymptotes of the four lowest-lying po
tential energy surfaces are like that shown in Fig. 11. 
The separation of the two solid line curves is, of course, 
the spin-orbit coupling separation for the free Ar+ ion 
(178 meV), and the lower solid line curve labeled 
Ar'(2pS/2) + Hz actually represents two states 
Ar'(zPS/Z,l/Z)+ Hz.. and Ar+(2PS/Z,S/2)+ Hz, which have the 
same energy at R = 00 and in the absence of external field 
(the subscripts mean J and M J with M J quantization along 
R). Thus, these four low-lying states are 

(1) Ar+ H2(XZ~;), (broken line curve) , 

(ii) Ar'(zPS/Z,l/Z)+ Hz , 

(iii) Ar+(2P3/2,s/z)+ Hz , 

(iv) Ar,(2P1I2,l/2) + Hz . 

The spin-orbit Hamiltonian Hao mixes the ~ and n 
states which originate from the Ar'(2p) + Hz interaction 
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and the mixing coefficients are given by the Clebsch
Gordon coefficients. Z9 Further, in the general Cs con
figuration (for e* 0, Fig. 9), the IT orbitals are split into 
two classes, those having a' and a" symmetry, whereas 
(J orbitals have a' symmetry (these are denoted as 3prra', 
3Prra", and 3pr:ra', respectively). At large distances the 
wave functions of states (ii)-{iv) may be expressed in 
terms of the Ar spin-orbital vacancy (with respect to 
the closed-shell system Ar+ Hz) in point group Cs as 

1 
~ (3prra' + i 3prra" - 3pr:ra') , 

(iv) 
.J3 -3(3Prra' -i3prra" -3pr:ra') . 

Similarly, the charge transfer state (i) is defined 
by a vacancy in the Hz spin -orbital as 

1
(J a' 

(i) _'_ . 
(J,a' 

When the reactants approach each other (namely, R 
is reduced from infinity), states (ii)-{iv) are mixed by 
the electrostatic Hamiltonian Hel , the extent of mixing 
of each state depending on R. This mixing is primary 
connected with the 3p(J-3prr splitting and, to a minor ex
tent, with the 3pITa' -3prra" splitting in the Cs case. 

With the above general features of the system in mind, 
we assume in our model that the reaction cross sections 
for Ar,2PS/Z) and Ar,Zp1/Z) are, respectively, propor
tional to the transition probability from states (ii)/(iii) 
to state (i) and that from state (iv) to state (i). It is 
assumed that the rearrangement channel takes place only 
when the system Ar++ Ha approaching with impact pa
rameter b smaller than bo (velocity dependent) under
goes transition. The critical impact parameter bo is 
obtained from the Langevin-type calculation using the 
lowest adiabatic potential energy surface of the (Ar + H 
+ H)+ system. Thus, the essential part of our model 
Calculation is to work out the mixing of states (ii)-{iv) 

Hgl=(Ar,2P3/2.3/2)+H2!Hel!Ar+H2)= - ~ ~Hiz, 

as a function of R and thereafter calculate their couplings 
with state (i) [transition probabilities to state (i)l. 

B. Coupling of the Ar+ + H2 states with the Ar + H! state 

We now consider the coupling by Hel of states (ii)-{iv) 
with state (i). From the calculations of Chapman and 
Preston3 we learn that, among the diabatic states deSig
nated in Sec. IV A as 3pr:ra', 3prra', and 3prra", only 
3p(Ja' is significantly coupled with (Jp'. The 3prra' state 
is not coupled with r:r,a' when e = 0° or 90°, and their 
coupling at other angles, as exemplified by e = 45 0, is 
too small for giving rise to actual transitions. 3 Finally, 
the 3prra" state is not coupled at all with r:rp' by Hel be
cause of their different symmetries in the (most gen
eral) C s point group. In the above statements our r:r,a' , 
3paa', and 3prra' states would correspond after diagonal
ization of the electrostatic Hamiltonian to Chapman and 
Preston's EjJ E 2, and E3 states. 3 

From the above discussion it turns out that the cou
pling between each of the states (ii)-(iv) and state (i) 
will be dependent only on the r:r,a' content of each of the 
former states. In the first approximation, in which 
mixing of states (ii)-(iv) is not considered, these con
tents are 

(CJ,a'i (ii) =..f6/3 , 

(a,a'! (iii) = 0 , 

«(Jp'l(iv)=-J3/3, 

(12) 

as deduced using the wave functions (ii)-(iv) given above. 

Now we mix the states (ii)-(iv) as a second approxi
mation. As stated above, the mixing is caused by 3pa-
3prr and 3prra' -3prra" splittings which occur as R is de
creased. These energy separations are denoted as 
~(R) and 5(R), respectively. Spin-orbit separation be
tween states (ii)/(iii) and (iv), on the other hand, is as
sumed to be independent of R and equal to the value for 
R=oo (0.178 eV). This value is denoted asA. At com
paratively large R, the order of increasing magnitude 
of these values is 5, ~, A. 

The Hamiltonian matrix elements for states (ii)-{iv) 
are computed in terms of ~(R), 5(R), and A and the ma
trix is then diagonalized. Using new wave functions 
(ii)', (iii)', and (ivY obtained by diagonalization (see 
Appendix B), we compute the (J,a' component (CJ,a' I (j)') 
of these new states [j=(ii)-{iv)l, knowing the values 
(CJ,a' I (j) (Eq. (12)1. These procedures finally give the 
following coupling matrix elements Hfz between the Ar 
+ Hi state and each state of Ar+ + Hz, to the first order in 
5/~ and 5/A: 

(13) 

Ht;= (Ar ,2PlI2 .l/2) + H2 !Hel iAr+ H2> = [- .;; (1+X)1/2+ ~ (1-X)1I2]Hi2 , 
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TABLE 1. Comparison of the cross section ratio 0'(1/2)/u(3/2). 

0' (I/2)/0'(3/2) 

ECM (eV)a (Exptl. ) (Modell ECM (eV)a (Exptl. ) (Modell 

0.05±0.03 1. 59 1. 29 0.05±0.02 1.29 1. 50 
0.10±0.04 1. 53 1. 27 0.09±0.02 1.38 1. 49 
0.24±0.07 1. 65 1. 29 0.23±0.03 1. 35 1. 50 
0.48±0.09 1. 48 1. 32 0.46±0.05 1.21 1. 56 

~he uncertainty in ECM is mainly due to the thermal motion of target molecules. 

where 

x- A+~/3 
- (A!+ 2A~/3 + ~ 2)172 

(14) 

and Hi! is the coupling matrix element between the Ar+ 
+ Hz and Ar+ Hi states without spin-orbit coupling. 

These coupling matrix elements are used in the cal
culationof Landau-Zener transition probabilities as H 1z 
(see below). 

C. Computation of transition probabilities and reaction 
cross sections 

The probability for a single transition from a state 
correlated with Ar++ Hz (state 1) to the state correlated 
with Ar + Hi (state 2) is calculated according to the 
Landau-Zener equation 

( z! I~ aHul) P 1Z = 1 - exp - 21TH1Z nvr ar - ar . 
Here, vr is the velocity along the r coordinate, and is 
derived from the classical kinetic energy of vibration 
(transition is known to be caused by vibrational motion 
of Hz, see Sec. n. H 1z , which is necessary to calculate 
H 12 , is obtained by the analytical fit of Baer and Bes
wick's coupling term [Fig. 2 of Ref. 4(c)] as 

H1z =33.2exp(-1.15R) , (15) 

where R is in 'A and Hiz in eV. Hu and H1z are assumed 
to be independent of R and taken as the potential curves 
of Hi(+Ar) and Hz (+Arj at infinite R. 

The total transition probabilities Po for a collision 
with a given impact parameter b and a velocity v are 
obtained by integrating the R-dependent Landau-Zener 
probability from R = 00 to R = Ro, where Ro is the distance 
of closest approach for the given b and v (Po is always 
computed on the Ar+ + Hz potential. and thus the Ro is the 
distance of closest approach on this potential). The 
Landau-Zener probabilities are raised to the power of 
2dt/T to allow for the number of passages of the Ar++ Hz 
system by the crossing point during the time element dt, 
where T/2 is a half period of vibration of Hz. T is also 
assumed to be independent of R and the value at infinite 
R is used. 

Using the total transition probabilities Po (b) obtained 
above, reaction cross sections ur are computed accord
ing to the equation 

f bO 
a r = 21TbdbPo(b) , 

o 
(16) 

where bo is the critical impact parameter described in 
Sec. IV A. The model assumes, as can be seen from 
Eq. (16), that if the system undergoes transition from 
the initial diabatic state (Ar+ + Hz) at least once in the 
trajectory between 00 and Ro, it is considered eventUally 
to be on the adiabatic surface connected with the ArH+ 
+ H products. Equation (16) also implies that in order 
for the reaction to take place, the system still has to 
overcome the Langevin-type centrifugal barrier of the 
adiabatic surface to which it has undergone transition. 
This adiabatic surface, used in the calculations of bo, is 
obtained in the following manner: First, two diabatic po
tentials VAr ++Hz and VAr +Hi are constructed by adding po
larization terms to the analytical DIM potentials of Baer 
and Beswick. fie) These are then diagonalized using the 
coupling term Hiz described above. 

D. Results and discussion 

Results of the calculation are given in Table I and 
Fig. 12. Table I compares the theoretical and experi
mental ratios of the cross sections for J = t and J = t . 
It is seen that, in spite of many assumptions and ap
proximations taken in the theory, the essential features 
of the rearrangement channel are reproduced in the 
present calculation. Namely, the rearrangement cross 
section is definitely larger for J = t than for J = t and 
their ratio falls roughly between 1. 3 and 1. 5, indepen
dent of the collision energy. One point which is appar
ently not satisfactory is the reverse isotope effect ob
tained in the calculation: The ratio is somewhat larger 
for Dz reactions than for Hz reactions, contrary to the 
experimental result. 
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FIG. 12. State selected cross sections for Reaction (1) calcu
lated based on the model. 
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Figure 12 shows that the experimental absolute cross 
sections and their collision energy dependence are also 
fairly satisfactorily reproduced by the present theory 
(cf. Fig. 3). It is noted, however, that the theory tends 
to give cross sections which are somewhat higher than 
the experiment at higher collision energies and the re
verse at lower collision energies. This naturally gives 
somewhat milder collision energy dependence than the 
experiment: Fig. 12 yields the E-1/3 _£-1/4 dependence, 
in contrast with the experimental - E-1/2

•
5 dependence. 

All of the above discrepancies are probably due, 
partly, at least, to some crude assumption(s) and ap
proximation(s) used in the theory and may certainly be 
improved by reexamining and refining these assumptions 
and approximations. In spite of these discrepancies, 
the general agreement obtained above seems to indicate 
that the present model is much to the point of what is 
happening in this reaction system. 

We have also performed calculations for the charge 
transfer channel. In this case, however, additional as
sumptions and unknown factors make the situation more 
complicated. A factor which is most difficult to esti
mate is the branching ratio between the charge transfer 
(Ar+ Hi) and scattering (Ar'+ H2) channels for the sys
tem which undergoes transition outside bo and in the out
going phase of the traj ectory which lies inside bo• In 
fact, this branching ratio might rather be derived from 
our experimental results than estimated a priori. 

V. SUMMARY AND CONCLUDING REMARKS 

We have determined the reaction cross sections for 
Ar' + H2(D2) - ArH1ArD') + H(D) and Ar' + Ha(D2) - Ar 
+ H2(Di) for each of the reactant spin-orbit states epa/a 
and 2P1/a) separately, as a function of collision energy. 
It has been shown that the atomic rearrangement reac
tion takes place about 1. 5 times faster (with H2) and 1. 3 
times faster (with Da) for the 2P1/2 excited state than for 
the 2P3/2 ground state, regardless of the collision energy 
in the range 0.05-0.5 eV (c. m.). The cross sections 
for both H2 and Da reactions show collision energy de
pendence which is somewhat less steep than that ex
pected from the simple Langevin theory, indicating the 
occurrence of small activation energy. 

As to the charge transfer reaction, cross sections are 
about seven times larger for the 2P1/a state than for the 
aP3/a state in the Ha reaction, whereas they are almost 
the same for both states in the D2 reaction, again re
gardless of the collision energy. 

These main features of the experimental results have 
been found to be explained satisfactorily by a simple re
action model, essential part of which consists of mixing 
of three states originating from the Ar' + Ha interaction 
(taking the spin-orbit interaction into account) and sub
sequent transitions from each of these new states to the 
Ar + Hi state. 

The enhancement of ion-molecule reaction cross sec
tions when there is a quasiresonance between the initial 
state and a charge-transfer state was pointed out long 
ag030 and was explained as due to the lowering of the 
Langevin barrier as a result of repulsion of potential 

surfaces around an avoided crossing between the en
trance and charge-transfer states. The same idea was 
used by Gislason31 (about the Ar' + Ha reaction) and by 
Yencha et al. 32 with the additional contention that reso
nances between specific vibronic levels have to be con
sidered. In particular, Ar+(2P1/2h H2 (v = 0) is almost 
resonant with Ar + Hi (v = 2) which lies only 16 meV 
higher. One of the aims of the present work was to test 
whether avoided crossing effects have to be considered 
for specific vibronic potential curves or simply for po
tential hypersurfaces. The comparison between Ar' 
+ Ha and Ar+ + D2 (where no resonances between vibronic 
levels occur for any fine-structure state) was an ob
vious test first suggested by Chupka. 33 

Our results appear to contradict the idea of vibra
tional specificity of curve-crossing effects: The reac
tion cross section is larger for 2P11Z than for 2P3/2 as 
well in the Dz as in the Ha reaction, although the cross 
section ratio is larger with H2 than with Da. Moreover, 
the collision energy dependence of the cross sections is 
identical for both fine-structure states, showing that 
their locations with respect to the vibronic levels of the 
charge-transfer state are of little importance in the re
action dynamics. Finally, the fact that the main fea
tures of our experimental results are conveniently de
scribed by the Simple model we developed, where no 
account is taken of the Ha (or H;) vibrational quantiza
tion, also points to the same conclusion. More recent 
results on the reaction of Hi in specific vibrational 
levels with Ar confirm that vibronic resonance effects 
are of minor importance for the rearrangement reac
tions. 34 In contrast, these effects are dramatic as re
gards the charge transfer reactions, as well for Ar' 
+ Ha(Da) - H2(Di) + Ar (present results) as for the reverse 
reaction. 34 

Our conclusion that the quantization of the H-H 
motion ( r coordinate) has no effect on the dynamics of 
the reactive collisions in the Ar +/Ha system seems to 
contradict the theoretical results of Baer and Bes
wick,4\c) according to whom the Hz vibration is still be
having adiabatically at the distances R where the transi
tion from states (ii)/(iv) to state (i) takes place. How
ever, the calculations of these authors were limited to 
collinear geometry and therefore neglected any coupling 
of the r motion with the bending motion as well as with 
the overall rotation. 

APPENDIX A: DERIVATION OF Ea. (9) 

Referring to Reactions (1)-(7) and putting (1'= (1r+(1t 

+ (1s and (1' '= (1~+ (1~, the rate equations for Ar+ and ArH' 
are 

(17) 

(18) 

where n is the number density of H2(D2). Solutions of 
these equations at x= d ('= reaction path length in the re
action chamber) multiplied by the respective collecting 
efficiencies, A and A', give the expression for the mea
sured intensities of Ar' and ArH' as follows: 
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(Ar+)=;\[Ar+1oexp(-and), (19) 

(A H+)=;\'arAr+1 exp(-a'nd)-exp(-and) (20) 
r ,t 0 a-a' , 

where [Ar+1o is the Ar+ density at the entrance of the re
action chamber. Thus, we obtain 

(ArH');\' a 
--= -. ~ {exp[(a -a')ndl-1}. 
(Ar+) ;\ a -a' 

(21 ) 

On the other hand, the variation of (Ar+) and (ArH") with 
pressure gives 

d(Ar") ;\ a -a' 
d(ArH") = - X' . ar 

a 
(22) 

a -a' exp[(a -a')nd1 • 

Under the condition a' nd« 1, i. e., in the limit of n - 0, 
the right side of Eq. (22) is reduced to -(;\/;\')(a/ay ) 

= -(;\j;\')[1+(at +a .. )/ay1. This constant is denoted by m 
[Eq. (10)1. On the other hand, from Eqs. (21) and (22) 
it is seen that at the density n which gives d[ArH'l! 
d[Ar+1 = 0, the ratio [Ar+l/[ArH'l becomes (;\j;\')(a' jay) 
=(;\j;\')[(a;+a's)/ar1. This constant is denoted by q [Eq. 
(11)1. Rearranging Eq. (21) with these constants, we 
obtain Eq. (9). 

APPENDIX 8: HAMILTONIAN MATRIX FOR THE 
STATES (ii)-(iv) AND ITS DIAGONALIZATION 

Under the assumptions given in Sec. IV E, the Hamil
tonian matrix for the states (ii)-(iv) is computed in 
terms of 0, Ll., andA as follows: 

(ii) (iii) (iv) 

A Ll. 130 ..flLl. 
(ii) -3- - - -6-3 3 

_ 13 15 A Ll. {So 
(iii) 

6 - 3+ 3 6 

(iv) 
..flLl. _ {S15 ~A 

3 6 3 

Here the average point is taken as the zero of energies. 
Diagonalizing this matrix (to the first order in I5jLl. and 
I5jA) , we obtain the following new wave functions, (ii)'
(iv)' from which the coupling matrix elements Hf2 [Eqs. 
(13)1 are computed: 

(iiY = ..fl (1 + X)1/2(ii) + 215 [{S (1 + X)1/2 
2 Y -A+Ll. 12 

- ~ O_X)1/2]<iii) _ ;;O_X)I/2(iV) , 

( ... )' 13(A -Ll.)I5( .. ) ( ... ) .j615(.v) 
111 = - 4ALl. 11 + III + 4A 1 , 

(iv)' = ..fl O-X)1/2(ii) _ 20 [13 (1 + X) 112 
2 Y +A _Ll. 6 

+ ~(1-X)1/2J<iii)+ ~(1+X)I/2(iV)' 
where X is given by Eq. (14) and Y=A 2 + 2ALl./3+Ll.2. 
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