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Reactive and Inelastic Scattering of Molecular Ions 

Mervyn Ming-Hwa Chiang 

ABSTRACT 

Anion-beam scattering cell apparatus was employed to measure 

product ion velocity and angular distributions from reactive scattering 
+ . + + + + 

02 (C2D2,C2D)02D and inelastic scatterings between ArD , N2D , H30 , 

+ .. + 
D30 and NH4 with He and D2. 

The.study of the dynamics of the reactive scattering 02+ + C2D2 ~ 
+ 02D + C2D has shown that most favorable reaction event is abstraction of 

a deuterium atom by the stripping process. This leads one to predict 

a threshold for abstraction when the kinetic energy relative to the 

atom equals the endothermicity. Our finding of a threshold, and the 

forward peaked sharp angular distribution is consistent with this model. 

Although very little momentum is imparted to C2D radical in such a 

process, it is left with a sUbstantial amount of internal energy. 

Inelastic scatterings between molecular ions ArD+, N2D+, H30+, 

D30+ andNH4+ with helium and deuterium in the range of 40-200 eV 

primary ion laboratory energy, have been investigated. Refined impulse 

approximation calculations have been applied. 
. .. + 
In the ArD -He case no 

deexcitation process and very little inelasticity was observed. The 

+ N2D -He case was found to have about the same efficiency of translational-

+ vibrational energy transfer as NO -He scattering. No distinct isotope 

+ + . . effect was observed for D30 ,H30 In the translational-vibratlonal 

energy transfer with helium. + In the NH4 -He case, energy loss due to 

collision was determined from the product contour maps. These data 

will be useful for future detailed exact calculations. + In both ArD -D2 
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+ and NH4 ":"D2 cases, large energy transfer was present. Excitation of 

D2 even at small angles was explained as the possibility of some reactive 

channels. 
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CHAPI'ER I. INTRODUCTION 

Ion-molecule reactions have been known since the early days of 

mass spectroscopy. Studies of scattering phenomena and chemical reac-

tions between ions and molecules have yielded useful information for 

the understanding of various fields of chemistry in which gaseous ions 

are involved, such as flames,electric discharges, radiation chemistry 

and the chemistry of space and the upper atmosphere. A number of review 

articles onion-molecule reactions have appeared in which experimental 

procedures, cross sections and isotope effects and theoretical considera-

tions are described. l The more recent kinematic investigations involves 

molecular beam techniques to measure the product velocity and angular 

distributions of reactive or nonreactive (elastic and inelastic) scat-

terings. Kinematic studies yield valuable reaction parameters such as 

reaction cross sections, mechanisms and energy partitions among products, 

etc. Progress in the study of reaction kinematics has been reviewed 
. 2 

in a few articles. There are many similarities between the reaction 

mechanism in ion-molecule and molecule-molecule interactions despite 

the fact that ion-molecule reactions are generally studied at energies 

much higher than neutral reaCtions. In both cases there exist reactions 

involving complexes of life time longer than one period of rotation as 

well as those proceeding by a direct mechanism. Thus ion-molecule 

reaction data complement those obtained from angular and velocity distri-

but ion measurements of reaction products formed in crOssed neutral 

molecular beams 3 to allow us to have better insight into chemical 

kinetics. 
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In this laboratory the ion-molecUlereactionSN,2+(H2,H)N21I+,4 

+ . . + 5 +. ·+6 .' 
Ar (H2,H)ArH, N (H2,H)NH were found to proceed principally by 

the spectator stripping model where the ionprojectlle (N2+,Ar+,N+) 

abstracts one hydrcgen atom from the neutral without transferring any 

momentum to the spectator atom. Rebound scattering of the product 

through barycentric angles as, large as l800was also observed, and at 

initial relative energies above 4 eV the contribution,of this process 

was nearly as great as that of the small angle stripping'process • 
. " '. , ...... + .' 

Dynamics of the reactions of 02 with hydrogen isotopes have also been 

under a series of detailed investigation. 7 . Velocity vector distri-

but ions of the ionic products 

as well as nonreactive scattered 02+ were measured for several initial 
. . ' 

relative kinetic energies of collision. For relative energies below 

5 eV, the distributions of,02H+, OH+, a~d H~O+ all showed the ~orward-
- . . . . 

backward symmetry characte~itic of a reaction mechanism :Lnvolving a 

persistent H202+ collision complex. At higher 'energies, a transition 

to direct or impulsive reaction mechanism was observed. 
+ . For 02 + HD 

reaction, the 02D+j02H+ isotope ratio was fowidto vary from 5at low 
, ' . '. + 

collision energy (2.5 eV) to 0.9 at8.6eV, and theOD+jOH ratio de-
. " 

creases from near unity at low collision energy to 0.07 at 2l.5 eV. 
. , 

A double head-on impulsive collision model was proposed for the high 

energy dynamics isotope effect in 02+(HD,~)g:~ and 'a double pickup 

mechanism was deVised to account for' the reaction~ 02+ (HD, g~)g~:. 8. 

As noted in most previous works, hydrogen was used because,of large 
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cross section and favorable kinematic conditions for detection. It 

seems of interest to examine the same reactions in which a polyatomic 

molecule is scattered to see if the presence of extra internal degrees 

of freedom will affect the reaction dynamics. In chapter III we extend 

our studies to deuterated acetylene (C2D2)' The measured velocity and 

By studying the subject of molecular energy transfer in gases we 

attempt to understand the transfer of energy from motion of the molecules 

as a whole to internal modes of molecular motion. This aspect of the 

behavior of gases is of particular interest to physical chemists because 

such energy transfer in collisions is an essential first step in the 

chemical activation or deactivation. Thus once detailed understanding 

of vibrational energy transfer is available, the rate determining step 

of some reactions can be easily deduced. The conventional experimental 

determinations of molecular vibrational-rotational energy transfer can 

be divided into two categories: the method of dispersion and absorption 

of sound and the method of shock tube and optical pumping. They both 

measure the relaxation time. Recently inelastic scatterings of molecular 

ions have been studied in a wide range of energies to investigate 

10 
translational-vibrational energy transfer. Molecular ions are more 

advantageous than neutrals because of easy control in both preparation 

and detection of the projectile ions. Angular and energy distribution 

. + + + + of the inelastic scatter~ng between 02 , NO , N20 , D20 , and He have 

been registered.
ll 

The result of atom-diatom molecule scattering agreed 

fairly well with the classical. calculation. No theoretical attempt 
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was tried for the polyatomic molecules. . In this work we extend our 

study to a few more molecular ions, ArD+, N2D+, H30+, D30+ and NH4 + to 

study the, possibility of deexcitatiQn, isotope effect and the applica
I 

tion of refined impulse calculation to polyatomic molecules with light 

atoms. 
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Kinetics, G. Porter, ed. (Pergamon Press, Oxford, London), 
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b) R. F. Gould, editor, Ion-Molecule Reactions in the Gas Phase, 

Advances in Chem. Series, veil. 58 (1966). 

c) L. Friedman, Ann. Rev. Phys. Chem. 1, 259(1968). 

d) E. E. Ferguson, Acc. Chem. Res. J, 402 (1970). 

2. a) B. H. Mahan, Acc. Chem. Res. ~, 217 (1968). 

b) R. Wolfgang, Acc. Chem. Res. g, 248 (1969). 

c) A. Henglein, "Proceedings of the International School of Physics, 

Enrico Fermi Course 4411
, edited by Schlier, p. 193 (1970). 

d) A. Henglein, Physical Chemistry,edited by Eyring and Henderson 

and Jost, Vol. 6 (1971). 

3. D. R. Herschbach, Adv. Chem.Phys. 10, 3i9 (1966). 

4.w. R. Gentry, E. A •. Gislason, B. H. Mahan and C. W. Tsao, J. Chern. 

Phys. 49, 3058 (1968). 
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9. T. L. Cottrell and J. C. McCoubrey, Molecular Energy Transfer in 
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b) P. F. Dittner and S. Datz, J. Chem. Phys. 54, 4228 (1970). 

c) H. Van Dop, A. J. H. Boerboom and J. Los, Physica 54, 223 (1971). 

11. M. Cheng, M. H. Chiang. E. A. Gis1ason, B. H. Mahan, C. W. Tsao 

and A. S. Werner, J. Chem. Phys. 52, 5518 (1970). 

12. 02+ (H2,H)02H+ is the notation for the reaction 02+ + H2 .... H + 02H+ 
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CHAPTER II. EXPERIMENTAL 

A. Instrumentation 

The instrument employed in these experiments has been described 

in detail previously.l,2 A block diagram of the apparatus is shown in 

Fig. 1. Briefly, it consists of three main parts: a microwave dis-

charge ion source coupled with a magnetic a.nalyzer, acylindric?l scat-

tering cell containing neutral gas at room temperature, and an ibn 

detector train mounted on the rotatable lid of the vacuum chamber. The 

detector train consists of a 90° electrostatic energy analyzer, a 

quadrupole mass filter, and a semiconductor counter. 

The basic construction of the microwave discharge source is shown 

in Fig. 2. It is a quartz tube of 1.2 em O.D. contained in the type 5 

or tlBroida tl cavity described by Fehsenfeld et al. 3 The Broida cavity 

is operated at 3 GHzby a diathermY power supply and a QK-61 magnetron 

to, sustain a steady discharge. The extraction orifice (1/16 t1 diameter) 

on the flange was calculated from the pumping speed in order to have a 

stable ion beam with 10-50 microns pressure in the quartz tube and a 

low pressure in the initial focussing chamber of the mass spectrometer. 

Because the discharge is confined inside the tube and since the mobility 

of electrons towards the wall is faster than that of .. ions, there is a 

charge separation near the wall. 4 Within this region, the density of 

ions is greater than that of electrons. Thus the main body of the plasma 

has a positive "plasma potential!!" relative to ground. In .our experi

ments, the "plasma potentials" were found to 'be about 20 eV. To maintain 

). 

• 
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Ion 0 + + 
2,0 

Source I (Ar~ ArO+) 

0+ 

I - -) ~O+ d Energy 
~ (Ar 0+) Analyzer 

Figure 1 

'" 

Mass I °20+(v'9) 
Fil ter CAr 0+)" 

Ion 
Counter 

XBL 721- 5955 

A block diagram of the apparatus used in this work. On the top of the arrow 

shows reactive scattering 02+(C2D2, C2D)02D+ and below the arr~ shows 

inelastic scattering ArD+(He,He)ArD+. 

I 
--..J 
I 
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I. Granville Phillips valve 
2. Stainless steel tubing 
3. I em quartz tube 
4. Platinum wire and 

screen 
5. Flange and screw 
6. Vitonrubber O-ring 

7. Anode 
8. Extractor 
9. Broida cavity 
10. Nylon plate 

, , 

2 r---i 
rr=====~~t~.====~: : 

\ 
I 
I 

I 

8 

I I 
L ____ J 

4 

Figure 2 
XBL6912- 6739A 

.. . 
Microwave discharge ion source .. 
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a stable, constant energy beam a clean surface is required to be exposed 

to the discharge. Both stainless steel and aluminum surfaces have been 

tested but the beam energy always drifted in an experiment due to the 

oxidation. A piece of platinum foil (-.0005" thickness) was spotwelded 

on the source flange in contact with the discharge to protect it from 

oxidation. An extra platinum screen was placed2"from the flange to 

confine the discharge within the cavity. The screen ~as supplied with 

a positive voltage to "push" ions towards the extractor. In normal 

operation, the conical extractor electrodes was maintained 500 negative 

with respect to the circular aperture in the discharge tube. The 

extracted beam passes through aperture lenses, and is accelerated or 

retarded to an energy suitable for magnetic momentum analysis. A 

quadrupole lens pair then focuses the beam onto the entrance slit of a' 

momentum analyzer with 12 em object, and 24 cm image distance, 2 mm 

entrance and 1 mm exit slit width and 66° diffraction. The momentum 

analyzer has a resolution better than 2% of the analyzer energy and 

with the narrower exit slit used in this work (1 mm instead of 2 mm in 

the previous study), it is possible to separate ions with mass dif

ference of unity at mass 18 (i.e., NH4 + fromNH3 +). After the spec

trometer, the ions pass through another quadrupole pair to restore the 

beam to parallel trajectory and circular shape. The ions are then 

retarded or accelerated·to their final energies and pass through the 

exit aperture. 

'rhe collision cell is located in the cent.er of a large vacuum 

chamber which is evacuated by two 6 inch oil diffusion pumps. 'rhe cell 
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consists of two concentric cylinders, the inner one contains the ion 

beam entrance aperture (2 mm x 2 mm) and is held stationary while the 

outer one contains the product ion exit aperture (2 mm diameter) and 

rotates with the detector. The exit aperture can be positioned in a 

range ±55° from the projectile beam direction. The ratio of the scat-

tering volume subtended by the detector at e = 0 to that at different 

angles e has been calculated graphically. A Baratron capacitance 

manometer .. supplied by the· MKS . Instruments Inc .wasuse~ to monitor the 

scattering gas pressure. It is mounted 12 li from the sca.ttering cell 

and pressure correction due to the difference in the conductance has 

been calculated and is shown in Fig. 3. It is seen from the graph that 

within the ,range of normal experimental pressure (6 x 10.,.4 - 6 X 10-3 

/' 

mmHg)the true pressure in the scattering cell is about half of the 

reading on the Baratron. In most cases, only relative product intensity 

was measured and no correction was applied to the pressure term. But 
, , . 

. :, .. 

when an absolute cross section such as in the attenuation measurement 

is required it is necessary to apply the correction. The maximum ion 

path through the scattering cell is 3.84 cm. Due to the small conduc-

tance of the apertures and large pumping speed it is possible to main

tain chamber pressUre (background) a factor of 1000 lower than that of 

the collision cell. 
/ 

On the top of the vacuum chamber is a20:-ihch-diameter rotatable, 

lid mounted on ball bearings and made vacuum tight by a differentially. 

pumped double Tec-Ring seal. The exit aperture of the scattering cell, 

the electrostatic energy analyzer, the quadrupole mass spectrometer, 

:'. 

• 

.' 
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and ion counter are all placed on this lid and rotated with it. Ions 

leaving the collision cell pass into a 90° spherical electrostatic 

energy analyzer which has ,an angular resolution of 2.5° geometric full 

width and 3% FWEM of eriergy resolution. Then they are foc~ed into a. 

quadrupole mass filter through a series of cylindrical lenses. After 

leaving the mass filter, ions strike a highly polished aluminum surface 

which is set at -25kV. The secondary ~lectrons released by the ion 

impact then impinge on a lithium-drifted silicon wafer which is the 
.I 

sensing element of the counting system. The semiconductor detector, 

FET (field effect transmitter) preamplifier,linear amplifier, a Hamner 

Model NT-16 timer, two NS-ll 10 Mc, scalers,. a NE-ll scanner, a NR-10 

ratemeter and a Model 33TC teletypewriter complete the counting system • 

. B. Procedure 

Experiments were started by selecting the primary ion beam of 
. . 

desired energy, adjusting the focusing conditions to give a beam of 

maximum intensity, stability, and minimum angular and energy spread. 

Primary beam energy and angular distributions are measured by collecting 

ions at the cylindrical lenses between the energy analyzer and the 

mass filter. After the detector mass filter was set to the appropriate 

. mass number, the scattering cell was filled with target gas, the focus-

ing conditions of the detector train was adjusted to tabulated values, 

scans through the energy distribution at a fixed 'angle (usually S~t·a.t 

0° labora.tory angle) or the angular distribution at a fixed energy were 

made. Each data point was counted 20 seconds to average out the fluctuation 
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and the primary beam intensity was monitored at intervals of 20-30 minutes. 

At the end of each counting, the TTh1E, COUNI', ENERGY ANALYSER VOLTAGE and 

SCATTERING PRESSURE were automatically recorded by the teletypewriter. 

Background signals resulting from scattering outside the collision cell 

were recorded by emptying the collision cell and leaking gas into the 

main vacuum chamber until the same background pressure is restored. 

C. Data Analysis 

The number of counts per second at the detector C were converted 

-. 2 
to normalized relative intensities I using the following expression: 

= i P gee) E42 
o f 

where io is the peak incident beam intensity in units of 10-l2 amp, P 

is the scattering gas pressure in units of 10-4 torr, and gee) is the 

fraction of the scattering volume subtended by the detector at the 

laboratory angle e. Typical values are g(OO) = 1, g(4°) = .98, g(8°) = 

.552 and g(12 0
) = .352. These values were obtained graphically. Ef is 

the final laboratory energy of the ion. 

The factor Ef 3/2 normalizes the intensity to the detector volume 

iL velocity space, which decreases as Ef
l

/
2 due to transmission band of 

the energy analyzer and as Ef due to the v2 factor iIi the velocity 

volume element. 
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The raw data for each experiment were punched'on IBM cards or 

typed into the on-line BRF (Berkeley Remote Fa~ility) teletYJ)ewriter 

to be analyzed by a program on a CDC 6600 computer. The programs 

generated, a series of graphs of f vs. ,scattering angle 'at fixed 

energies'and another set of plots of specific intensity vs. velocity 

at constant angles. Contotir maps were derived by recording the angle-

velocity coordinates of a predetermined intensity on each graph. 

Another program normalized these coordinates and t~ey were again plotted 

on a graph and formed one intensity contour. Lately,Dr. Gillen in this 

laboratory has written a program5 to indicate the specific intensity 

on the velocity angle coordinates directly from the raw data. Contour 

maps were easily derived by drawing smooth curves through these contact 

intensity points. 

From f is is possible to calculate the relative differential cross 

section in the center of mass system by 

where u is the speed in the center of mass system. 

The total reaction cross section a can be calculated by 

n: ' 
a =2n:, ( I(e) sin e de 

Jo . 

In a beam expe~iment, one is interested in extracting the scattered 

product specific intensity as a function of final relative velocity, 

translational exoergicity,barycentricangle or other basic parameters. 
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But what one actually measures in an experiment is the average of the 

specific intensity 'over the primary beam velocity and angle spread, the 

scattering gas velocity distribution, detector band width and the effect 

of out-of-plane scattering. In order to obtain true information, 

integration-fi,tting deconvolution developed bY' Dr. Gillen
6 

was used. 

A brief procedure is described here. A c.m. differential cross section 

functionality is first assumed and the corresponding laboratory intensity 

distribution is then determined by a properly weighted,multi-dimensional 

integration over the beam velocity vector distributions and detector 

acceptance function. The calculated intensity is then compared with the 

experimental data. Different functions are tried to narrow the difference. 

The goal is a differential c.m. cross section functionality that, after 

averaging over all apparatus broadening effects, gives a good fit to the 

experimental data. A computer program called "Shift" has been written 

by Dr. Gillen to deconvolute "backward" inelastically scattered ions. 

The program is based on several assumptions: (a) cylindrical symmetry 

for the beam and for the detector system; (b) Gaussian distribution 

function for velocities normal to the ion beam direction; (c) a simple 

two-parameter Gaussian function (F(Q) = e -(Q-Qo)2/2p2 , where Qo is the 

nominal exothermicityof the reaction, and p is a measure of the range 

of Q values) for the differential cross section function. For apparatus 

effect, scattering gas parameter can be calculated from its temperature, 

detector acceptance from detector geometry and ion beam energy and 

angular widths are estimated from primary beam profiles. From inelastic 

180° scattering data of NO+-Heand 02+-He, "Shift" program was written 
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to calculate Qt from experimental data. Generally the.average energy rue . 

transfer has been decreased by 10-30% relative to the original Q. 

References for Chapter II 

1. w. R~ Gentry, University of California, Lawrence Radiation 

Laboratory Report UCRL-17691 (1967). 

2. W. R. Gentry, E. A. Gislason, B. H. Mahan, and C. W. Tsao, 

J. Chern. Phys.49, 3058 (1968). 

3. F. c. Fehsenfeld, K.M. Evanson, and H. P. Broida, Rev. Sci. 

Inst. 36, 294 (1965). 

4. S. C. Brown, Introduction to Electrical Discharges in Gases 

(John Wiley and Sons, Inc., New York, 1966), Chapter 12. 

5. K. T. Gillen, private communication. 

6. K. T. Gillen and B. H. Mahan, J. Chern. Phys., to be published. 
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CHAPTER III. DYNAMICS OF REACTION OF 02+ WITH C2D2 

A. Introduction 

Many of the details of the dynamics of gaseous ion-molecule 

reactions can be dedUced from measurements of the scattered reactants. 

Dynamics of the reaction O2 + + D2 ~ 02D + +D have been investigatedl 

in this laboratory_ For relative energies below 5 eV, the distribution 

of 02D+ shows ~he forward-backward symmetry characteristic of a reac

tion mechanism which involves a persistent D202+ collision complex. 

At higher initial relative energies, a transition to direct or impulsive 

reaction mechanism is observed. It seems of interest to examine a 

similar reaction in which both products are polyatomic to see if the 

presence of extra internal degrees of freedom will affect the dynamics 

of the reaction. Deuterated methane CD4 was the first choice, but due to 

the extremely small reaction cross section, no systematic investigation 

was carried out. In this work we discuss the reactive scattering of 

+ O2 by C2D2-

B. Data Acquisition 

" 

In the past two years; three series of experiments were performed 

in which the energy distributions of the product 02D+ of the reaction 

02+ with C2D2 at laboratory energies between 45 and 140 eVwere 

measured. Series A, with experiment numbers 508, 512, 515, 520, 521, 

524, 525 were done in August 1969; series B - experiments 593, 594, 
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596, 597, 608 in November 1969 and series C with experiment numbers 

806, 807, 808, and 809 in August 1971. In: experiments 596, 597 and 

608 both angular and energy distributibn of the product were measured 

to construct contour maps. For the others, only centerlire (8 = 0) 
\ . 

energy districutions were registered. Deuterated acetylene C2D2 with 

purity of 99.5% was from Stohler Isotope Chemical (New Jersey) and 

new gas bulbs were used for each series to eliminate the possibility 

of contamination. Each data point leu) was normalized with respect 

to coUJiting time, scattering volume, pressure, detecting volume and 

primary beam intensity and the relative differential cross section 
. I 

at zero angle 1(8 = 0), was calc~ted from the equation 

= 

It is found th~t product intensity is the highest in experiment 

series A and there is a drop of factor 10 for set C. The lowered 

intensity is a consequence of low transmission which may cause from 

non-optimal focussing or deterioration of the electrode systems. In 

all three sets of experiment there were common runs of 75 eV primary 

ion energy ;.. experiments number 520, 594 and 806. Experiment set B 

(experiment 594) was chosen as the basis and by ·comparing the measured 

intensity in these common eXperiments, normalization factors of .25 and 

3 were chosen for set A a.nd C respectively. The renormalized differ;..· 

ential cross section is plotted against projectile 02+ laboratory 

energy as shown in Fig. 4. On the top of the graph,relative energies 
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Figure ,4 XBL 721- 5961 

A plot of relative differential cross section I(8 = 0) 

against 02+ projectile energies with two relative energy 

scales on top. Arrow indicates the threshold energy 

calcUlated from the spectator stripping model. 
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with respect to 'the target molecule C2D2 and abstracted atom Dare 

also indicated. 

Due to rapidly decreasing product signal and the difficUlty of 

obtaining strong stable low energy beams, no reliable results were 

attained for laboratory energies below 45 eV. 
\ . 

Table I summarizes some of the numerical resUlts which we have 

derived from our experiments. 

c. Results and Discussion 

In the earlier'study of 02+-D2 reaction,l the large mass ratio 

of projectile to target insured that all scattered particles were 

confined to a small range of laboratory angles and speeds. In the 

02+-C2D2 system, however, the masses of projectile and target are 

nearly equal, and therefore the scattered products can be spread out 

over a much larger range of laboratory angles and speeds as shown in 

Fig. 5., As one can observe framthe contour maps of Figs. 6, 7 and 8, 

all product intensity is found to be confined to -170 5 Q ~ +170 in 

the center of mass. There are two reasons for the failure to observe 

large angle reactive scattering: firstly, large angle scattering 

result:ing from small impact parameter collision is intrinsically weak., 

and secondly, ions scattered through center of maSs angles·near 1800 

are moving with quite small velocities in the laboratory. These large 
. . . 

angle signals would be spread thinly through a large region in velocity 

space and would be difficult to detect with our present combination 

-. 
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TABLE I 

Scattering data for the reaction 02+(C2D2,C2D)02D+ 

Exp. No. Eo(lab) Vo V vivo ED E C2D2 Q
p 

I(8=0)a 

809 45.23 16.52 15·25 0·923 2.66 21.11 -5·5 6xl03 

508 50.16 17.40 15.87 0·912 2·95 23.41 -5.7 2xl04 

808 50.68 17.50 16.0 0.914 2.98 23.65 -5.6 9x103 

515 60.82 19.16 17.68 0·923 3.58 28.38 -5.0 1.9xl04 

807 61.16 19·2 17.72 0·923 3.60 28.53 -5.8 1.9xl04 

596 74.89 21.26 19.85 0.934 4.41 34.95 -5.5 4.5xl04 

520 75.34 21.33 19.88 0·932 4.43 35.16 -5·7 5.3xlO 4 

594 75.38 21.33 19.94 0.935 4.43 35.18 -5.4 5.6xl04 

567 75.45 21.34 19.94 0·935 4.44 35·21 -5.45 5.2xl04 

806 75.11 21.30 19.87 0·933 4.42 35.05 -5.5 5.2xl0 4 

608 99.36 • 24.49 23.10 0.943 5.84 46.37 -5.5 1. 95xl0 4 

521 100.3- 24.61 23.18 0.942 5·90 46.81 -5.7 3.3xl0 4 

524 120.8 27.0 25·53 0.945 7.11 56.37 -6.0 2xl04 

597 125.00 27.47 25.98 0.945 7.35 58.33 -6.13 1.17xl04 

525 139.8 29.06 27.58 0.949 8.22 65.24 -6.0 1.lxl04 

All energies have units of eVe All velocities have units of 105 em/sec. 

a Arbitrary units after normalization. 
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Figure 5 

," 

XBL721-5959 

Velocity' vector diagrams.for the ,collision of 75 eV(lab) 
+ ' 

02 with D2 and C2D2 at300oK. The small cross marks the 

+ . 
velocity of 02D formed by the ideal stripping mechanism. 
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o~ + ~02 ----. 020+ + Ci)(?) (74.88 eV) 
. Relative Energy = 34.94 eV 

Q = -2.33 eV 
'---
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+ + A contour map of the specific intensity ofD02 from·the 02 -C2D2 

reaction. The cross locates the velocity of D02+ formed by the 

spectator stripping process. The circles marked Q =-2.3 and Q = 

-10 eV are, respectively, the velocity limits for products with 

the minimum and maximum allowable internal excitation. 



+ +. . 
02 + C202 - 020 + C20 (?) (125 eV) 

. Relative Energy = 58.33 eV 

I-----! 
105 em/sec 

Figure 7 

.......... , 
, \ 0° 
( .. ~ ~ 
\ I 
, I 

<:;0% 
Beam Profile 

+ . . + .. . 
02 + C202- 020 + C20 (?) (99.36 eV) . 

Relative Energy .. = 46.37 eV 

Q=-IOeV 

f-----l 
105 em/sec 

:'-'\ 0° 
I • I ----+-. , , 

(:;0% 
Beam Profile ---100 

Figure 8 XBL 721-5967 

Figures 7 and 8 show a contour map of the specific intensity of D02 + 

from the 02+-C2D2 reaction at 125 and 99.36 eV laboratory energy, 

respectively. . + 
The cross locates the velocity of D02 formed by the 

spectator stripping process. The Circles marked Q. = -2.3 an~ Q. = 

-10 eV are, respectively, the velocity limits for products with the 

minimum and maximum allowable internal excitation. .. 
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of ion beam intensity, scattering gas pressure and detection resolution. 

Also in the small impact parameter collisions corresponding to large 

angle scattering-, the full relative kinetic energy is available for 

fragmentation and other reactions, so the total product in any one 

channel may be small. 

The region of velocity space where the ionic product of the reac-

extreme values of ~, the translational exothermicity. It is defined by 

~ :::: ~ u' g' 2 _ ~ ug2 

where u and g are the reduced mass and relative speed of the reactants 

and the primed quantities refer to the products. From conservation of 

energy one may write 

l 2 T.o 2" ug + u :::: ~ U' ,2 + U' + ~oo 
2 g 

where if and U' are internal energies of reactant and product, res-

pectively and ~~ is the heat of reaction. It is seen for ground state 

reactions CUo = 0) that 

~ :::: 
_ ~o _ U'. 

o 

The values of ~ consistent with reaction 

are given by 

At;·O U! < n < _ ADO - ~o -max ~ ~o 
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or 

The heat of the reaction is calcuJated from the data: 

= (271 + 112)' - (278 + 54.2) 50.8 kcal/mole 

= 2.23 eV 

For deuterated acetylene reaction, endotherIiJicity (6E~) will be 

very close to 2.23 eV. The small deviation will be the difference 

between the sum of the zero energies of C2H2, C2H, 02W and that of 
. + 

C2D2, C2D and,02D • 

Then Q is. confined to be 

or' 

-9. 7 ~ Q ~ -2.23 

which is based on values of 2.57
2

eV for D(02+ -D) and 4.9 3 eV for 

the first bond dissociation energy" of acetylene. Any 02D+ observed with Q 

smaller than -9.7 eV must come from collisions in which the C2D group 

is fragmented or electronciallyexcited. 

Figure 6 shows the 02D+ intensity distribution from the 02+ - C2D2 

reaction at 74.88 eV laboratory, or 34.94 eVreLativeenergy. The 

detectable scattering was confined to small angles in the center of . 

mass system. The maximum intensity occurs very close to the velocity 
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calculated from the ideal stripping model which is indicated by a cross. 

The 02+ beam profile at 20% maximum intensity is also indicated. The 

product distribution is sharply peaked in angle with the 20% of maximum 

intensity profile intercepting only ±7° and all the detected signal to 

be confined to ±17° in the center of mass system. 

Figures, 7 and 8 show the product intensity 02D+ at l25 and 99.36 

eV lab respectively. They have the same feature as sharply peaked 

in angle and stripping velocity as in Fig. 4. Since in all three 

contour ma.ps the observed scattering is in the -10 ~ Q ~ -2.3 eV 

range, one may conclude that we are likely looking at just 02+ + C2D2 -+ 

02D+ + C2D reaction channel. 

As one can see from Table I and the three contour maps,in all 

cases the product velocity is very close to that calculated from ideal 

stripping model V = M:m Vo where M is the mass of 02+ and m is the 

mass of abstracted D atom. In this case ideal stripping will predict 

vivo signals to be 0.933. For stripping model, the internal excitation 

of the product U is the difference between the heat of the reaction 

6E~ and the energy of the projectile relative to the abstracted atom 

U = EO ~,6E~. In order for an endothermic reaction to occur by the 

stripping model, there is a threshold Eo > A"'O 
a - WDo or E~ ~ 2.23 eVe 

This threshold value agrees well with the experimelJ.;tal result as shown 

in Fig. 4. This threshold is further evidence for the spectator 

stripping model - the 02+ ion interacts pretty much only with the D 

atom. If this were not true there would be no threshold • 

. -r.~.-... ~.:,......."..-- -, 
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.If all internal excitation energy is present in 02D+molecule in 

order to observe the product 02D+, then there is a lower limit of Q 

Q == _·E o - D(02 - D+) 
0 

== -2.23 - 2.57 

== - 4.8 eV 

. From Table I, one may see. even near threshold Q values are around 

-5.5 eVe This shows that· at least .7 eV may enter the C2D group to 

allow 02D+ to stay below its dissociation limit. 
-

At higher energies at least 1.2 eV may have enteredC2D radical. 

Since from contour maps it is seel'l: that all products are confined with

in the two extreme Q values, one may conclude that there is no frag

mentation of C2Dgroup. This is in contrast to N2+ and CH4 case where 

the stripping reaction mechanism takes place with a large amount of 

internal energy transferred to methyl (CH3 ) radical even up to its 

dissociation limit. Q was found to be a function of angle, with product 

internal excitation decreasing with increasing angle. 

D. Summary 

This study of the dynamics of the reaction 02+ and C2D2 has shown 

that most favorable reaction event is abstraction of· a deuteriUm atom 

by the stripping process. This leads one to predict a threshold for 

abstraction when the kinetic energy relative to the atom equals the 

.. 
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endothermicity. Our finding of a threshol<l, and the forward peaked 

sharp angular distribution is consistent with this model. Due to the 

availability of internal modes of C2D group, product excitation can be 

distributed between C2D and 02D+. There is no appreciable forward 

recoil of the 02D+ even for the highest projectile energies. Although 

very little momentum is imparted to C2D radical in such process, it 

is left with a substantial amount of internal energy. 
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CHAPl'ER IV. INELASTIC SCATTERING OF MOLECULAR 'IONS 
, , 

A. Introduction 

The collisional excitation of the vibrational and rotational 
, , 

motions of molecules is a problem of central importance in chemical 

kinetics. 'It has been ;the subject of a great many experimental and 

theoretical investigations. Virtually most theoretical analyses of 

vibrational excitation have dealt with one-dimensional models and 

have given their results as the probability of vibrational transition, 

or the amount of energy transferred in a head-on collision of specified 

relative energies. On the other hand, all conventional experimental 

methods give results averaged over a Boltzmann distribution and over 

all tyPes of collision ranging from grazing to head-on. In contrast, 

the ion beam experiments give us an easy control over t~e collision 

energy and also the convenience in energy analysis of the scattered 

prOduct. Furthermore, by measuring the scattering angle one can 

differentiate between head-on and gra1ing collisions. In this work 

angular and velocity spectra of the inelastic scatterings between ArD+, 

+ + 0+ NH4+ wJ.· th H d N2D , D30 ,H3 and e andD2 are measure • The energy 

transferred is determined from the difference of relative energies: 

, ~ '[ 2 2] , , 
Q,,:;= "21-l gf - gi ,= -.6E, where I-l is the reduced mass. A brief review 

of the translational-vibrational theory ,is discussed, and the refined 

impulse approximation calculation (RIA) Eq. (20) is applied to compare 

with experimental data. 
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B. Brief Review of the Theories of Vibrational Energy Transfer , 

1. Collinear Collision between an Atom and a Harmonic Oscillator 

a. Hard Sphere Model.- Consider a linear head~on collision of a 

mass point A with diatomic molecule BC, as shown .in Fig. 9. We assume 

that BC is made up of two hard spheres held in equilibrium distance, 

and is approached by an atom A, also a hard sphere, with initial velocity 

vo. The initial velocity of B relative to the AB center of mass is 

Vo MAl (MA + I\). For an elastic collision in the AB center of mass 

system, the change of the velocity of B after a head-on collision with 

A is 2 Vo MA/(MA + ME), which is also the laboratory velocity of B 

after the collision, and thus is the velocity of B relative to C. The 

inelasticity caused by the change of the relative motion of B and C is 

(1) 

Ip terms of more often expressed Er , the initial relative energy 

of A on the center of mass of BC, then is 

(2) 

This represents the energy change in the limiting case of vanishing 

molecular ·force constant, or, more precisely, the situation in which the 

A-B interaction time becomes much smaller than the vibrational period. 

The energy transfer will have the maximum value of unity DE/Er = 1 
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Figure 9 

Coordinates used in the treatment of a one-

dimensional collision of an atom A with an 

oscillator BC. 
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b. Refined Impulse Approximation.- The equation of motion for the 

. 1 
three-partl.cle system A + BC can be shown to be 

.. 
(3) M XR 0 

ix 'dv 
+ --?JX 

0 ( 4) 

'0 dv 
f.l y + 'dY 0 (5) 

where M is total mass, XR is the coordinate of center of mass of the 

three particles, Y is the separation of Band C, f.l is the oscillator 

reduced mass MBMC/ (MB + Me), X is the distance between A and the BC center 
rv 

of mass, and m is the reduced mass of A on BC. The total potential may 

be written in the form of free oscillator and an interaction term 

For an harmonic oscillator Vo = ~ fey - YO)2 wheref is the force 

constant and Yo is the equilibrium separation. In the simple approxi

mate collision model, it is assumed that V; (~,y) is an interaction 

between atoms A and B, so that VI depends only on the distance between 

mass points A and B. This distance is x -r y as shown in Fig. 9. Thus 

It is usually assumed that VI (x - ry) has the form 

VI (x - y) A exp [-(x;.. ry) /L] (7) 

where L is a characteristic distance for the A-B interaction and r is 
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~/(~ + MC). The parameter L is determined by fitting this function 

to the best available intermolecular potential determined'from experi-

mental data or transport properties. The equations of motion can be 

rewritten as 

.. 
f..l y (Ar!L)exp[-(x ry)/L]· (8) 

mx (A/L)exp[-x(x - nr)/L] 

Equation (3) for x
R 

is trivial and need not be considered further •. 

The center of mass of A + BC merely moves with uniform motion and does 

not affect the vibrational energy transfer. These equations can be 

solved on a computer by starting with the initial conditions: 

where 

= x o 

X is a large" positive number, B. and o. are constants that 
o .1' 1 

(10) 

(11) 

determine the amplitude and phase of· the initial harmonic motion of 

Bc.· Near the end of the collision (t» to) '1 t will be found that 

(12) 

The energy transferred to the oscillator in the Collision is' 

(13) 
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In order to compare with experiment, the value of hE calculated for 

fixed B. but various 5 should be phase averaged. Thus 
~ i 

< hE(B.) > 
1. 1

211: 
hE(B. ,5. )d5. 

1. ~ 1. o 
(14) 

is the quantity that should be compared with an experimental hE for 

fixed B .. The results of numerical calculations on a large number of 
~ 

2 
systems under various conditions are given by Kelley and Wolfsberg. 

They assumed that the displacement of the oscillator from its equilibrium 

position is very small during the duration of the collision and then y 

can be set equal to Yo in the exponent of Eqs. (8) and (9) to give the 

simplified version 

~ y + f(y - y) = -(A'Y/L) exp(-x/L) o 

rv •• 

(A' /L) exp( -x/L) m x 

where A' = A exp(yY /L). o 

(15) 

(16) 

By solving Eq. (~6) one gets x( t), which is then substituted into 

Eq. (15) to define a driven oscillator problem .. Application of Green's 

method then gives the well known solution for the change in the relative 

velocity of Band C, L e., energy transfer, as 

hE ap 

where w is the oscillator frequency and v is the initial relative 
o 

velocity between A and BC. The quantity lim 6E is obtained by ap 

allowing v to become very large. The hyperbolic cosecant may be 
o 

(17) 



expanded to yield 

lim 
v ~oo 
o 

so that-one .' obtains 

lim 
v -..00 

o 

bE ap 
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(18) 

Thus, depending upon the masses of the particles which constitute 

the system, lim bE may exceed the relative energy E and violate ap '. . r 

energy conservation. The error has been pointed out by Mah~n3 recently. 

The procedure of setting y equal to y in the exponential terms is o . . 

eqUivalent to making the impulse approximation. If the A-B inter-

action is impulsive in the first approximation, then it is ~ot correct 

to retain m as the mass term in Eq.(16). To be consistent, since in 

the impulse limit A interacts only with B, ~, the reduced mass of A on 

Be, should be replaced by the reduced mass A on B only. Following the 

same procedure, the result of the refined impulse approximation is 

By comparing Eqi:;. (18) and (20), one may see in the high velocity limit, 

hard sphere model calculation as Eq.(2) is obtained. The analytical 

(approximate) solution shows that the energy transfer (~) increases 

with increasing collisional energy and decreases with increasing 

oscillatorfrequencies(w) and interaction parameter L. With the a:ld 

of a high-speed computer, Kelley and Wolfsberg2 have followed the 

-.. 
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course of a diatomic-molecule-atam collisions with given potential 

functions. The vibrational energy transfer results have been compared 

with those obtained with the approximate calculation Eq.(17). After 

testing different fictitious mass models, it was found that the analyt-

ical solutions agree fairly well with the exact calculations when 

MA «~,MC but grossly overestimate DEexact when MA »~. The primary 

reason for the failure lies in the invalidity of the assumption that 

the oscillator suffers negligible displacement throughout the collision. 

This was found to be inconsistent with the trajectory calculation. In 

the model of heavy A and light B~ the compression of the oscillator 

coordinate YBC during the approach of atom A leads to a decrease in x 

(the distance between A and C~M. of BC). Thus the real interaction 

potential VI is smaller than assumed in the calculation and collision 

will be less inelastic. 

In a more detailed study of vibrational-translational energy 
4 . . 

transfer, Marcus applied successfully the perturbed stationary states 

(pss) approximation to models where impulse approximations fail. In 

this approximation, the vibrational motion of the oscillator is allowed 

to be distorted during the encounter and in which the relative motion 

is perturbed accordingly. Figure 10 shows the exact and approximate 

trajectories for a 12-1 + 13 collision in a mass weighted space co-

ordinates with potential energy contours sketched in the background. 

It is seen that the system follows the adiabatic path. For MA «MB,Mc 

collision, atom A darts in and out, creating an impulsive force, 

thereby making ideal conditions for an impulse calculation. 
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Exact and approximate trajectories for a 12-1+13 collision at Eo = 1. 34. 

ST = impulse calculation; PSS = perturbed stational state calculation; Y and Z are 
mass weighted coordinates. Potential-energy contours are sketched in the background • 
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c. Semiclassical Calculation.- In the classical calculation the 

energy levels of the oscillator are treated as a continuum. In the 

semi-classical calculation, the molecule BC is treated as a quantum 

mechanical system with discrete energy l.evels, but the trajectory of 

the incident particle is treated classically. The time dependent 

Schrodinger equation for the perturbed oscillator is 

(21) 

where H is the Hamiltonian operator for an isolated harmonic oscillator 
o 

and V(t,Y) is the time dependent perturbation potential. 

The solution may be expanded in terms of the stationary state wave 

function Hn(Y)e-iwnt 

1Jr(t,y) == 

When Eq.(22) is substituted into Eq.(21) the result is a dif-

ferential equation in terms of expansion coefficient 

da. 
-.J.. == 
dt ~ 

n 
a (t) < j Iv(t,y)ln> e-iWjnt 

n 

(22) 

(23) 

where ill. ==ill. - ill .By solVing these coupled equations,. the probability 
In J n 

of finding the oscillator in any state j can be determined as 

and the amount of energy transferred to the oscillator initial in the 

ground state is 
00 

~ jhill 1 a . ( (0) 12 
j==O J 

(24) 
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The solution of Eq.(23) must be accomplished on a digital computer 

unless additional assumptions are made. Several approximate solutions 

are available. 

1. The First-Order Perturbation Approximation 5 (FOPA) 

It is assumed that the total transition probability out of the 

initial state is small, and Iyl ~ Iy - yol «L. Perturbed potential can 

be simplified to 

V(t) 

and for transition to adjacent energy levels, solution of Eq.(23) will 

be identical with Eq.(19) obtained from the approximate classical 

expression. When more than one quantum jump is made during a collision 

the probability becomes 

where 

2mVoUnoL sech2 2unoL (26) 
~ Vo 

The matrix elements U . have been 
nJ 

determined and the energy transfer is 

i1. 
, 6 

The N-order Perturbation Approximation 

(27) 

It is found that the FOPA and exact calculat ions of P 0-.1 agree 
, 

for probabilities less than about 0.04. At high energies, the value of 

Po-.
l 

obtained from the FOPA method actually exceeds unity. For non

adjacent transitions, the FOPA method becomes invalid. Multiple 

'. 
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transitions can occur via a series of one quantum transitions during a 

single collision. A procedure, analogous to the FOPA, has been developed, 

in which processes of the general type I ~ I±l ~ I±2 .•• ~ j are 

treated as a series of one-quantum jumps during a collision. The pro-

bability for the transition I ~ j is found to be 

and the energy change as 

00 

6E=:E 
J=O 

( FOPA )j 
PO-+l 

j! 

.~ 'pNOPA 
Ju(}.) 0 . 

+J 

iii. Exact Solution fora Potential Linear in Y 7 ' 

(28) 

(29) 

If Iy - Yo I «L the perturbed potential may be expanded in 

(y - Yo) and the linearized potential is 

v = A'e-
X

/
L 

[1 + y(y - yo)/L + ••• J (30) 

where A' = A YYo/L e • Equation (23) can be solved analytically with 

this potential. The probability from ground state to the final state 

n is found to be 

n _E O/' 
E 'e h! o 

where EO is the energy (in ~its of hV) that would be stored at t = 00 

in a classical oscillator initially at rest and subjected to the Force 

F{t). If the oscillator is initially in the ground state, Eq.(31) 
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reduces to 

'" . n/ p . € n! 
~n b 

The amount of energy transferred is 

00 

L\E =~, nhw P = 
o-+n, 

€ 
o 

d. Quantum Mechanical Calculation. - The time independent 

(32) 

Schr5dinger equation for the three-particle system, shown in Fig. 9 

is 
. , 

-Ii; [~::ac .;: + ~c ~: ] jr(x,y) + V W(x,y) "EV(x,y) (33) 

where E is the relative energy of the system. The solution of Eq.(32) 

is subject to two boundary conditions 

lim'l/r(x,y) 
X-+06 

lim 'I/r(x,y) o (35) 
x-+-oo 

where H(y) is the harmonic wave function for BCmolecule. The 

probability of a transition from state I to state n is the reflected 

flux correspond:trig t:o state n to the incident flux, 1. e., 

P 
I~ 

o. 
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8 Secrest and Johnson used Green's furiction in plane waves to 

solve Eq.(33). An alternate, but equivalent, method for calculating the 

quantum mechanical transition probabilities involves the use of 

'.' distorted waves, ,,7 which are defined as solutions of the elastic 

scattering problem of A hitting Be. At low collision velocities, where 

the total-transition probability out of the initial state is small, an 
I 

approximate solution may be sought by using the "first-order distorted 

wave approximation." 9 

2. Effect of Anharmonicity of the Oscillator 

8 
In the exact quantum calculation of Secrest and Johnson, the 

procedure could be extended to the case of an anharmonic oscillator by 

simply replacing the harmonic Be wave functions by anharmonic wave 

10 
functions. Mies has performed calculations to determine the effect 

of anharmonicity on first order calculation. He found that the general 

effect is to reduce the energy transfer below that calculated from the 

harmonic model, the magnitude of the effect increasing sharply with the 

anharmonicity of Be and the mass.of A relative to Be. For the classical 

calculation, the refined impulse approximation has been extended to the 

excitation of an anharmonic oscillator by Mahan. 3 Although the restoring 

force for an anharmonic oscillator is a nonlinear function of its dis-

placement, it is possible to linearize it approximately by expanding 

the force F(y) about its value F at a particular extension y : a a 

F(Y) (37) 
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By substituting this as restoring force in :e;q.(18) we. have 

u y + (d2

:
0

) (y - Ya) 
dy Ya 

Fa - (A 'Y/L)exp( -X/L) (38) 

Since the collision is assumed to be.impulsive, the y is always near 

Ya during .the collision one may reduce the case approximately to the 

linear driven oscillator.problem. For a highly excited anharmonic 

oscillator, Ya may exceed the equilibrium internuclear separation much 

of the time, and the curvature of the oscillator may be negati ve. 

Equation (38) has been solved 3 for the exponential repulsive potential 

and it is found that the energy transferred to an oxcillator of negative 

curvature exceeds the impulsive value by an amount which increases as 

the magnitude of the curvature increases.' The opposite would be true 
I 

when :fa < Yo'. since in this repulsive region of the oscillator, the 

effective curvature of the BC potential is greater than the harmonic 

value. 

. 3. Effect of Non-linear Collisions 

Non-linear collisions are conveniently described in terms of an 

impact parameter. If Vo if the distance of closest approach of .the 

colliding system, the kinetic energy converted to potential energy at 

ro is given by 

= (1 b~) 
-~ 

o· 

.. 
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where ~ and g are the reduced mass and relative approach velocity of 

the colliding system. One can see the repulsive potential V(ro) varies 

from zero for a "grazing" collision with b ==ro' to the relative kinetic 

energy for a head-on collision with b o. Thus, the probability of 

vibrational energy transfer should be a sensitive function of the impact 

parameter. The average frequency with which a vibrational quantum is 

transferred to and/or from the molecule is given by 11 

f 
1:.. 00 00 

4n 2:kT 2 f f P(b,g)by exp(-Y)db dy 
.00 . 

(40) 

where P(b,y) is the transition probability per encounter and y == 

I-Lga2/2kT 

Takayanagi 12 has applied "modified wave number" approximation in 

treating energy transfer in three dimensions. .It is assumed that the 

major contribution to the scattering is limited to a small region Y, 

over which the repulsive part varies rapidly with r, but the centri-

fugal potential is relatively constant. This is a reasonably good 

statement of the actual situation. In applying this approximation to 

a hard sphere type of collision, the energy for motion along the line 

of centers of the two molecule is given by13 

E rad == E sin2 X 
.rel 2 

where X is the scattering angle. Thus, according to this approximation 

for a non-linear collision at an angle X, one can treat it exactly like 

a collinear collision, but the collision energy. is weighted by the 

factor sin2 ~. 
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4. Vibrational Energy Transfer in Polyatomic Gases 

The discussion has so far only been explicitly concerned with 

diatomic molecules which have only one vibrational mode. In polyatomic 

molecules there are several normal modes of vibration which, for all 

we know a priori, might all relax (excite) separately. However, it 

is known that the velocity dispersion curves for manypolyatamic molecules 

correspond to a single relaxation time, and therefore that vibrational 

excitation of a polyatomic molecule usUally takes· place in series. 14 

If this is true, then one must focus attention on the collisional 

excitation of the vibrational mode which has the lowest frequency. If 

the lowest frequency mode is a simple bond stretching, as in methyl 

halides, it is straightforward to consider the molecule as quasi-

diatomic.- But if the lowest frequency, as in methane, involves the 

motion of the atom along the "surface" of the molecule, rather than 

normal to it, the problem of the coupling between vibration and-

translation becomes more difficult. . 15 In the work of Cottrell and Ream 

on methane, they tried to find an interpretation of the simple equation 

for a diatomic molecule which would preserve its form and yet allow 

it to be applied to a polyatomic molecule with an arbitrary form of 

vibration. The interaction between vibrational and translational 

energy arises because a displacement of the oscillator, reduced. mass M, 

produces the same change in the interaction potential as an equal 

displac'ement of the freely moving particles with reduced mass m.lf 

this is to be carried over to polyatomic molecules, the mass M must be 

such that the change in potential due to actual displacement, interpreted 
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classically, is equal to the change in potential of a linear oscillator 

of frequency v and reduced mass M. M is now the "effective" mass of 

the oscillator. Detailed calculation for methane show M/m, where m is 

is the reduced mass for the encounter, seems to be about .05 or less • 

Numerical values of vibrational excitation time are obtained, and com-

pared with experimental results. The order of magnitude of the cal-

culated va]ue is correct but the calculated temperature dependence is 

much too steep. 

l6 
Tanczos took into account all the possible complexes as well as 

simple activation and deactivation steps which can occur in a collision 

between two pOlyatomic molecules. !n such process, deactivation of one 

mode of one molecule may simultaneously activate another mode in the 

colliding partner. Transfer of energy between different vibrational 

modes of the same molecule can only take place in collisions. This is 

because vibrational energy transfers are quantized and any excess energy 

can only be taken up in translational motion. The motion of the surface 

atom of the molecule is separately calculated by a normal coordinate 

treatment for each vibrational mode. The calcUlation leads to the 

separate transition probabilities for particular processes of excitation 

and deactivation of separate modes. He has used the method to calculate 

relaxation times in methane and the substituted chloromethanes at one 

temperature,obtaining results broadly in agreement with experiment. 

Both caiculations are only limited to methane molecule at thermal 

ranges, and no general translational-vibrational energy transfer 

formula is available. Two points can be noted for applying classical 
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calculation to polyatomic molecules. Firstly, molecules oscillate in 

normal modes Q. = Lcx,·· Yl.. 
J i Jl. 

where Y. are the bond distances and 
1. 

angles, and cx,ji measures the contribution of the ith bond distance to 

jth mode.' The reverse is 'Yi = ~ Bij Q
j

. Secondly, a. collision 
J 

occurs and a particular bond distance Yk starts changing. Although' 

there are many modes in a molecule, only one or two modes with large 

cx,jk will be excited. 
, C 

The cx,'s here are analogous to the Y ='B+C 

factor in the diatomic case. Thus to a good approximation one may 

choose the excited normal modes and apply one dimensimal classical 

calculation for translation-vibration excitation. 

C. Results and Discussion 

1. Determination of L Parameter 

In the previous study, L was derived from transport properties by 

the equation17 L = a/17.5 where a is from Leonard-Jones potential, 

and it was found that energy transfer was ~not very dependent on the 

13 
variation of L. The questionable validity of the empirical equation 

and the lack of ao data for ionic species caused us to calculate L 
, 

directly from experiments. 

From small angle scattering of an exponential rep~sive pote;ntiai 

deflection angle X in the center of mass system can be calculated. 

X = 
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Here b is the impact parameter defined as the perpendicular distance 

between the particle and a line drawn through the scattering center 

parallel to the initial relative velocity vector when the particles is 

at a great distance from the scattering center. F is the radial force 

exponential potential V = A e~r/L is h " h 1 A -r/L"f th w LC equa s L e L e 

assumed. X can be rewritten as 

X 1
00 -r/L 

= ~L ~E b e 1 dr (r2 _b2)2 

Solution of the integral gives 

where 

Thus 

where 

If b 

X 

ko (r) = 

ko (~) ""' 

X 

X 
b A 
L E 

(~ ~t/2 -b/L ( 1 L e 1-81)"+ ... ) 
(~ ~r/2 e -b/L for b/L » 1 

e -b/L 

Vm is the potential at the turning point 

V =A e -rm/L 
m 

= U~t/2 where a is the cross section 

A 0'1/4 re l / 4 (21LY 2 
_~)1/2 t 

= E 
e 

0'1/2 re
1
/

2 
L rn 

re1/ 4 A (0'1/4 )1 ::: 

(2L)1/2X 
+ ,In --E-' 



o ..... 
~ 
CJI D.I 
o '. 

-50-

NH! + He 

"O.DIDL...---L------.JL-.-~-L------L---3....t.:D:-------''2.6 
6 12 ,18 24 v 

Pressure (10-3 mrh Hg) 

XBL 721-5957 
. F,igure 11 

Attenuation of NH~+ beam,by helium at 'different laboratory 

energies to determine a from Beeris law -nO'.e 
I,= Io e 
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4 
+ NH4 - He 
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Figure 12 

Plot of against log E to determine L parameter: 

.. 
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Thus a plot of al
/

2 against In E will have a slope of _rt
l

/
2 L .. 

Total cross section a at a specif~c energy cari be deduced by the 0--

beam attenuation method. By varying the scattering cell pressure, signals 

were cqllected at the detector. ' From the plot of the log of the intensity 

against the pressure with the least-squares correction, cross section 

can be deduced from Beer's law 
-nat . I = 10 e . where t is the distance 

ions travel in the scattering cell. Results for NH4 + ion are shown in 

Figures 11 and 12 • 

2. ArD+ with He and D2 

The investigation of the inelastic scattering between'ArD+ and He 

was initiated for two reasons. First~r, it is known from the previous 

beam study that ArD+ ions are formed with high internal excit~tion through 

a direct shorty-lived interaction; thus it should be possible to observe 

the deexcitation process. Secondly, the big mass difference of Ar,and 
.' , + 

D on two ends of ArD may be used to test the mass dependence of the, 

classical theory of vibrational energy transfer. 

Argon and deuterium gases were leaked through two Granville-Phillips 

variable leak valves into the microwave discharge source and the optimum 

composition teferro ~table ArD+ ions was found to be a mixture of about 
18 

10 parts Ar and.l part D2. From thermochemistry,· it is known that 

the reaction Ar + + D2 -? ArD+ + D has an exothermicity of -1. 5 eV. With 

+ isoelectronic Del vibrational frequency, this shows t~at ArD may be 

excited up to V =6 level. Deuterium was chosen in favor of hydrogen 

. + + to give better mass separation between Ar and ArD in the initial 

• 
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momentum analyzer. Although the primary beams (ArD+) still contained 

about 1/4 Ar+, the mass filter in the detector train separated them 

before the counting. Four centerlines and one contour map experiment 

were done for ArD+ with He and also two centerlines for ArD+ with D2 

were included. They are summarized in Table II. In Fig. 13 the decon-

voluted data are plotted against relative energies and two refined 

impulse calculations were also indicated. The upper one indicates 

+ helium colliding with the deuterium end of ArD , and the lower one, He 

colliding with the argon atom. The vibrational frequency of ArD+ is 

not available and the frequency of the isoelectronic molecule Del was 

used. + The value of L for ArD -He was assumed to be close to that for 

Ar+-He which from the large angle scattering, 19 was calculated to be 

.39 A. 
+ . 

Figure 14 shows the contour map of the intensity of ArD scattered 

by He for collisions at 6.48 eV relative energy. The center ofl the map 

sits on the velocity of the center of mass, and the origin of the 

laboratory system will be far to the left of the map and is not included. 

The Q = 0 circle corresponding to elastic scattering at the peak velocity 

of the primary ion beam is also shown. The small open circles near the 

elastic circle are the peak pOSitions of constant energy and angle scans. 

The observed peaks are very clos e to the elastic circle except near 180° 

where Q = -.26 eV. 

In Fig. 13, one sees that the model He-D-Ar grossly overestimates 

the deconvoluted experimental data. This is consistent with the dis-

cussion about the validity of the refined impulse approximation in the 
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Table II 

Experiment No. Reaction E c:t c:tt rel rue 

782 
+ . ArD + He 4.27 -~54 ± .3 -.2 

781 + ArD+ He (map) 6.48 .-.26 ± .2 .1 

780 
. + ArD +He . 8.83 .25 ± .2 .6 

787 
+ ArD + D2 8.83 -.26 ± .3 -1.9 

784 + ArD + He 10·71 -1.0 ± .3 -.5 

785 + ArD + D2 10·73 -3·1 ± .5 -2.4 

786 + ArD + He 13.12 ·3 ± .2 +·9 

835 
+ ArD + He 13.05 -1.25 -.55 

834 + ArD +He 17·37 -·75 +.15 

All units in eVe 

c:t = experimental'values 

c:tt = deconvoluted experimental values rue . 
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Figure 13 XBL 721- 5980 

A plot of deconvoluted experimental Q values for 1800 

scattering of ArD+(He,He)ArD+ as a function of ER" 
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ArD+ + He ~ ArO+ + He (74.55 eV) 
Relative Energy = 6.48 eV 1+900 

.. 1800 

6 x 104 em/sec 
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XBL 721- 5966 

A contour map of the specific intensity of ArD+ scattered from He 

plotted as a function of the velocity in the center-of-mass coordinate 

system. The small circles locate the intensity maxima found in scans 

of the energy and angular distribution. 
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previous section. Due, to the light mass weight of D, when helium col-

lides with it,D-Ar bond may be cOmpressed and subsequently decrease 

the inelasticity. For helium hitting at the argon end, the classical 

calculation predicts a very small inelasticity even at higher energies. 

This can be understood physically as the light projectile helium unable 

to effectively move the heavy argon atom. At a few energies Q of posi-

uve values were observed which indicate the occurrence of deexcitation 

process. In such a process, internal (vibrational) energy of ArD+ will 

be transferred to helium as the increase of kinetic energy, and due to 

the conservation of moment, ArD+ will be recoiled at a faster speed 

than its original value. This leads to positive Q, because Q = 

~ iJ.g t2 _ ~ f.l.g2 and gt (final relative velocity) > g (initial). 

Although this is the first time we have recorded a deexcitation event, 

due to the small amount of energy transfer ( < .5 eV) and the fluctu-

ation of experimental data, we can only conclude that there is very 

+ little inelasticity in the ArD -He scattering. 

For the same mass effect, deuterium was also used to study the 

energy transfer and two centerline results are shown in Table II. 

Scattering of ArD+ with D2 at 8.83 eV is shown in Fig. 15. There are 

two peaks observed with one at Q = -2.75 eV and the other near the 

center of mass (Q = -8.83 eV). Although we have narrowed the exit 

+ slit of the momentum analyzer, the ArD beam was still contaminated 

+ with Ar. The inner smaller peak corresponds to the backward reactive 

scattering Ar+ + D2 ~ ArD+ + D. It is interesting to note that after 

deconvolution there is an excitation of 1.'9 eV between ArD + and D2 but 
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Inelastic scattering of ArD+ with D2at18ci°CM angle at 

8.83 eV relative energy. Arrows show position of theCM 

velocity and·the calculated backward reactive scattering 

+ Ar(D2,D)ArD • 
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at the same relative energy deexcitation of -.5 eV is observed for 

ArD+ with helium. This could be due to the influence of different 

potential energy surfaces on the energy transfer. The proton affinity 

of Ar is known, as is that for He and for D2 PA(Ar) ~ PA(D2) > PA(He). 

Thus at moderate Ar-He distances, the profile for transferring a D+ 

ion looks like: 

~ 
ArD+ --1 

2 eV 

but for transferring to a D2 looks like: 

! , 
~ 0 eV 

. + + 19 + The reaction ArD + D2 ~ Ar + D3 is known, . so as ArD approaches 
D 

D2, at least for certain orientation, ArD+~ ,the potential may be 

purely attractive for transferring a D+ ion for many Ar-D2 separations. 

+ + The inelasticities found for ArD -He and ArD -D2 systems differ greatly 

and could be due to this strong chemical type of interaction between 

ArD+ andD2 which can lead to strong excitation of the D2 molecule as 

also observed in 02+-D2 nonreactive study. 
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3. 

'N2D+ ions were produced by discharging the mixture of nitrogen 

and deuterium gases with the ratio of nitrogen to deuterium around 5 

to l. N2D+ ions are formed by N2+ + D2 ~ N2D+ + D or D2+ + N2 ~ 

N2D+ + D and in both reactions there is an exothermicity of 1 eV. 
+,,' , , 

Thus N'2D ions ml:i.Y be internally excited up to V= 3 level. 

Fourteen experiments were performed on the N2D+-He system and a.t 

two initial energies enough data were taken to allow construction of 

complete contour maps of the scattering ion intensity. In other experi-

ments, a profile of the scattered intensity along He initial relative 

velocity vector (the 0°_180° ,line in the barycentric system) was made. 

The results are shown in Table III and Figures 16 and 17. The deconvQlu-

tion procedure has been applied on these centerline experiments and the 

energy dependence of the inelasticity is shown in Fig. 18. In both' 

maps it is seen that the small angle scattering is most intense and 

very nearly elastic, as expected. At larger scattering angles, the 

intense maxima fall at velocities which correspond to negative Q,j that 

,is, to inelastic scattering. As the scattering angle increases) the 

Q, values at the intensity maxima become increasingly negative. The-se 

qualitative features were found in all of the contour maps determined 

in this work. 

From Fig. 18 it is seen that the amount of energy transfer of 

N2D+ is about the same as that of NO+. 20 No general calculation has 

been worked out for the energy transfer between an atom and a polyatomic 
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Table III 

Experiment No. E E 
",0 rel 

Q Qtrue 

761 68.2 8.02 -1.5 -1.25±.3 

752,754,755 75 8.84 -1.9 -1. 73±. 3 

760 89.3 10.51 -'2.5 -2.15±.2 

750,751 100 11.80 -3.2 -2.75±·2 

758 113 13.32 -3.3 -3 ±.2 

757,749 125 14.84 -3.8 -3.4±.2 

763 150 17.65 -4.95 -4.5±.25 

All units in eVe 

Q = experimental values 

Qtrue = deconvoluted values 
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N20+ + He = N20+ + He (125.5 eV) 

Relative Energy = 14.76 eV 
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A contour map of the specif~cintensity ofN2D+ from He at 

14.76 eV relative energy. The circle marked Q == 0 is the 

locus of elastic scattering. 
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N20+ + He = N20+ + He (150.0 eV) 

Relative Energy = 17.65. eV 

I I 

105 em/sec 

Figure 17 

.-" 0 0 
/' " I I .. 

\ / " -' " -, 
20% 
Beam 
Profi Ie 

XBL721- 5976 

A contour map of the specific intensity of N2D+ from He at 

17.65 eV relative energy. The circle marked Q ; 0 is the 

locus of elastic scattering. 
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molecule. For an approximation we try to use the refined impulse cal

culation to test the scattering kinetics of N2D+ and He. Several 

assumptions were made: 

(1) Because the general calculation only applies to atom-diatomic 

collision, linear triatomic N2D+ is treated as the conjugate of two 

diatomic D--(N2) and N--(ND). Thus there are two models of collision: 

(a) helium atom collides at the N end He-N(ND), and (b) helium atom 

hits the D end He-D ••• (NN). 

(2) Because no absorption spectrum is available for N2D+ ion, the 

vibrational frequencies of the isoelectronic molecule DCN were used. 

(3) For model (a) the L of the mass equivalent NO was used and for 

model (b) the L value of NH4+ ion was chosen. 

Two models of calculation are shown in Fig. 18 and it is interesting 

to notice the agreement between these calculations and experimental data. 

H30+ and D30+ ions were extracted from the discharge of water and 

heavy water (D20) respectively. Deuterium oxide of 99.810 D was supplied 

by Stohler Isotope Chemicals (Azusa, California). H30+ ions are probably· 

. 21 + + formed by the react~on H2O + H20~ H30 + HO with 0.5 eVexother-

micity. Thus one may assume that they are all in low vibrational levels. 

Deconvoluted results are summarized in Table IV and plotte~ against rela~ 

tive energies in Fig. 19. A product intensity contour map of scattering 

+ + D30 (He,He)D30 at 15.38 eV relative energy is shown in Fig. 20. Experi-

mental results for D20+ from Cheng' s13 work are also included for 

comparison. It is seen from 
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Table IV 

+ D30 + He 

Experiment No. E Q Qtrue .' rel 

734 19.68 -3·3 -2.96 

735 15.38 -2.23 -2.05 

737 11.5 -1.96 -1.67 

738 7.87 -1.3 -1.06 

739 6.28 - ·93 -0.73 

+ H30 + He 

744 21.66 -2.8 -2.55 

745' 17.39 -2·3 -2.0 

746 13.16 -2.2 -1.87 

All values in eV 

Q = experimental value 

Qt = deconvoluted results rue 
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+ A contour map of the specific intensity of D30 scattered from He 
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Fig. 19 that all three species have almost the same energy transfer 

efficiency. + + No isotope effect is observed between H30 and D30 and 

the ~ffect of translational energy on vibrational energy transfer is 

not stronger in D30+ than in D20+. The presence of three more normal 

modes does not seem to enhance or impede the efficiency of energy 

+ transfer •. H30 is isoelectronic with NH3, thus should be in a pyramidal 

configuration. To apply the refined impulse approximation, we assume 

He will collide either at 0 or with one of the deuterium atoms. The 
21 

Raman spectrum of hydronium ions has been investigated by Hornig, 

so the vibration frequencies are available. 

The highest frequency which corresponds to the symmetric stretch 

+ + for the H30 and D30 system was used. For the model of collision at 

o + 
the 0 end, L = 0.172 A from the He-02 experiment was chosen and L 

0.318 A from the He-H-NH3+ study was used for the He-H ••• (OH2) model. 

The results of two model calculations for both H30+ and D30+ are shown 

in Fig. 19. At high energies, where impulse condition is valid, the 

experimental data agree fairly well with the average values of He-0 •• (H3) 

and He-H··· (OH2) models but are far below the average value of deuterated 

water model. For helium colliding at the 0 end, both models agree with 

each other and show little isotope effect, but for hitting the hydrogen 

end there is a big difference in the calculation. In a theoretical paper, 

. 2 . 
Kelley and Wolfsberg calculated the translational-vibrational energy 

I . 

transfer for some fictitious models. They showed that in the case of 

A-B···C where B is a light atom, the impulse approximation always grossly 

overestimates the exact calculation. The primary reason for the failure 
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of the approximation lies in the invalidity of the assumption that the 

oscillator suffers negligible displacement throUghout the collision. 

In a more detailed study of vibrational-translational energy 
,4 ' 

transfer, Marcus calculated the potential energy surface, exact 

trajectory,trajectories from impulse calculation (ST) and adiabatic 

calculation (PSS) for several mass ratio models. It is seen that the 

system follows the adiabatic path. In the adiabatic collision, the 

vibrational motion, is-allowed to be distorted (in our case, .the D-O 

bond compre~sed)during the encounter. Thus the assumption that the 

effective potential of relative translational motion is uninfluenced 

by the vibrational motion in the impulse approximation fails. The 

"force" on the oscillator is smaller than for the straight line path, 

thus giving less energy transfer. Although it is very crude to apply 

impulsive calculation to the data, it is interesting to seethe agree-

ment to He-O··· (H3) model. " These data should be useful to test any 

exact calculation in the future. 

NH4+ ions were produced from the discharge of ammonia gas. Both 

NH3 + and NH4 + were formed in the microwave source. By floating the 
\ ' 

momentum analyzer at high ,analyzing voltage, it was.possible to separate 
+ + "'" 

the NH4 "beam from NH3 ions. Although due to ,the energy spread inside 

the plasma, NH4+'beam still contained traces of NH3+ions, the detector 

was able to discriminate between them completely. There is a drawba.ck 

to using high angular energy - due to 3% energy resolution, it produced 

/' 
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a broader energy beam. This caused the detection of unusual large back-

ground signal. It was found very difficu~t to obtain good- centerline 

experiments. Instead, three contour maps were done to locate the back-

ward peaks. They are shown as Figs. 21, 22 , 23. Figure 21 shows that 

when the initial relative energy is 13.43 eV, there is a considerable 
" 

small angle scattering which is elastic within experimental uncertainty. 

As the angle increases, the scattered signal greatly decreases. The 

observed peaks are closer to the elastic circle in the forward region 

than in the backward region. The values of Q.become more negative as 

the angles increase. The monatomic evolution of this ridge from high 

intensity elastic scattering at small angles tp lOwer intensity inelastic 

scattering at large angles suggests 23 that the entire ridge is caused by 

a direct interaction process which occurs in moderate to large impact 

parameter collisions. In Fig. 23, due to the difficulties in obtaining 

consistent data at larger angles, interpolation was used to construct 

the complete map. Deconvoluted Q. values of the backward peak (Q. = 180°) 

were obtained from these maps and plotted against relative energies as 

shown in Fig. 24. Because of the quasi spherical configuration of NH4+ 

ions, it may be a fairly good approximation to assume that He will always 

collide collinearly with an H atom. The classical impulse approximation 

is calculated for the mass equivalent model He-H-(NH3). 

L = 0.318 A was obtained from the. attenuation method. 

The value of 
24 

McQ.uaker has 

assigned the vibration frequencies of NH4+ from the study of law temper-

ature infrared and Raman spectra of ammonium halides. Three calculations -

+ (a) hard sphere model, (b) impulse model with reduced mass He and NH4 , 
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maXima found in scans of the energy and angular distribution. 
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A contour map of the specific intensity of NH4+ from He at 9.34 eV 

relative energy. The circle marked Q =0 is the locus of elastic 

scattering. The small circles locate the intensity maxima found in 

scans of the energy and angular distribution. 
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and (c) impulse model with reduced mass He and Hare calculated and 

plotted in Fig. 24. It~s fortuitous to see that the experimental data 
/ 

\ . 
agree wit,h one of the refined impulse caiculations. To be valid for the 

impulse approximation, condition WL/V~ « 

this work even at 75 eV laboratory energy, 

1 should be satisfied.3 In 

WL ~ 6xl0J.4x3xlO-9 =.9 
Vo '2xl06 

wL and at 40 eV -- ~ 1. , Vo One may expect the failure of these conditions. 

Even at higher energi es where impulse condition wL « 1 is reached, due 
Vo 

to the odd mass ratio (as discussed in D30+section). The refined 

impulse calculation will still' overestimate the true values. The co-

incidence of the experimental data and the calculation may be due to 

the assumption that NH4 + can be treated like a diatomic H··· (NH3). In 

the real case, helium may collide at one or two hydrogen ends and intra-

molecular energy resonance may be significant. 

In view of the surprising success of the RIA, one may question the 

reliability of the potential parameter L used in the calculation. Due 

tO,possible inelastic effects in the "elastic" scattering experiment used 

to determine L, the measured value may be larger than the true elastic 

L. This may be seen if we examine the potential energy at the distance 

of clos.est approach in theatt.enuationexperiments. . The angular resolu 

tion (in the center of mass) of the apparatus for NH4+-He mass ratio is 

about 11°. The potential 
'2L \l/2 

at the turning point Vm can be determined by 

V 
m X E ( rcbt where 

By using the determined value L 

Vm = .46 eV at E1ab = 50 eV, Vm 

. b = (~) and (J = cross section. 

.318 A, the follOWing potentials, 

= .83.~eV at El b"= 75 eV, V ::: 1.55 eV . a m 

at E = 125 'eV and V ;" 2.13 at E = 150 eV are estimated. Thus lab m. lab 

v 

./ 
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+ at the high energy (150 eV) as NH4 scattered of~ He, the NH bond may 

be partially compressed or bent, so that the force deflecting the NH4+ 

may be softer than if the molecule retained a rigid conformation. 

Thus L determined will be larger than the true elastic L which may 

+ account somewhat for the success of the RIA in the NH4 calculation. 

Two maps were also constructed for the nonreactive scattering 

between NH4+ and D2 as shown in Figs. 25 and 26. Figure 25 should be 

compared with Fig. 22 which shows NH4+ scattered from D2 at 9.34 eV 

internal relative energy. The overall feature of these two same energy 

contour maps is about the same. At 180°, the most probable value of Q 

for NH4+-He is -1.3 eV and for NH4+-D2 is -2.8 eVe The extra amount of 

excitation should be due to the vibrational excitation of D2 molecule. 

There is also a substantial scattered signal of NH4+ at or near to the 

center of mass velocity. This broad distribution of excitation indicates 

that a considerable portion of collisions are very inelastic and nearly 

9.34 Ev is shared as internal excitation of ID{4+ and D2, or used to 

dissociate D2. For scattering at 7.32 eV as indicatedm Fig. 26, even 

at small angles there seems to be inelastic events. This is in contrast 

to most nonreactive experiments we have done. + In both NH4 -D2 cases 

the observed peaks at small angles (8 < 60°) become broader. The un-

certainty is shown by the dashed line between two possible positions. 

The feature of large inelasticity at small angles is analogous to the 

+ + ArD -D2, 02 -D2 cases. This is probably due to incipient formation of 

+ HD2. This tends to excite the D2 molecule because the D-D distance in 

HD2+ is different than in D2. + Also the attractive well due to HD2 

+ influences the NH4 molecule, perhaps distorts it, and leads to additional 

excitation. 
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A count our map of the specific intensity ofNH4+ from D2 at 9.34 eV 
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relative energy •.. The circle marked Q. = 0 is the locus of elastic v 
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scattering. The small circles locate the intensity maxima found in 

scans of the energy and angular distribution. 
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A contour map of the specific intensity of NH4+ from D2 at 7.44 eV 

relative energy. The circle marked Q = 0 is the locus of elastic 

scattering. Q = -1.3 eV corresponds to the backward inelastic peak 

intensity. 
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D. Summary 

Inelastic scattering between molecular ions ArD+, N2D+, H30+, D30+ 

and NH4+ with helium and deuterium at several relative energies has been 
,. 

studied. Refined impulse approximation (RIA) calculations have been 

applied. In ArD+-Hec~se, no deexcitation process and very little 

inelasticity was observed which is consistent with the classical model 

He-Ar···D. Becau~e of the small inelasticity, in future detailed work, 

by studying the large angle differential cross section of ArD+-He 

scattering, repulsive potential curve of ArD+ may be obtained.
18 

For 

ArD+-D2 scattering, the large energy transfer was interpreted as the 

excitation of the D2 molecule. + + N2D -He, resembling NO -He in mass 

ratio, was also observed with about,the same efficiency of vibrational 

energy transfer. With the assumption that N2D+ can be treated as a 

quasi-diatomic molecule, RIA ,agreed well with the experimental data. 
I + +. 

No distinct isotope effect was observed for H30 ,D30 in the trans-

lational;..vibrational energy transfer. NH4 + -He data will be useful for 

future detailed exact calculation due to the spherical configuration 

of NH4+ and the availability of vibrational frequencies. RIA, although 

invalid in this case, was,applied for comparison. NH4+-D2 scatterings 

were compared with NH4+-He case at different relative energies. Large 

energy transfer to D2 even.at small angles was explained as the possibility 

of some reactive channels such as '. 
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