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DYNAMICS OF ION-MOLECULE REACTIONS: N' . AND O2
WITH HYDROGEN ISOTOPES

Chi-wing Tsao

Inorganic Materials Research Division, Lawrence Radiation Laboratory
- and Department of Chemistry
University of California, Berkeley, California

ABSTRACT‘

A search for compiex formations in'ion-moleCule reactions is made
in this fhesis research.: An ion—beambécattering—cell téchnique ié
employed in these studies.. |

‘The reactlon N+(H2,H)NH+ is exothermic by 0.6 eV. Bétween‘aﬂ X
energy range of 2.5 eV to 8.2 eV no ev1dence of a complexlls obsérved
direct reaction mechanism dominatevinstead. Reaction maps and velocity
spectré are made for the product NH+. The kinematic data can eaéily be
interpréted in terms of a reaction energy level diagram. ‘The formation
of some of the electronic states as well as the ground state bvaH+ can
be deﬁuced from the experimental results. .The back-scattefed products
have a most probable velocity close to that predicted by thé'knockout
modei. A detailed study of the translational to electronic energy.transF
fer is made beﬁween N andVHe; Traﬁsitioné like N}(BP)a N+(3D) and -
N*(5S)-+ N+(5D) are observed. The scattering data of the former.trénsition
can be explalned in terms of a curve crossing model. | |

The reactlon O + Hé is studied in the energy range 1l.47 eV to 12 eV,
Four reaction channels are observed leading to the products 02H , OH ,
HEO+ and o These reactions are endothermic. Intepsity contour maps

and velocity'spectrd are prepared for all the products. At low energy,
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. - . + N .
all of these reactions except the formation of O proceed via a com- -

plex mechanism. = A gradual tranéition from thevcomplex‘fofmation to a
, U : _ +
direct mechanism is observed for the}produet 02H . H’20+ forms only o *

yia.the”complex path. A two step model.invleing a unimolecular deéay-
.v e . . ”
[

A + | : - ! C :
of 02D is proposed to explain the results of both the non-reactive:

écatﬁérihg*of O; + D2 and the formation of Oﬁ+ at high energies. If
ié shown that the majority of'0+ cbmés'from a cdllision induced dis-
sociation.bf O;. Isotopic studies.wiﬁh HD reveals that OQD% and QQH#, . |
.'react by different mechanisms., The lifetiﬁe of the coﬁplex Héog ié
calculated and compared to the experiméﬁﬁalvdaﬁa. "Intensity data from

s ' N +
- the reaction are compared to mass spechtra of Hé025 no resemblance

between these two sets of data are fouad.



I. INTRODUCTION

Thevmajo?ity>of;chemical;reactions are completed within a few
'hundréd:degfées of rodm.%emperéturé.' One does ﬁot have to'gévfar»to
find such-éXampieé and these chemical peactions have changed the %isfory
of maﬁkind;. waevér,'chemistfyvover a few thousand degrees has not
. received Qﬁite.as mucﬂ_aﬁtention'ahd ié a field almost uﬁtouchédvby the
chemist. - By'the ac¢e1eréﬁion of ions, chemisfs_have-a‘tool té investi-
gate chemical féactiohs at a few thousénd_dégrees-andIbeyond.' Thus -
ion-molécule reactions‘dnd.hot atom’chemistry fill in the gap of tﬁe
Qnergy rénge leff out by the ordiﬁary behch top expérimenfs._'Stﬁdies
iﬁiién molécule reactions demonétrated ﬁhat chemicéivreéctions do oceur
at high temperature: and in some experiments with a rate comparable fo
those atvroom temperaturé. | | |

A. Survey of therExperimental Methods

The.field‘of iOn-molecule reactions at room temperature has béen
reviewed By Lampe, Ffanklin,vand Field,l whilevthe latest teqhniques_
were the subjeét of review of.Friedman.g Dynamics of ion-moleéule o
reactions can best bé studied‘underfsingle céllision conditiOns; that
is, when fhe final fate of an ion is examined affer its first encounfer
with another moleculé. Suph a problem can be attacked along several
lines. .Cross-beam methods were first empléyédbby Turner et al?5 and'
latef.followéd by'wbifgang et al,h These techniques were most sﬁited
to study ion-molecule reacfioné at low energiés (below 25 V) since
crossfbeam,experiments elimiﬂaﬁéd the problem of randdm target motion

‘at room temperéture. They have the drawback of low product intensity
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due ﬁo the_low néutrél'Beam intehsityL and in a feactionAwhere the
reéctants gnd,ppoducts a}é‘nﬁt easil& ¢5ndéns;blellead ﬁo:serioué back-
gfound problems. Howe&er;_in these experimént§ both angular and_véiécity
distributions of the products can be(made. Differentialléross¥sectioné

rather than the total cross-section are made with these machines.
il

Tandem mass spectrometers‘formed thé secohd class of ion-mOlecuie
reaction'machines;‘ These machines are best used to deférmine the total

o | i v :
crosé-éection of ?he reaction, Ixamples afe the spgctrometeré designéd,
by Glese and Maiér.5 'anglein6 used a Wieh-filter techniquerand
measured the veloéity épectrum of sevefal‘ién;ﬁolecule reactiohs, thus
initiating én intensive effort in ion—molecule dynamics. .HoWevgr, none
of.thesé apparatus have the capability of measuring the differenfial
cfoss-section which is of intrinsic interesf in chemical dynamics;
Nevertheless, tandem.mass—spectrometgrs.have'given us unambiguoﬁs tdtél
reaction cross-sections and led to the quantitative investigation of
reaction.mechahiéms.‘ |

- The- last category of ion-molecule.reacﬁion machines are the scat-
tering cell mefhod ﬁhich we éﬁployedvin these experimenté. These ma-~
chines ha?é the combined vgrsatility.of the tandem mass-spectrometers
and the cross-beam methods. In this technique, one of the’méss-sbectrom—
eters rotétés around the center of a séattering cell. In principle,
differential cross-sections, velocity spéctra, and total cross-séctians
can be made. With a well designed scattéring cell the backgfound o
problem.can be kept to a minimum. The neutral molecule density is con-

siderébly highef than that in a cross-beam machine giving more prbduct

signal. The only drawback in such an arrangement is that the target



“and Lorents,7 Bailey et al.8, and Mahan et al.

- motion is no longer negligible and_its effective range of operatipn‘is

“confined to reactions above 15 eV. Typical designs are those of Aberth

9

B. Survey of the Reaction Dynamics

Efforts over the last few years have mainly concentrated on three

3,4,6,8,9 art 4 5, ;,}6,10 and. N; N CHbr.ll,lE_

N S
reactions: Né + Hé,

Already, these techniQues have yielded a wealth of.data on the dynamics

of these reactions ummatched in ion-molecule reactions. Two interest-

ing'conSequehces came out of these studies. Farly work with high prés-

‘sure mass spectrometers and together with the consideration of the ion-

induced dipole. potential had led sbme investigators to suggest that
the  reactions NEI\+ Hé and Ar+ + H, proceeded by a long lived - inter=-
13

medidte_complex. No evidence was fouhd in support of this specula;
tidn.in the later investigations of the ieaction dynamics. Second, two
distinct mechanisms exist for’reacﬁions at moderately high energies,’
dependiﬂg‘on the impact distance between the ion and the moleéule.
ther important_features of these reactions'weré also revealed.

The existence of an intermediate complex in chemical reactions is
centrél to many theories in chemical kinetics, notably the Transition
State Theofy;lu ‘Thus;ﬁsince'the beginning of chemical dynamic ‘studies
by éross—molecular beams, such a postulate was tested for in e&ery
reaction studied.. The phenomena of a sticky collision complex was_firsf.

5

observed by:the Harvard groupl and many other reaction complexes were

subsequently discovered. Efforts in this area repeatedly failed in the

investigations of ion-molecule reactions. Experiments in ilon-molecule

dynamics have taught ué that even though two reacting molecules are
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known to be able to come to a stable molecular'configuration, there =

" will not necessarily be'any‘evidence of‘long—lived complex formation in

e

the reactiqn»dynamics} For examplé,‘the molecular.ion‘HéCO+»i§ stéble
'and can be pbstulated as the intermediate complex in‘the reactionv*;' ¥
'QO+ + Hé; ' Yet ﬁo‘evidenee for such-axcdmplex:was fouﬁd;é We cannot: |
Qely completely on such arguments as a guide to fhe search of a complex

reaction. - . _ » | .

C. Motives for the Thesis Investigations

The motives‘for the investigatidns described  in this thesis,is a
continuation of such a search for a reaction complex in -ion-molecule
reactions. The molecule l\IH+ is of considerable inﬁerest in_astronomy.l
17

The spectra of CH and'CH# have.been observed in outef'space. Liké;

_ 1 .
wise the existence of.NH in the interstellar spécé hés_definitelyvbeen
shown. But unlike CH and CH , the existence of NE' in the outer space
haé never been detécted,,partly because not enough laboratory data was .
known about‘this molécule. The objective of this expéfiment is tWofoid.
Fiist,‘if should be instruétivé to sfudy the mechanism by Wﬁich_NH+ is
formed from N and Hé.. Again, Nﬂ;; is a stable molecule.aﬁd'fhé
reaction ‘ | _ .,
| N+ + Hé - [NH;]_-% Nﬁf + H | , | .(l)
is ﬁéarly thermo-neutral., Thus we eipect_that a long-lived.cbllision >
complex might.oécur in this reaction.. Nb definite conclusion about
the complex was reached in thé experiments performed in this thesis;
At the laboratory energies investigated (20 to 70 eV), the reaction

goes via a direct mechanism. Second, unlike many of the ion-molecule

reactions previously investigated, some of the electronic states of



s

- - . + _ _ _
the states in which NH is formed from the kinematic data. Our data

-5=

. : : o o :
NH - are known.l6 Tt would be interesting to know if we could identify

gave ample evidence that, except for the ground electronic state, an

unambiguous identification of the electronic states of a product is

., . Lo ] \ + . . . .
not possible even for simple molecules like NH .  In addition to the
Co T ' , ) . ' |

above mentioned results, interesting data on the conversion of trans-
lational energy to electronic excitations were also cbtained.

Frbm the start the reaction
+ + + o o
02‘.+,H2—>[H2021—>02H +H | (2)
ldoked‘more'promiéihg. Héog represents a deep well, about 2.6 eV, on

the potential surface, and the'feaction is endothermic_by;l;B eV. Here,

we have a system.completely different from all the other ion-molecule

reactions studied before. This reactibn cannot be sfudied by the
ordindry room temperature mass-spectrométer method, since the reaction
takes ét least 1.8 eV to surmount the reaction barrier: Thére is'much_
chemistry of this type. which can only be studied in the high energy
regions., As suspected, this reaction ?eacts via a complex mechaniém.'
Endbtherﬁic reactions might give usba new guide in the search for ion-
moiecqie reacfion complexes. As expected from a complex, prbduéﬁs'f
1like OH+, Hé0+, ahd O+ were also detected. Isotope effects gave new
ihsights into the réaction mechanisms not known before. ‘Definife.
correlations between the reactive and ﬁon-feactive ééaﬁtering wére alsé

observed.
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' D,. Pian of £he Thesis '
Due to_the overlaps in the theofetical’iﬁterpréfation§ énd thé .
experiméﬁtal procedures'in-fhese-experimeﬁts; the fheofeticai iéacfion
modeis Will be described briefly and summarized in}éecfidn 1T, Séc%ion
iII anC¢rns fhé experiméntal techniqueé_and deals with the‘differences
in the‘inStruméntation in the N+’énd the O;'experiments.>rThé resui£s'
of the N+ reactions will be diSCQSSed in detail in Section iV, while
those'of O; will be presented in Section V. Section VI recégitulatgs
on the experiments. Some future eiperiments‘are proposed to'éompieﬁé

, fhe study of these reactions.

v



II. REACTION DYNAMICS

A. Direct Mechanism

‘Most Of the reactien models discussed below have been used ex-

t

. tensively in NUclear,Reactions.l8_ The discussions will be limited to

two dimensional seattering and sefve to bevé glossary of the noméncla—

ture used'throughouttfhis thesis. Tt has been the tradition of molecu-
lar scattering experimentsAte discuss fhe results in terms of a Newton
diagramlgj it relates alluthe ihteresting kinematic quantities in both
the center of mass (CM) and the laboratory (lab) systems.  Such a

diagraﬁ.is shown in Fig. 1 fér the elastic-scattering ef two parficles

w1th arbltrary masses m, and mg, where ml is statlonary in the 1ab

system. The klnematlcs of a two-particle system has been treated 1n

:detail_in many standard-classical mechanics textsgo and will not’be'

repeated here. We should, however, note that inelastic signels are
expected to be found_inside the elastic cifele.

1. .The Pick-up or Stripping Model

In this model the proaectlle (m +m2) interacts with (and picks up) -

. one partlcle (m3) of the target (m3+mn), whlle leav1ng the other

partlcle (mu) alone, as. 1f mu were not there. By the conservatlon of

momentum

(m:vL.er2 )V, ~ (ml+mg-hm5 )\( o | . : ‘(5).

or

il

(m +m2)/‘(;n g, | | (z;)

v/vO

Thus the ideal stripping model6’8’9 predlcts that the ratio of “the

initial veldcity'(vo) of the ion to the final velocity (v) of the



+90°

Elastic
~Circle

|-90°

XBL 6912-6743
L

‘Fig. 1. Newton diagram for ah elastic collision between
a stationary target and a fast moving projectile.

~4
7
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pioduct idﬁ is a simple ratio of tﬁe mésses. .In‘the languagé of
vnﬁclear‘réactions, the ébove process is known as the.pick-up-process,
However, in.chemicél dynaﬁiés,vwe are accustomed to. name the éick—up:
process as thé strippihg mechanism.'vWé shall continue to refer the.
abo&e process as the.stripping model and whén the occasion ariseSi _:
such thét_wé have to}distinguish the pick—u§ and the'stripping processes,
we shall describe the ‘process in some detail to render easy distinction.

-2. The Stripping Model

This model is the exact reverse of the pick-up model. The faiget

(mA+mu) interacts with only one particle m, of the projectile and

)
completely ignores the other one (mg). If my is incorporated into the

1

target, by. the consérvation of momentum

) mlvo_ = (ml+@5+mh)v ' (5)
Once again, v/vO is reduced to a simple mass ratio. vOf coursé the.
charge may remain on m2 too, in this case my will move with.the»same»
initial velocity, vo.“ |
3. The Knockout Model

The projectile collides elastically with one atom (m?) of the
target, ejects it and reacts with the remaining atom (mu). The
kinematics of the ideal knockout process9 lead to the prediction that

for 180° scattering, the velocity ratio is

(6)

L. The Rebound Model : S ;;t
‘The other possibility for a kndg éut typesof reaction is to' have

the projeqtile tO'collide completely inelastically with m5 and the
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vresu;tlng mglecu}e (ml+m2+m§)v§ollldes‘elastlgally with m, . vFor an.

1
. s
ideal rebound process

g (mytmyemem,)(nyemy)

: | NG
o (ml+m2+m3+mh)(mlfm2+m3) | '

., B. Complex Reactions

1. Velocity Distribution - I R | )

1

Th¢ projectile collides completely inelastically with the target
and thé résulting molecule rotates in space'for a number of rotational
periods. If the products.move away from each other with négligible
velocity, all the particles will move with the CMvvelocity.v

v =L (mmy)/(mmmm)] vy (8)
Ir thé'prbducts move away from each other wifh a disfinct‘velécity,A
then the product velécity'diétfibution will be symmetric with the
éenter of mass of thé cblliding particles.. | | -

2. Angular Distributions |

The angular distribution of nuclear fission products haVe‘been
o i 21 ’ |
discussed in detail by Strutinski. 1 Such a model was adopted to a

15

chemical system by Herschbac¢h. ~ . With the compound nucleusvﬁodel;'thé
calculation of the product'.angular distribution for specified magni-
tudes Qf J, M and M' i§ purely geometrical, where J is the tétai angular
| momentuﬁ, M is the projectidn of J on the initial relative velocity
vector g, and M' is the‘projeqtion of J on the final relati&e veloéity
vector g'. The form faéto;Sv?of ahg&iar distriﬁutions and the dif-
ferential cross-sectioh for various M and M' have been discussed in

>

detail% and will not be reproducedbhere.
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In general, the differential cross-section for a statistical
complex is expected to peak symmetric = to #90° in the CM system.

C. Energy Considerations

For ground state reactions, by the conservation of energy

0 . 0 o
E, =E, + OEQ + U s | - (9)

where Eg is the initial relative energy, Eé the final relative energy,
\ 0 | | , o o
A EO is.the energy change for the reaction and U is the internal

excitation of the products. We shall further define Q, the transla—

tional exothermicity of thevreaction,aé

1. 1 o
where :and g"are the reduced mass and the relative velocity of
the reactants respectiﬁely and the primed quantities refer to the ‘

products. Equation (9) can also be written as.

Q=-4E-U - | (12)

Hence the range of Q allowed in a given reaction (ground state) is

determined by AEO

0 and U, and the limits of Q are restricted by U,

If the neutral partner is an atom which does not absorb energy, the

lower limit of @ is defined by the restriction that U< D.(ion);

where D(ion) is the dissociation energy of the ionic product. Thus
thevlimits of Q are

- A Eg - D(ion)_{ Q <= A Eg ’ (15)

If the neutral fragment is polyatomic, the Q is limited by the sum
of the lowest D(ion) and D(neutral). Usually the lower limit of @
can be specified rigorously due to the cancellation of D(ion) in the

lower limito'v

i
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, IIT., EXPERIMENTAL
- .
A, Brief Description of the Apparatus

The'apparatus employed in these experiments has been'described~in '
“detail in a report by Gentry.22 The major features of this instrumént
are shown in the block diagram (Fig. 2). Briefly, ions were formed in

| o3

a Carlson and Magnuson type‘bf electron bombardment source., The
ioné were‘éxtracted out of fhe séurée and éhaped info albeam by a.
double aperturé lens and an eihzel lens. A quadrupole lens ﬁair then
focused the beam into a magnetic mass-spectrométer. After moméntum' 

analysis, the ion beam again passed in series through a quadrupole

lensvpair and an einzel lens which rendered the ions into a paraliel

'
g

beam before colliding with thé target gas in the scattering cellf The
products together with the primary beam first entered a 90° éiectro—
static eﬁergy analyéer*‘ and then'separated'by a quadrupole mass-
spect?ometef. The préduct ions weré accelerated to 25 keV and impinged.
on. an alumingm electréde which emitted sécbndary electfons.“-The elec-

tron pulses were registered on a counter.

' B. Data Acquisition and Analysis

During each counting period, current outputs from both the energy
analyser ahd the capacitahce_manometer were displayedvon digital

voltmeters and simultanéously converted to BCD code to be stored in the

scanner. At the end of each counting, the TIME, COUNT, ENERGY- ‘ '

 ANALYSER VOLTAGE, and PRESSURE (of the scattering gas) were automatical-

1y recorded by the teletype writer. The resulting data were then'

* :
The full width at half maximum resolution (lab) of the energy analyser
was 3% and the angular resolution (lab) of the apparatus was about 2°.

(o)
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Fig. 2.0 A Blbck~diagram of the apparatus'uéed to study the
dyn&micé of ion-molecule reactions.. The compositionbof the

ion curfent fo? a typical éxperiﬁent O; + Ib-atvvarious stégesl

is indicated. Solid arrows indicate the direct flow of informa- .

tion. Dotted arrow means indirect flow of information, _
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normalized with respect to the counting time, scattering gas pressure,

»'scattering_VOlume, primary beam intensity and the velocity space

volume. The relative differential cross-section I(0) and the relative
total cross-section 0 .can be calculated from these normalized in-

ol
tensities I(6,p,u) by the following formulas

<]

1(6 := P I G,¢;u.ugdu R i | 1k
© - f 10,00 | (1
and _
T - _
o =[ 1(6)simea0 S (13)

where (6;¢) and u are'the séattering angles and the»velocity in the
centér.of ﬁass system. h

inAthe expéfiments both velocity spectré.énd intensity contour
maps were made. A velocity spectrum is conveniently made b&:éweepihg’
the electrostatic énérgy analyser over the desired energy range.
Normally a speétrum was scanned with the detectién tfain set at 0°
laboratory angle. Tovgeherate contour maps of scattered ion intensity,
angular scans werevmade at a number of fixed analysér energies. From
these scans graphs of normalized intenéity versus.angle at fixed
energy, and likewise intensity véfsus velocity at fixed angles were
pfepared. The éontours were formed by picking points at tﬂé séme
inteﬁsity on these curves. The points-thus chosen had two cbordinates:
angle aﬁd velocity; they were again plotted on a graph and‘fdrmed
one inténSity contour. Together these contours form an intensity ﬁap;»
To lessen the amount of labor, all the gfaphs were plotted by‘a |

Calcomp.
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C. Modifications =

1. Capacitance Manometer ' |

In place of the ionization gauge previously used in tne
W2+ (HR ,H)NH+ and N2+(CHL, CH3)N2H4 *‘experiments, a BARATRONfN ;
capacitance manometer was installed to monitor the scattcring gas
pressure.. The BARATRON has a definite advantage over the ionization
gauge. It is an‘absolute measurement of the pressure. The ioniza—
tion gauge has- some further disadvantages it decomposes some of the
molecules of which the pressure is being monitored. This leads to
'isotope mixing in HDsfor‘example, causing erroneousiresults'infthe
scattering data. Tt vas also. found that the collector plate (platinum)
of theviOnization gauge was attacﬁed»b& C2D2 Thus the ionization
gauge interacts chemically'w1th some compounds, and phySically excites
a portion of the ‘gas into higher Vibrational states. The BARATRON

used was factory calibrated. No further calibration was made since

absolute total cross-sections were not measured in these experiments.

* ‘ R :
This short hand notation is suggested for ion-molecule reactions, with
the ease in computer storage in mind. = The order of the terms

N2+( CHL , CH3 ) N T+

have the following significance. Outside the brackets, the progectile
( ) is written to the left and the ionic product (NQH%) to the right,
while the target (CHy) and the neutral product (CHz) are written to
the left and right respectively inside the brackets.

Supplied by the MKS Instruments, Inc., Burlington, Mass.
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2., Microwave Discharge Source

Due to the rapid oxidation of the tungsten filameﬁt iﬁ a pure
oxygen atmosphere of an electron bombardment source a microwave dis-
charge sburce.was cohstructed to prodﬁcé‘og»ions. A Broida type cavitygg
designed to opeféte at 3000 Mc was'powered by a QK-61 magnetron and
sustained a discharge in a1 cenfimeter quaftz tube., The‘bésic con-
strucfion éf.the miérowave discharge source is shown oh Fig. 5; The
pressure inside the source (typically 10-50 microns) is maintaihed
constantly through a Granville-Phillipé valve., A full acéoﬁnt‘of ﬁhe‘;
design characferistics‘and the operation Qill,be diécussed iﬁ some.

25

other reports.

D. Composition of the Ton Beams

1. N+'Beam

Most of the experiments of N (300 series) were performed.with
theAeleCtron mebardmént source. vTo faéilitate comparison sbme ex~
periﬁents (500 series) wére done with the micfowave discharge éourcef
In the production qf_N+ by the electron bombardment of N, invariably.
some‘Ng+ were_pfoduéed. Since Ng+ has the same mass fo charge ratiévas
Nf, itv(Ng+) will pass,successively through both the momentum analyser
and the electrostatic energy analyser and be registered as a 'hmssfih".
It is impossible to distinguish N+ and Ng+ in our experimental setvup.
McGowan -and KErwin?6 investigatedvthe Ng+ content in an ibn beam céming
from a,typical electron impact source, using Né(29) as_fhe parent gas.

: ' v | ++
At a bombarding electron energy of about 100 eV, they found 2% N,

+ ,
mixing ‘in the N beamn,
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3. Microwave discharge ion source. (1) Gianville-Phillips valve
Stainless steel tubing (3) 1 cm quartz tube (4) Screw
Flange (6) Viton rubber O-ring (7) Anode (8) Extractor
Broida cavity .
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If NéHJr+ were formed in the reaction, it would not affecﬁ the"

NH' signal. The mass to charge ratio of NéH#+ is 14,5 and ‘should be

filtered out by the quadrupole masé-spectrometer. The effect_of-the_

++- s . - . . . :
Né on the non-reactive collisions is rather uncertain., Two processes

oo : Lo o S
can happen when Ng+ collides with He. First Ng+ could charge ex-
S . . . _ . _
change with He, forming Ng and He . In such a case, Ng+ would have

no effect on the N*-Signal bécéuse Ng could‘be separated.by the mass-
spectrometer. The second possibility is that Ng+ could disspciate on
collision with He forming N and N'. Such N ions would have_an'i'
energylcentered aroﬁnd the peak énergy of the N beam (see Section Vv
beléw) ahd-would.contribute significantly to the smalliénéle signal. .
Therefore, éignal close to the beam peak (from an.electron bombard-
' ment source).dOes not have any unique interp?etatidn.

| The use of a'migrowave discharge source solved the above problem
very nicely. Since the diSchafge source ié operated af low.electron

energy,27 it is unlikely that any Ng+ can be formed—the thfeshold
‘ N++
2

formed, due to the high pressure inside the source, it will chargé

energy for the_formation of from Ng is 43.5 eV.28 Even if N;+ is
exchange rapidly'With the parent gas. Thus no N;+ is expected from
| the microwave discharge source; Comparison between the data frém the
two ion éources wili remove any émbiguity in the data where Ng+ might
have’a part in it., - |

" The electroniC'cémpositioﬁ of the N+ beam frém these two sources

will be discussed in Section IV.
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BT
2. O2 Beam

!

The,éombinétion'of low eleétfoh energy énd'high pressure"in the
. | . | - + . . o
microwave discharge source produced O2 exclusively in the ground elec-

. o _ ) : _
tronic state ( Hu)' Most of the O; beam extracted had only the first -

v:few vibrational states populated.,'The vibrational excitation of the

og~in these experiments was estimated to be about 0.6 eV to 0.7 -eV.
Beam attenuation experiments of the type described by Turner et al,

29 .

shOWed’thdt'the Og;beamgéontained'less than 5% excited metastable ‘ions.
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IV. N EXPERTMENTS .

A, Introduction

20

ReCentiy Fehsenfeld et al. studied the reaction

’N+'+Hz‘—> NE +H | o (28)
in an afterglow discharge apparatue. 'Theyionly measﬁred:thevrate
constaqt of the reaction (at 500°K) and found it‘to be about three
times less than that of W+ (H2 ,H)eH+. The small cross-section
coupled withzthe‘diffieulties in obtaining a high'intensity_N% beam
mey acoount for.tﬁe fact that there have been no other beam or
,homogeneous kinetic studies of this reaction. In fact,:no other
literatore was fouﬁd on this reaction. We have studied N+(HR , H) NH+
from.EO,eV'to 75 eV in the laboratory system. Although no absolute-
total cross-section was obtalned in the experiments, the product 31g-
nal observed was con51derably less than those in N2+(H2 H)N?H} 9
previously studied by us. As 1nd1cated in Section ITIT, most of theee
experiments were studied with the electron bombardment ion source,

while experiments in the 500 series were performed with the micro-'

wave discharge source.

. B. Bond Energy and Electronic States of NH
Our experlments 1nd1cated that this reaction proceeds v1a a direct
' 9,10,11
mechanism, lee other stripping reactions that have been studled
N+(H2 H)NH+ is thermo—neutral or sllght exothermic. The exact value
of the energetics of thls reactlon cannot be assessed readlly, due
to the uncertalnty in the bond energy of NH with respect to the

products- N + H -,‘ Gaydon5l gave a ¥alue of,3.740.4t eV as the bond
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 dissociation éhergy»of NH#.' This value was calculated frdm ﬁhe known
jonization potéﬁéials qf,Hf and NH together>with‘the dissociétion
energy of ﬁH'(see Table I). From a recent tabulation of thé heété-of
férmation of gLseousipositive ions.,yL a bond energy of h.13 eV was 3
bbtaiﬁed,'which is within the limits.of ﬁhe values given by'Gdydon;»
‘Since fheseiwere.the most up to daté’tabulétions,_we.bélieve that |
h.l}veV is a mére reliable value. With this bond énergy,.reaction (16)
is ekothermic.?y'0.6 eV, Coliﬁ and Douglasl6 have determined.sdme of
' the electronic‘states of NH& SPectfoscdpicallyq' Figure 4 shbws a
schematic‘of the eleétronic states of NH . The assiénment of the ex-~
cited-moleculaf electronic states to the atomic states is not certain,
but their assignménts can be rationalized by the following éréumenté.
The °5” state can arise from atomic states (2) and (3). Colin and’
Douglas gave this state to be 2.67 eV above the ground stafe. From

a Birge-Sbéner tyﬁe of extrépblation of dissociation limits,tfhe bond
energy of NH+(22f) = 1.48 eV. If,NH%(EZ—) diésociétes into -

N(QD)'+ HfflS), it woﬁld have a bond energy of 3.8 eV which is much
largér_than 1.48 eV. Therefore, NH#(QZ_) was arbitrarily aséigned to
the,afomi¢istate (2). The aséignﬁent of %A state is also arbitrary,

and the 25 + has to come from the atomic state (L4).
|

C. Reaction Energy Level Diagram

Using the data available in Table I, a reaction energy level

diagram (Fig. 5) can now be constructed. The diagram is drawn anal-
ogous to the Grotrian Diagram in atomic spectroscopy or the molecular
: | . K _

enefgy'lével diagram in molecular spectroscopy. The reaction energy

level diagram serves to interrelate all the bond energies and the



Iable I

' Théimochemical and spectroscopié'data for the molecules
N, Hé, NH and H and their ions. '

Cx(m) = kshs PR 1 - 13,595 Aév(?g.v),: | |
| ‘I(NH-) = 13.1%0.2 ev(5l). D (‘vNH) = .5.2i0.l6 eV@l)
| o (vE) = 4,13 ev(Bl*) - D (H?) = k.L76 ‘ev(iﬂ ” |
Electronic states of NH (16,53) |
§E§E§_ v | T (eV) _ .‘DQO (eV) IQ_SEi_ o
-‘ c22+ o '. L. 28k . (1.08) | _' “1.1801 |
B;’_‘EA"_ -  2...8'1+6 S 1.1519
A_QZ' o 2.673 (i.u85) 1;27ou
a 'z o0k (k.13) 105
x.éﬂ_' 0 EA | 1.081

( ) data uncertain
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N*('D)+ HZS)
-NEGD)+H*('s)

N*3P)+ HZS)

E (eV) —>

-N(*s)+ H*('s)

F P

‘Atomic States ~ Molecular States

(1) N(*su)+H*('Sg) —NH*(®z")
(2) N (3Pg)+H(25g) — NH*(211,257) and (43", 4m)
(3) N(3Du) + H¥(! Sg) — NH*(2A,25",2m)
~(4) N*('Dg)+ H(®sg) —NH*(23*,2A,%m)

XBL 6912-6737

E

Fig. 4. Schematics of some of the electronic states of NH+.'
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Fig. 5. Energy level diagram for the reaction N (“P) H, A
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ionizatién potentials invqlVed in this reaction. We shall.first indi- vv
catevthé method 6f_constrdctioﬁ of such a diagfamzand then the.Qsagé
of the‘diagram%in feaction energetics will briefly be disgussed; : |
The referendé reactidh channe1.ﬁaé taken tovbe N+(5P5 + Hé, with

no franslational mofion. An energy referénce Zero was assigned to this
;channel. ‘Withiréferenée-to N%(BP) ¥ Hé, the eﬁergy necessary to form
the products N(ué) +_H+|+ H ﬁag:;ndicated on thevdiégram;‘ Now the

4 o sféte of NH dissociates fantb N(hs) + H+, and with the values
from Table T the position of NH%(AZ_) was located. Since NH%(?H):has

almost the same energy as NH+(%Z-), the position of NH%(EH);WQS drawn

accordingly. With the ground state thus esﬁabiished all the otherf
electrbnic states of the product could bé located. - The dissociatiph
‘products of these électronic staéesvof NH ﬁére drawn in with respect
to N*(BP) % Hé,' Since all the electrohic leveﬂs were knowniwith
respect to the ground state the exact:ehergj requirément fof fhe forma-
tion of NH%(EH) f‘:rom'N.'+ + H is critical. thfortunately; the bond éh—
ergy of NH+(2ﬂ) is not known very accurafély. The assignmeént of the
exact position (level). of the excited products will have thglsame er-
ror as with tﬁé NH#(QH), alﬁhough their relative values are still
accurate. - |

The Q values involved in a certain chammel of reaction‘can
easily be calculated. For example, it takes 2;08 ev for N*(5P) +Hy
to reach~N+H(22—) + H and ﬁhat ié takes 2.4 eV to.dissociafe
vN+H(?Z°).  Thereﬂore this reaction is endothermic by 2.08 ev. ‘In our
regular terminology, the range of Q allowed in this.reactiéh is

|- L,L8 eV < @ < - 2.08.eV .
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The Q values of any other reaction channels can be read off from
the diagram in like manners. Moreover, if the relative energy of

collision were to be set at 2.2 eV, it can readily be seen from the

L

. . o ) - 2 _ .
- reaction energy level diagram that only the 3 , "Il , and 22 states

of NH' could be formed. Table IT is a summary of all the energetic

data of N+(H2 ,H)NH+.

D. Experimental Observations and Discussions

1. Reaction Map

With these ranges of @ in mind, we can‘examinevin detail the -
data obtained in the experiments. Fiéure 6 shows a contour mapvof the
feactioh at 5.01 ev. ,The circles drawn at Q = 3,5 eV dnd Q = +0.6 eV
indicate the regidh'of the velocity space where NE iSvexpectéd to be-
stable ih the &Z-‘state. It can be seen that most of the products

formed are inside these circles. However, from Table IT, the range

of B. for NH (“II) formation overlaps that of "= so the products ob-

0

-
served in this experiment can either be 2 or 2H. There is no way
that one can distinguish between these two species. Of course it is
not surprising to find products inside the Q = -3.5 eV circle. At

the_center of mass the internal excitation of the product is only

5.01 eV. There are other reaction channels which can lead to stable
~ products, and it should be recognized that the resoluticﬁ of our ap-

paratus is finite. The Q = # 0.6 eV c¢ircle indicates the upper limit

of @ for the reaction; no reaction products are expected outside

this circle. All the products formed at the negative angles are

L]

within this circle.
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Table IT
‘ 1’ ? Erierg_ét_icé of .N+(HE,H)NH+, »
Electronic Sfca.l‘tes | Q swer Quppe‘r‘ Range of EO .
N+ : B NH+ | o | : ‘(.eV) | ! (eV) (eV) -
P 2 | -3.5 +0.6 0.0 = 52
8 +0.6 0.0, - 67
25 i 48 S 2.07 31 - 67
2A 501 2.0k 34 83
o 6.37  -5.68 55 - 96
- . .
b & _Lb8 1,78 27 67 -
I
|
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N*4H, —~ NH* +H (40.1eV)

r+90°'
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180° ¢ A
-2 / ‘}
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Beam Profile

’105 cm/sec

-90°

XBL 6912-6703

Fig. 6. An intensity contour map of NH' at 5.0l eV. The small

cireles locate the intensity maxima in the scattering. .

The cross is the position of the center of mass of the
system,




We.need'tc digress.a'little on the ittensity between.+ 9b°'and
180°.. On cxamlnatlon of the beam angular proflle, a secondary peak
with 1nten81ty|l/10 of that of the main peak was found vaa Velocity
vector diagram is drawn for this secondary peak using “the scattericg
information frem the maln peak, it can be’ seen that 90% of the. 1nten51ty
from the secondary peak will fall on the p031t1ve angle side of the
map and so the intensity outs1de the 0.6 eV c1rcle. For the examina-
tion of the reaction dynamlcs, the intensity on the p051t1ve s1de of
the map'should.be 1gnored, Actually, it 1s not important to have a
560°di$tributi3n;ef the broduct. The scattering ts'axially'symmetric'
and 0° to 18061information is sufficient.. Recalling the calccleted
Q = +O,6 eV, it can be inferred that the exotherﬁicity of N%(HE,H)NH+
iS'lesstthan 0.6 eV. - Since the exothermicity of this reaction.depends

on D(NH'), this also implies that the bond energy cf NH+_is prcbebly‘
overestimated.v ‘ | |

2. Ve1001ty Spectra

Table ITIT listed the experlmental results of this reactlon. There
are two features whlch caught our attenthn; these are best shown on |
Figs. 7 and 8. ’Figu?e 7 gives the velocity‘ratio (v/vo) of the prodﬁct
and primaryvions. -For the ideal stripping process this ratic'is 0.933.
Two distinct_regions caﬁ be discerned in the figure:. Below h5 eV,

v/v is 0,925, a little bit slower than that predlcted by the strlpplng
mechanlsm. Above 45 eV, the velocity ratio is about 0.932 which is
aimost_exactly the ratio calculated by the stripping model.

Figure 8 is mcre revealtng..‘Again two distinct regions appear,

those below 45 eV and those above 45 eV, Between 20 eV and 45 eV all



Table ITI .
Scattering data for the reaction N (HyH)NH'
: = e : === e ' : v
B, B S % e e -Mgmemges
| (eV) xlo’5¢m/sec (eV) ‘110-5ém/860' - (ev) XlOiscstec>- ' (éV).
313 20,1k 16,67 2,5 (15.38)°  (0.923) (-1.70) - . - -
302 30.09 - 20.378 3.7¢. 18.80 - 0.923 -2,59 (16.82)' (0.825) (-2.50)
305 31.84 20,963 3.98  19.43 04927,..-2.50 17.18 - 0.820 -2.38
530  35.36  22.09 L, b2 20,46 0.926  -2.85 - - -
301 40.09. 23,522 . 5,01 S 21,70 - 0,923 -3.L3 18.95 0. 806 -1;75
319 45,05 24,933 . 5,63 23.05 0.924 3,70  20.13 0.807  -2.10
320 149,80 26.215 6.22  2L.35 10.929 -—3.70 oo | - -
300 50,09 26,292 6,26 - 24,50 0.9%2 -3.50 21.17 0.805  -2.29
322 53,39 27.1k0 6.67 25,28 0.931  -3.76 21.97 0.809  -2.77
33 56,61 0 27.952 7.08 . 26,05 0.6%2 . -4, ok (22.57) (0.807) = -2.65
%24 60,16 28,81k 7.52 26.82 0,931 -h31 23,25 0,807 - -2.73 -
535 © 65.41 30. Ol 8.176 28.06 0.934 ko7 - - -

v 2V is the velocity of ‘the product peak at zero laboratory degree and V
For ideal strippinguv/yb,:jQ&95§;and,for.idea; knockout V/VO,:AO,BOQ.
-b . P - fa , - . .
( .

o Is the initial ion beam velocity.

) results very uncertaim.

jTQ“‘



V/V,

-32-

T T 1 L LA
- 0.933 o
219 —0o2—0 ——o—0---- s .

7 0° peaks '
. i
0.90— , | . —
sl N*+H,— NHY+H ]
o+ -]
4} | -
o 0 5 i
‘ __.._____._____Log.(.)g_ _____ o-—g—o-—————
0.80+— 180° peaks .—O v oo - o B
L | | | 1 L L
20 30 40 - - 50 60
Eo (EV)

- XBL 6912-6746

Fig. 7. Product ion velocity as a function of the initial
' energy of the primary ion. For ideal stripping
V/V, = 0.933 and for ideal knockout V/Vy = 0.809.
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p01nts roughly fall on the same stralght line; so do the poiﬁts 5etween
50 €V and 60 eV From the calculated limits of Q (see Table II),
below 35 eV (N ) only NH ( Z or H) are_expected to be stable._-Above
f55 eV %3 | A and Z can be stable. .Why does euch an abruptt
change occur at MS eV?' One p0581ble explanatlon is that above 45 eV

I
only NH ( Z7) or ¢ CA g formed If NH ( "or ﬂ) were also’present

[

above 50 eV, we would expect a rather broad NH% %roduct peak which
spans over 0.925v and 0.932v,_but the experiment;l peaks were'as.sharp
as the'primary beam. Using the same arguments,.it can be seen that_
only the'%z_ and “l states of NH' were formed below b5 eV,

If the abéve_etatement is eorrect, we may Turther specqiate iﬁtov
the reason why 'the NH#(2H9~velocity'is much slower than the ideal
stripping reaction while NH+/22') is close to it. Let us tfy'io'follow
fhe'reaction pictoriélly At the instant of reaction N + Hé probably
has a conflguratlon like (N H"'H) although 1t may not be llnear——we
shall refer to (N Hels +H) as the transient state. As N'H leaves the
reacfion_site, it may rotatevso thaf the.transient sﬁate looks more
and more 1ikevHNH+. Since the bond energy of mN-H" is about 6 eV,B‘5
the ”epectator" H etom interacts rith NH and slows it down tsee Fié°
.9). .if sﬁch_aﬁ argument is eorrect, other reactions, in which the
transient state has a known, stable, strong bonding configuration,;
would behave in such a manner also. CO+(H?,H)COH+ is suchAav,_reaction.6"12
' The-fransient molecule H2CO+ is stable and the HCO-H+ bond ie quite
strong. Indeed, the velocity of HCO occurred below the strlpplng
vveloc1ty in the prlmary ion (CO ) range 15 eV to 40 eV} No other

known-example was found in the literature.-
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Fig. 9. Schematlcs of a reaction path (one dlmen51onal)
» +He—> + H.
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Other possible %iample% ére|0+<m?,N)NO+-and C+(H2,H)CH+. Their fraﬁ—
sient étates Néd+.énﬂ CHg afé sﬁabie mdlecuieshénd_haveIgtrongvbonds.
A.bétter'analysis éan'be givén to the transient stafe léédihg té
the broduct.NH+(22_). There seems.to Be no speétroécopic;data avail-
able oﬁ NHg and the arguménts bglow are based On.what 1ittle we. know
aboﬁtFCHé, which~is isoelectronic witthHg.’!NH#(EZf) + H(Esg) give

5

the 52é state (1inear) and B, ‘state (bent) of NHS. ‘The H .atom is

strongly bonded to NH in the izé state,'D(HNfH+) > k.o ev.5§] The dis-

sociation energy of theiBl
the -B, state is smaller than the 52é by 1 eV to 2 eV.

state is not known. Probably D(HNH}) in

37
1

geometry of the reaction, we would not'expect the transient molecule,

3

‘Due to.the

B, state

N +; to interact like the linear 52_ state; instead the
: g . 1

could be a close approximation to the actual configuration. No informa-

’p

1 state of CH,. However, after ?gaction,

tion is -available on the
N will either be dragging the picked up H atom behind or the newly

"spectator" H atom a

foﬁﬁed'NH*”will be tunbling in space with the
shOrt'distance behind. In'ei£her‘éasé, the H--.'.NH'+ bond will be Qefy

' strained -and in such case the interéction is quite weak. Hence NH+'
does not féel-much dragging force from the spectator and we expect ﬁo
have the_NH+ velocity close to but never faster than the stripping
velocity; This is exactly what was observed in the experiménts done
betweenxpriﬁary energies 50 eV to 60 eV. ' The product NH+(22-) Velogity
is just below the ideal stripping velocity, iﬁdicating that the
Nﬁ#(EZ") and H interaction is very weak. To carry one step further,
vv/vo cah be greatef‘than 0.933% only if the interaction between NH and

- H is repulsive. No such analysis can be extended to the formation of
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'NH#(AZ_) ;nd_NH%(EH)i.our knowiedgé of Cﬁéiis limitedfto:thé few states
close ﬁo:the ground state. If the aboye argﬁment is correcf; the
| attraction betWeeh NH+(AZ_ or 2H) and H isbprobably stronger than
those in NE'(3E7) + H. | |

Aé'thevreéction energy is increaged, products.in the 2Z+ andlgA
states Wiliabe formed. ﬁbwever, at é rela%ivé eﬁergy of_9.5 eV &r‘
76 eV (léb); the energy is high enough to dissociate the Hé molecule.
Above 76 eV (lab) the reaction channel N' + H + H will compete statis-
tically with other channels of reaction. The W signal'at 65 eV is
'quite low already, and we might not. see any NH+‘with‘the diSsociétion
channei competiﬁg in the réacﬁion. Oﬁe more point to be noted.is'that
in Ng + Qg experiments,9 collision:induced dissociation bf ﬁé haé a
threshold of 6.0 eVQ so this channel of reaCtion may startvﬁo compete
with other channels around 50 eV.

vThe_reactioh of N+(1D) + Hé is notlimportant. As shown in Séc-
tion E-5 below, it is not likely to find N ('D) in the primary ion beam
fromvthe electron bombardment source. | |

3. Differential Cross Sections

- Figure 10 shows the differential cross sections at enefgies_
3.98 eV and 5.01 eV respectively. The cross sections at 100° and 120°
of the_reaction at 5.01 eV are probably in‘errof. If the argument in -
Section E-1 is fbllowed, these poiﬁts should be 1owéred t0 the in-
dicated position. The angular distribution becomes broader'és wé go
from 3.98 eV to 5.01 eV. This apparently is due to a more intimate
collision at higher energies. as ﬁasvobserVed in the»Ng + CHh:reac-

tionoll'iBecaﬁse of the poorer angular resolution of this system, the
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Fig. 10. Differential cross-sections for the reaction N+ Hy. The
two points at 100° and 120° of the 5.01 eV reaction are probably in
error and should be lowered to the indicated position..
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differential_cross-seetion is not as shafp as that of the Ng +vCHL
reectioh;- Figure 11 gives the CM angular. resolution of the elastic
collisions of Ng + CHy, and of N+ H,e Ahgle AOB is thevlaboratory
fesbluﬁion,ﬁ As shown~in'the drawing, the CM angular resolution in.

l\T+ + Hévis’lYél whereas it is only 6° in Ng + CHM' ‘For reactive scat-
tering:the resolution is worse_than this. The maximumflaboratofy
scatterihg_angle of N+(Hé,H)NH+ is 3.6°J7compared to 8.25° ;n the
elastic scattering case; The CM resolution in the reactive-systemiof
N+ HéJisvabout Lo°! Thus for the same laboratory resolutien, we
have a very different CM resolution in different syéteme. fhe engular
resolution affects the differential cross-eection greatly.. Recently,
Aberth and LorentsBS showed that an improvement of angulaf_resolution
»from sllt dimensions 0.5 X O. 05 cm to 0.1 X 0.05 cm? increased the..
small angle dlfferentlal cross section of L1 + He by more than 100%!
Until the angular resolutlon of N + Hé is reduced to 5° or better, no
meaningful comparison can be made between these systems.

4, .Back-Scattered Product

Like the reactions N2+(D2,D)N2D+ end Ar+(D2,D)ArD+, intensity -
maxima were observed behind the center of mass in N+(H2,H)NH+. " The
results are tabulated in Table ITI and in Fig. 7. In generel, these
intensity maxima are braoder than the (forward) stripping peak, in- .
dicating many different processes lead to fhis back maximum. However,-
all the 1nten51ty peaks observed centered around the so-cailea knock~
out peak9 positlon as can be seen in Table IIT. The Q values observed
in these_lntlmate collisions are well below the dissociation limits of

N and their intensities remain relatively constant over the range of

energies studied.
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5. © Conversion of Translational Energy to Tnternal Excitation

'quoncurrent'with the reactive studies, nonreactive cellisioﬁs‘ef
: N+ with He.were alsutcarried out. The only pos 31ble rnternal excita-
:tionvfor-this systeu.is ah eleetronic excitation-of N+. Therrange_of
energy usedlwas tboblow.to excite He eiectronically. 'Indeed; eleptronic
' -exeitatious'of N+ were opserued. Figure 12 shows an intensity map for the
Afollowing'seattering - | o |
W' (%) « e » (D) + He oan

The energy required for the tranSitienvis 11.4 eV and is in&icated‘op
the map by the 11.4 eV circle; The scattering signai appearing_at
large angles is due to elastlc eollls1on on He. |

The interesting feature on the map is the 11, M eV 1ntens1ty peak
Nbrmally, it is expected that clqse or head-on collisions are necessary
to transfer large amounts of energy. As a result, inelastically scat-
.tered N would be expected to appear near 180 and perhaps the back-
ward elastic scatterlng should be diminished. To the contrary only
small angle scattering was seen. If the primary beam profile is com-
pared with that of the ll,h eV intensity peak, the inelastieally

29 suggested

'scattered N* will come out almost exactly at 0°. Mahan
that in the collision, the potential energy curve of N*(BP) + He
crossed or came very close to that of N}(BD) +7He atvsome internuclear
distancevand N+ exited via the N+(5D) + He curve (see Fig. 15).
N+(§D)'+ He is attractive, after-curve crossing N+‘will be attracted~‘

toward He; as a result N+(5D) will appear to scatter through a .small

angle.
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N++_'H9 — N+ He (6 0:._02 eV) |
Relative Energy = 13.3 eV o< | / :
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b owo™ N\

XBL 6912-6701

Fig. ‘12, A contour map of the relative intensity of'N+_ scattered .
from He. The dashed line gives the profile of the ion beam at

20% of its maximum intensity. The change in the relative ‘transla'—_
tional energy (Q) of the collision partners is indicated on the map.
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(a)

Energy —

N+(3D) +He

N*(°P) + He

| o — ———N*CP)
- NCo) / | R

'XBL 6912-6736

Fig. 13. Schematics of an 1nelast1c process. (a One dimensional

scattering: Curve crossing of N *(°P) + He and NY(OD) + He.

(b) Two dlmensmnal scattering: If there is no attraction between
nH( D) and He, NY(3D) would proceed via the dotted path
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CA series'cfttheseeexpe;}peyts ﬁere.perfc?meq with d;ffereht
energieSNCf N aﬁd_theytafeAsuﬁﬁariied in Tabie v, together with the
assignment cf'bossibie traﬁSitibns.v ' No angujar meésufements Wefe :
~made with these cOliisiohs.. Experlments in the 300 serleu_were
éerfotmed with thé electron bombardment source while the 500 serlesb
with the_mlcrowave spurce.‘ Flgure lh is a Grotrlan dlagram of-N w1th.
energy Qalues taken from Mbcre.uO From the data, the tran31tlons of
N ()P)-» N (5D) and N (5S)—+ N (BD) were 1dent1f1ed In general,lan
'asSignment was made based on the fact that a transition cennet;take.
place With an energy less than that required for the ﬁrocess. Fot:
example, in eXperiments 509 and 510; the Q values involved wefe -5.6 eV.

)

and -5.7‘eV respectively. Now the transition

5

P - 7S takes 5.85 eV

while 8 — “D fequires only 5.6 eV. In these experiments, there was

not enough energy for the 5p 5 78 to take place. Furthermore, the

ions frem the microwave source should not have any N+(5S), ée-eVident
from the arguments in the text below. = The 5.6 eV transitiohfwas not

observed in all the experiments performed with the microwaveFSOurce

5 >

indicating the absence of the S transition. The aSsignments

S s 3

P-
were then made to D unambiguously.

It'may be rather surprising not to see the'5P —>5

P transition..'
The reiative ehergies in some of these exberiments were sufficient to
cause the excitation. There are two reasons that such a trans1t10n :
ﬁas not observed. If the potentlal curve of N (BP) + He is repuls1ve
the signai would be scattered out to large angles and missed the

B 5 _

detector. Since the 5P-+ P transition is allowed optically, its

radiative 1lifetime is very short and the presence.of this transition
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Fig. 1k. Electronic energy level diagram for N .
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i; bssf pb§erVed|optica;ly. Segqndly5lif thewgurve.Werélattraétive,
the gurfés'mightlcrOSs gﬁ-anenlrgy Ligher thgg thoéé‘reached in’ these
experiments; Hénce, it should also be pointed out.that.failure in |
Wobservatibn.of tﬁe other fransi%ions‘does not necessarily indicate
small croéé;section.

The -inelastic scattering data also reveal the composition of our

. + i . . . ! I. . . o .
ion beam. -N , as produced from the microwave discharge source,should
: ‘ :

mostly be.in the grbund electronic state. vThe source pressure is
'typicéliy set ét 10 to 50 ﬁiérons,'and N* will suffer severgi collisions
before geing extfactedvfromithe SOurce.lrin this case, almost all Nﬁ
‘would Be'de-excited before'colliding With He; HoweVer,-fExpériménts
506 and.55h:éhow.that'thé beam édming from the microwave.sodrcé may .
contain some N*(lD). The Q value observed in 506 can only bé-assigned

: | : L :
to ng N ‘3D.or.'
1. 3 |

D, while the assigmment for 53U can either be~5P-e
P, Thisfié expected since the electron energy inside the source

D—
(6 eV)?7.is high enoﬁgh to excite N+(5P) tb.N*(lD)..'The coﬁpoSitioh
of N* from the electrdn.bombdrdment source,is_mbré.compliéated} due to
the high'electron energy (about 90 eV) in the source. By comparihg the
velocity épectrum of N+ fromkthe microwavé and from thevelécﬁrén bom_
'bardﬁént:sourceiat Lo ev (laﬁ) and at 65 eV'(laB), the e#isfenee of
N+(5S);i£ the electron bombardment source can positively'ﬂeﬂéhown; Tt
is not likely éo fiﬁd the first excited state;(lD) fram_the electron |
bombardment source since electron impact studies havé not been able to
demonstrate the formation bf this stat_e.l+l Furtherﬁofe, acéording to

. the Wﬁgnex%Witﬁer rules, N+(1D) correlates only with quarééﬁ_étatés;

. co ‘ + :
but no quartet states of Né have been observed spectroscopically.
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Table IV-
- Electronic transitions in N#%HE
Exp. E. ESO Q(peak) : Possible Tfansitions
No. o (V) - _(eV) (ev)
311 . 5§,95 8.87  -(2.30) , (lDe;a 1so) !
B 5.4 78, > 7D
507 40.00 8.88 No signal
308 50. 02 S11.12 -(3.5)
-6.7
506 50.18 11.15 -10.8 (-ng 5°p)
T e 5 s

315 60. 02 .13.3h -11.6 P 5D
309 65.25  14.50 5.6 %5, » 7D

, -11.8 Op 57D
505 70.91 15.76 -11.8 5p 5 °D ,
310 75.25 16.72 5.7 s 5%
' 11.9 3p 50

316 109.45 24,32 7.6 °5 = °p

| 12,3 °s 51

534 110.23 2k, L9 - -12.0 ’p 50p. psp

( ) Data very uncertéin.
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: _E. Summary ‘

In this s;céldn, a.reacglog médel was prgposcd to’ exéialn the ob-
served data. In 1ts s1mplest form, thls model utilized the strlpplng
i‘mechanlsm.at the first 1nstance of reactlon. After the'reactlon a |

"chemical potentﬂal“‘was turned Onkbetween NH' and H cauéing the -
F o ‘ - v ‘
Yproduct'NH# to slodeOWn._ Such a-model expiained the kigematic fesults

. . i

qualitatively. Due to a éomﬁletg lack of knowledge of such ghemical
potential ‘no numericaln computation was attempted.

In the nonreactive collisions, a curve cr0551ng model was. proposed
 to explain the transition W (BP)-a N (BD) The asslgnment of
'N+( S) - N+(‘D) was deduced from experiments done with ions:produéed

from both the electron'bombardment source and the microwave source.
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V. O, EXPERIMENTS'

‘A. Sur#ey of Literature

Previous investigations in ion-molecule reactions by beam tech-

L n69 . :
niques ’ ’9 haye been limited to therpo-neutral or exothermic reactions.

1hese_eXothermic reéctions have the attractive features that their
products are confined to a small forward cone due to favorable mass
ratios and that the crbss—sections of reaction are quite large. Both _

of these features enable detection of the products with instruments of

relatiVélyxlow sensitivity. Endothermic ion-molecule reactions have

long been investigated by mass—spectrometry.ue’15 These studies re-

vealed two distinct differenées between the endothermic andlﬁhe exo;
thermic reactiohs. First, the endothermic reaction has a réaCtiqn
threshbld behavior sharply different from that of the expthermié reac-
tion. Second, in general, the reaction cross-section at low eneréiés
is much lafger f§r exofhermic.systems than the endothermic ones. How-
ever,'these studies did not indicate the mechanism by which the mblecules
react.

.fhe reaction O; +’H ‘has been examined in detail byjmass-specfrom-

2

. ‘ .
etry. The formation of O.H from 02-Hé mixtures in a mass-spectrometer

2

ion source was observed by Schissler and S‘cevenson.mL They concluded

that their O,H came from the reaction H2+(02,H)02H+, Moran and

. Fried.mamu5 studied the isotope effects (with HD)randbhinted'about.the

intermediate'complex HQO;° The energy dependence of the cross-section
+ .
for the formation of O+, OH% from O2 + Hé was investigated by Rafaey
/
and Chupka,u6 Again no mechanistic studies were made. Fehsenfeld

20 ’ : ’ ) ' .
et al.”” in an afterglow discharge experiment falled to observe any



reaction for thermal Oé('ﬁg)_+xHé. This is expected; the reaction is

endothermic;' Guided'by these previous investigatiohs, a detailed

: : B . _ " o :
study of the reaction dynamics of O2 + Hé was carried out.

B. Reaction Energy Level Diagram - :
‘ ’ !

A casual examination of the O;'+'Hé reaction reveals that the

following reaction channels are possible.

(1)~ o'g +H, - 02H+ + H A Eg =‘1.8.2 ev T (18)
(2) -~ oH" + OH A E) = 2.1 eV | |
(3) v"v - > H0 + O A B = 0.81 eV

CORN RS KO0 A E - 1.8 ev

(5) - H +ox sl -s88ev

(6) > H o+ 0, A EY = 5.227 eV

The heéts-of reaction are iﬁdicated to the right; they.are-ail endo-

| thermié;- Reaction chamnels (5) and (6) were not studied; the H aﬁd
Hg Prédﬁced in thésé reactiohs have energies too low to'be.déteétédb
in our experimental sysfeﬁ. All the otﬁer reaction channelg_weré .
obser&ed.. | | | |

Table V lists the ionization potentials and the diésociatibnv"

energies of all the readtants'and products involved in the ieac;
tioms.lrf.ﬁ@h7 ‘From‘Table V, an enefgy'levél diagrémifbr ail'pOSSible'
ground state reéption channelsvcan be preparéd, as.invFig.'iB; Some |
explanéﬁion of the diagram is in order. The energy levei diagrém is
drawnvanalogous to fhe ones we so often see'inwmolécular 3§¢ctroscopy.
The heavy horizontal lines give the reactlon channels in unifs'Sf
energy abqvé or below the refersnce channel ; here;O; + Hé is_taken,as

the zero energy reference channel., Positive energies indicate

! _ . : o -

|
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Table V

.- Thermochemical and spectrocopic data for the

—

reaction 92 +7Hé ,

Molecules 1o D, ° D,
or ions (eV) -~ (eV) (eV)
H2+ v - 2i. 648 - :
0," - 6.8 -
Ogﬂ%v' B} ¥ 2.66 (0,"-n) uh (0;0H+)
oH' - * 4,765 (om") B}
1,0 - * 5.68 (Ho+-H) .
.Hé02+ | Lo F kg (10, -H) *AbAO'(Ho+-OH)
H 13;595,:, - o
0 f13.615 - -
Hé‘zi ‘15;u27 | b b76 -
0, -, 12.20 5.08 -
‘02H | :11.55' 1.99 (oQ-H) 2.7 (H0-0)
OH 13,18 L35 -
H,0 12,61 5.113 -
. HéQé 10,92 2,12 (HO-OH) 3.88 (HOO-H)

* _ 48
Calculated value (Born-Haber cycle).

2. Jonization potential.

b, Bond dissociation energy.

)
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O*+O+H+H 11.27

10—

Ene'rgy (eV)
H
I

O+0+H +H

11.25

 O0*+OH+H |
A 6.90
OH"SO+H ¢y

Op+H+H 4476 |
v ' ) 02H+H+
) . —&————388
| +H - :
OarHp 3.227
OH*+OH 214
OpH¥+H__ |82
O+tH20 '
O+ ' ' —-g-——H 0°+0 0.81
H,O0p
g2 __ _535

Fig. 15. Reaction Energy level diagram for ground state O; + H2
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endothermic systems while negative energies give exothermic reactions.
For example, to go from Og + H, té the products OQH% + H, the endo-
thermicity is + 1.8 eV.as-designated in.the diagram, while ﬁhe.forﬁaﬁion
of Héog is éxothermié-by'-2f55'ev; The difference in the ehdothérmicity
of lévéls_yieldé the;energy_required-for'a‘specific process;between'two
different reaction channels. |

,The'reéction-chaﬁnels_dréwn in the mid@le of the diagram are the
six basiéireactioné thaf we referred to earlier,rﬂThé'two channels on
the right céme from_the dissociation of}reaction channels.ffom the
middle. of the diagram. Non-reactive COllisiQns are indicated to the
left of the diagram.  Although some of £hese reactions may be the

dissociétive products of the reactive channels, they are listed with the

non-reactives.

C. Configuration of the Complex

With the formation of a complex, we can speculate on‘the configura-
tion of the transition,sfate. Of course when the collision enefgy is
high enbugh and whén the lifétime of the complex is shortvany geometry
—is poséible for the complex, Since we afe dealing.with é four atom
system, there are not tbo many arrangements that one can make. . Some
of thesé can be eliminated Qn’thé grdunds of rotation of the molecule.
Figure 16 {(a) displays the four possible configurations of this four-
aﬁom system at the first instance of reaction. |

waeﬁer, if the complex has a lifefime of more than a few rotations,
the molecule will have time to rearranée itself. Thusrthevconfigura-
tions with_the lowest energiés tend to be most proﬁable, Hﬁerzbergu9

has discussed some of the stable configurations of HéOE and they are
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in Fig._l6'(b). These are the favored configurations at energies

closed to the threshold of the reaction.

D. . General Features of the Reaction |
The‘existence ef a eollisien complex in bimolecular reactions has
been pestulated!meny years in the Absolute Rate Theory. Such a tﬁeory
was applied.and fbund‘gdod agreemeht between some experimental.end’

theoreﬂical results.lLL The occurrence of a collision or activated

complex'is:central in the Absolute Rate Theory. Collision complexes'

in simple bimolecular reactions were searched in earlier efforts in

50

crossed moleculafvbeam studies. However, for the majority of the

_reactions they examined, no evidence of a collision complex was found.

Instead, direct mechahisms predominated in these reactions. Recenﬁly,

15,51

groups in Harvard and in MIT found definite evidenee fof collision
complexes in the reactions of alkali.atoms_and alkali helides. It
seems that the cehcept.of an activated complex is‘verified;"although
compleieé do notvexist.in e&ery reaction, as would be necessary for the
universal appl_ieabilit& of the Activated Complex Theqi"y.' Tt ‘ieto be
expected that in the future, further examples of both types'ofvreaction
mechanisms'ﬁill be found.

The efforts in the search for a collision complex in ieﬁ—moiecule
reacﬁions parallelled those in neﬁtral-neutral reactions, Indeed;
investigators in ion-molecule reactions have more to hope for since
all'ion-molecule reaetions involve the strong ion indﬁced—diﬁole in-
teraction. Early experiments in the sfudy of N2+(H2,H)N2H+'u’6’9 and
Ar+(H2;H)ArH+ 9,6,10 failed to find any trace of a complex even when

the reaction energy was as low as 0.1 eV.‘“Subeequent investigations
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in H; + Hé,'52 Ng +'CHM’ l;_ﬁg + J2D2,53 and a host éf éfher reaéﬁidns
did th[yield'any;evidence for a complex. A very‘large.domain of ion-‘|
molecule reac%iéns is dominated'by direct reactioﬁs. | |
Recently, groups in California and Colora&o repofted evidence of
jintermediate complex_formation in ion—molecuie reactions. The.Colorado

54

.group'cbmmunicated on the reaction
CQHZr + CH), - [ChHg] - CH3 + C5H; | I | (19)

They'obéervedva product distribution which.waé symmetric tovthevi90°
in the center of mass éystem; Similar evidence was aISO'fdund>in our
study of 0} + H,, and the initial results have been published.”” A
more detailedvanalysis of the reaction is now given in this'thésis;

Dué;to_fhe'compiexity of this reaction wg'will conéentréte sﬁc—
cessively on eéch product in the following order: OEH%, Hé0+, OH+;
“and O+; ‘Cbntoﬁr maps and velogity'spectra were made for all the
products obser%ed; Because of the probleﬁ of mass separatibn betwéen
O; and OQB# at energiés'glgig to the primary beam, Ib was used .in :
place of Hé ;nlmost experimehts.' We should emphasizé-that.there is no
problém in separating OEH# and 02D+. |

+ .
1. OH

a. Reéctive Maps. ‘Figures 17 through 20 show the inténsityj¢ohtour

maps of 02D+ in progressing reaction energies. For
I ! .

2 . + : v : . o
C_’e( ng) +D, > 0D +0D : o (20)

the values of 'Q consistent with this reaction are given by

455 6V < @ < - 1.89 e



57

03 +D,—0,0*+D
(4.8ev) . #90°
Relative Energy = 2.76 eV
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Fig. 17. An intensity contour map of OED in the center of
mass -coordinate s_ystem at 2.76 eV.
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03 + Dp—=0,D% D (34.75 eV)
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Fig. 18. An intensity contour map of 02D in the CM system at



=59

(49.2 eV) I |
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- Fig. 19. An intensity contour map of 02D at 5.47 €V. The cross
indicates the position of maximum O,D intensity. ’
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Fig..EO, An intensity contour map of Q D+ at 8.34 eV. The éross
near the peak intensity locates the ideal stripping vélocity. The

asymmetry observed at small scattering angles is due to poor mass
resolution,
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On'the maps, the circle draWn at Q = -2.0 eV marks the . upper
limit of Q where the product 02D+ is expected to be'formed. No producté
are anticipated for Q larger than -1.9 eV.sincé'this reaction is endo-
thermié by 1.9 eV, Indeed most of these producfs were found inside
the circle. éhe product observed outside the ciérle could be attributed
to the fact that our apparatus does got have ‘an iﬁfinite resolution. If

the beam profile is taken into account, it cén easily be seen that

almost ali5products are within this circle. For reactions with énergies

2.76 eV gnd 3.86 eV the product distribution isféymmetric around £he'

center of mass, with the highest intensity occurring at or vefy near

- the center of mass velocity. The peaking at the center of méss and

the symmetry of the intensity about the barycentric angles of * 90°

~indicate the occurrence of a collision complex which lasts several

rotational periods, a time lbng enough for the.molecule (the complex)

to forget the_initial directions of the target and. the projectile atoms..
Figure 21 shows the differemtial cross-section for OH at L.77 eV,

and for OH# and Héo+ at 2.9 éV. 'Within experimental error, ££ese:
differential crbsé—sections display the same general.shape and exhibit
the backward—forward symmetry about 0= 90° as expected from a statistical
complex, ‘

DT is ap-

For the 3.86 eV reaction, the internal excitation of 0,

proximately 2 eVaeg substantial amount of excitation, but not enough

-to break the 02——D bond., As the energy of the reaction is increased,

‘the lifetime of the complex decreases (see Section V-G below). At

some energy the average lifetime becomes shorter than one rotational

period, and the product distribution will be asymmetfic with respect
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to the.cénter ‘of mass. This observation is displayed in Fig, 195

o ; ' _’ + o .
at a relative energy of 5.47 eV the excitation of OED at the center
: L . E 4+ ' : '
of mass is about 3.6 eV, and 0,D , with such velocity, is no longer

. B B
expected to bﬁ stable with respect to the products O2 and D. Inworder

i
|

for a s’bable-OED+ to be formed, the product in its ground state must
stay outside the 4.5 eV'cirqle.~ We see that the péak intensity of the
5.47 eV reaction stays Jjust on the brihk of this circle; The forward
.peaking on fhe reaction implies a more‘direct ﬁype of interaction

(like the hydrogen.absfractibn'reactiong). If a long-lived complex
still éxisted we-wouid expect a crater like disﬁributionlof’products
with the peak intensity evenly distributed around the -4.5 eV circle.
Product intensity inside the -L4.5 eV circle.will be depleted dve to its -
instability. Figuﬁe 20 éhowé the 02D+ distribution at a reaction energy
of 8,34 eV. The featiires are more or less the same as the 5.47 eV
reaction, except the product.ié more forward beaked. In fact the most
probabl¢ velocity of 02D+ has.jﬁst reached the veloqity predicted by

the ideal étripping mechanism. The contour map of the 8.34 eV reaction
displays the same features as some of the direct reactions'studied b&

us and others, for examplé: N2+(D2,D)N2D+.u’6’9

b. Velocity Spectra. Table VI summarizes the data obtained in vélocity

spectra studies and giVes a more detailed pipture of the_feaétion. The
intensity peaks at low energies are quite broad as can be seen in the
reaction méps and_in Fig. 22, hence the exact location of the peaks-
cannot be found uniquely., However, no aﬁbiguity will arise if a line
is drawn bisecting the half width at full maximum of the peék iﬁ the

veloeity spectrum. The location of the intenéity'peak is found where



Table VI
. + +
Reactive data for the products 02H and.OgD

e e m

ﬁxpo - o Yo v Vem V/Vb - Vig0° Eso. Eq Q@ o &

[oF : S v ! _ . B - |

02H+ . : : . o
9 eh95 12,27 IL6h 1L55 098 - LA - - L2 33sa0

429 30,11 13,48 12,73 12,69 0.9k - LT - 176 -5.97x10"

128 55.18 157 13.75 13,72 0.9k - 2,07 . 2,06 7.20a0"

387 50,30 - 17.43 16,39 16,50 0,950 - 2,96 ] 2,96 1.22x10°

00" | ) g

436 2Lk.80 12,24  10.90 10,88 0.890 - 2.6 . - 2,75 © 1.15¢10°

435 30,25 13,51 12,02 12,01 0.8%9 - 3.36 . - =3.36 1,06x10° o
LN 34,75 1bo 12,96 12,88 0.894 - 3,86 0.02 3.8 1.59x10° ?3_
Lhp h2,13 15,95 14,64k 14,18 0,917 - I, 68 0.69 .09 o
hoa - h9,2 17.2% 15,96  15.32 0,925 13.82  5.47 1.30 17 65107

Lh3 61,14 19,21  17.97 17.08  0.935  16.23 6.7 o 51 o i |

561 _67.70. 20,22  18.90 17.97  0.934  -= 752 .77 TS )

552 74,98 21,28 20,07 18,91 0.9k2 17.85 8,33 k.27 ahoo7 0 -

395 75.07  2L.29 20,07 18.92  o.9% - 83k 418  -k16 )

L66 75.20  21.31 20,07 18,94 0,941 17.90 © 8.36 o7 dog

s 90.07 23,32 22,12 20.73 0.9 - 10,01 - 6,17 -3.8k -

Sth o 99.75  2hush 23.30 2181 0,949 20,46 1108 . T.26 3.8 -

570 109.75  25.7% 2L, 48 22,88  0,95. - 12,19 8,12  -ho7 _ -

All energies have units. of eV, All velocities have units of 107 em/sec.
a, Arbitrary units.

& i
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this line:intefseets_fhe velpcity.scale. This value is intuitively :
\correct; Siﬂcefthe primary beam intensit& distribution'isioffenﬁsym;‘
metfic fo its peak ihtensity‘within experimental EYrors. . |

Figure-22.isva-graphical dieplay of eome of the‘velocity~spectra .
of Oé‘D+ af_energies 5.561eV, 4,68 ev, 6.79 eV, and 8.33 eV, To'facili—',
“tate cemparison'of the spectra at.diffefent energiee, a_fedﬁced velocity -
vecaie_VYVO.is used where v is the product velocity and vb is the velocity
of O;.' This sdale puts experiments at;different energies to.%hebsame
scale,: For example, in the 02(D2,D)0RD+ expeiiﬁents the centér of - f
‘mass velocity would be atv0;88h usiﬁg this new scale, and the.ieeel :
stripping_veloci£y’would be at 0.9k41, no'matteerhat_the reaction
energy 1is. | |

From the velocity.spectra, it is clear that the'reaetiop_goeé'
from a‘eemplex reactioh to a direct mechanism as the energy ef the re-
action isjihcreased, and finally the inﬁensify peak reaches the-ideal
stripping'velocity at 8.33 eV, - Accofding to the ideal stripping'proeess,
vfor reactions having an energy ef'8.55 eV>ena beyond the 02D+ Will have
an excitation exceeding 4,5 ev, Th order for the product to:belstabie,
the reection product has.fo peak forward to the stfipping poeition.
This is observed experimentally. In the reactions above 8.35.eV(lab);
the Dv:atom must have recoiled away from 02D+ end in the proeeee cafried
away part of the excitation in 02D+. _

Figure 23 is another way of looking at the reaction data. Within
experimental errorrthe final relative energy Eé is a linear funetion of
the initial relative energy Eg,up_to a certain energy. Three,egperi-

ments were performed at 8.% eV and they indicated the magnitude of the
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experimentaLferror. Extrapolation of thevlower portion of the curvé fo
Eé = 0 eV gives Eg é 3.8 eV}.which is confirmed by the eXperiﬁent done
at 3.86 ev; .The egperiments ééve us a’father)unexpécted ¢onclusioh»that,
the products can hold an excitation of up to 1.9 eV. _Excitafidn which is
more than 1.9 &V will be partitioned between the. internal excitation and.
thé transiational motion., It is not difficult to understand the.meéhanism
of such energy»partiﬁiqn if‘the intéfnal_eicitaﬁion-of Og is taken into
account, The ions!formed in the microwave discharge source will have sev-
eral vibrational éﬁates:populated. Furthermore 02H+ was observed from |
-02+(H2;H)02H} at an energy of 1.47 eV, indicating that most of the O; ion
had a vibrational excitatiohbdf at least O.h eV, From.the'extr%pélation L
in Fig. 25, we concluded that the internal excitation of O; was_ébout )
0.6 €V £0 0.7 eV.

Twé Implications came out.of these observatiohs. First thé prdducts
cannot absérﬁ.an infinite amount.of‘excitation, that is, there has to be
an upper limit wheie the product‘can femain stabie. The experiments -
showed that thé producté "remember” their initial directions'above an én-
ergy of 5;8 éV. Now. if the-internalbexcitétion:of Og is added to the
3.8 éV} the total reaction energy wéuld be 4.5 eV Whiéh is the upper limit
of the stability of 02D+ with respect fo the products O; + D.‘ Further in-
>crease in the reaction energy must result in ité partitioningvinto transla-
tional motion if the;02D+ is to remain stable. Thus the transition from
a complex'type of mechanism to a more direct type'of_mechaﬁism.is a-direct
consequengéiof the Q of the feacti&n. It is interesting to noﬁé that -
there ié a clear break of the curve at about 7.0 eV. The prodﬁcts above
T.0 eV recoiled away from each other more violently than those_belbw T.0 €V
indicating:that the interaction bet&een the products at highef énergies

could be repulsive.
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Second, the maximum reaction cross-section would occur close to

Eg = 3.8 eV, At this energy 02+(D2,D)02D+ competes favorably statistically

with othér dhannelshof reaction. Beyond 3,8 eV the channel Qf’dnimolecular
decay of OéD+.gains iﬁ importance and we gradually loéé the 02D+.ihtensity;
as a fesulf'ﬁhe reaction corss-section will drope. Unluckily iﬁjis,father
inefficieﬁt for'éur present apparatus'§et up to determine totéi‘éross;
secfions." The féw:tdfal cross-sections thaﬁ we have measured are not
enough forjdé to examine this point critically. |

No threshold behavior was investigated. We could not produ@e an ion
beam at this energy with sufficient intensity to do an experiment;v_It is

56

interesting to note that Hengelin haskdone
+, U o _ o :
og(uﬂu) +D, = 0D +D o (21)

which is exothermic by about 2.0 eV, Their results showed that this reac-

tion reacts via a direct mechanism in the reaction energy range 1.7 eV to

80 evV(lab). In cqntrasﬁ, in our ion beam there was only 5% electronically
excited Op, and 9T% of the beam was in the Eﬁg state. Thus wé: did not
have the interference of Og(uﬂu) and the reaction 1s endothermic és'expected.
| Thevnature’of the 180§ peak fofmed at high energies is‘not clear from
the study of 02+(D2,D)02D+. Unlike the back scattered products in
We+(D2,D)eD+ ° and N+(E2,H)NEF,” | the 0D scattered through-180° have a
very large internal excitation. We will have more to say aboﬁt fhié 02D+
when the isotope effeéts in this reaction are discussed. |
2. HO'
Due to‘the low intensity of Hé0+ observed, only five experiments were
performed and the results are tabulated in Table VII., The enérgy 5f H‘QO+
is so far behind the primary beam and their masses are éo»different>that
wWe 1o loﬁger have the problem of mass . separation. The range of Q allowéd in
O;(Eﬂg) +H, - H20+ +0 M - (22)

are 649 eV £ @ < -0.81 eV.
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Table VII

|

' + +
cts HéO ,'qao s

|

—

L

 Exp. E, ."-Vb' . v" Voy v/vb : ESO Q

No, } ~ L . i c ,

1,0 oy N o ,

412 34,82 1M.50 13.71 13.65 0.9 2,05  -2.05 -
302 | 49.84k 17,35 16,33 16.33 0.939 2.93 -2.,9% 1 o8xlo“

+ B : ' : o
D0 -

416 34,82 1h,50 - 12,89 - 3,87 -
399 49,95 17.37 15.41  15.h4  0.887  5.55 © -5.55 = -
) 75.09 No signal ‘

OH' - o g

413 3h.82 1k.50 - 1365 - ' 2.05 - -

389 49075 17.33 16.55 16,31 0,955 2.95 - -2.92 -

391 50.%2 17.43 . 1630 16,40 0.9%35 . 2,96 -2.96 ‘1,1LX10

397 50,20 17.41  15.62 15.48 0.897  5.58 -5.57 -

562 67.7 20,22 18,5  17.97 0.915 7.52  -T.51 -t

463 . 75.45 21,3k 19.38 18,97 0,908 8.38 8,35 5.4 x10

u67 100,09 24,58 22,90 21.85 0.931 1l.12 =10.92 2.0 X107

Of from 02+ + D2v |

405 50 eV No signal 5.55

460 76,4 21,48  21.02 19.09  0.978 - -8.k49 - -

459 100,59 2k.6h 2h.52  21.91 0,995 11.18 - 1.kgx10"

0" from 0, + He ]

hr2 o 6M.79 19.78 19.60 17.58 0.990  T7.20 -- -

462 Th.82 21.25 21.15 18.80 0.995  8.31 -- 1.4 x10°

456 100.11 24,59 24,50 21.85 0.996. 11,12 -- -

470 148.75 29.97 29.90 26,64 10,997’ 16,53 -- -

All energies have unitstof. eVy,

a. Arbitrary units,

Aillveibcdtiﬁﬁ havepunimgﬁef¢105?ém/séer,
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- Figu¥e 2l shows a contour map of this reaction at 2.93 eV. ' The
circle dfaﬁﬁ'at ~-2.0 eV'was‘put in to indicate the Q values ihﬁolVed
in this reaction.‘.Again, the products have a distribution symmetric‘
to the center of mass, indicating an intermediate complex was invelved'
in the.reaction; The fact that very 1£ttleesignal was. observed atf
| 2.05 eV may indicate that the reaction
'og(gln ) +H, - }bo; - | o o (23)
g .
has a subetantial_activation barrier, perhaps close to 2.0 eV.: in
order for ﬁhe reaction to occuf, Og has to have sufficient energy to .
pass over this barrier.. A threshold experiment is crucial to the'under-,
sfahding of the fofmationvof HéO+. However, due to the low beameintensiﬁy
and the smell cross-sectioh-involved, we are not certain about the
interpretation of the 2.05 eV experiment; Threshbld measuremente are
best done:with the type of appafatus designed by Giese.5 |
5. OH |
The reactien 02+(H2;OH)OH}vﬁas been studied by Refaey eﬁd Chupkau6
‘who determined the total cross#sections from 20 eV to 350 eV(lab). The
v tqtal reacﬁion'cross-section is very small, with a.maximum of:0;55 ﬁ?
at 60 eV(lab). But these measured total cross-sections are'very'ﬁn;.
certain;ﬂdge to the iarge amounts of Og(unu) ipvtheir ion beem. |
There are two reactions operat}ng at different energy ranges thét
lead to the formation of OH+: i | |
O;JFHE‘ —~ OH' + OH (o)
with

—-6.90 eV < Q <-2,14 eV
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Fig. 24. An intensity contour map: of H,0' at 2.93 eV,
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and :
Oy + H, —»OH +0+H | (25)
with |
11,25 eV < @ < -6, kg &V
The energetics of these reactions are listed in Table VIT, i
. |

A contour map_of’this reactidn is shown in Fig. 25. ’The circle
drawn at Q_zv—l.90 eV roﬁghly indicates the upper limit of Q in this
reactién: This reaction is similar to 02+(H2,0)HR20+ in every respect,
excépt'the intensity of OH+ is a - little bit higher than Hé0+. Again
the OH+bdistribution 1s roughly symmetric with reépect to the center
of masén o |

Figuré 26 and 2T are contour maps of Ob+ at higher enéfgies._ The
circlesvdréwn in these maps have the following sighificance: |
(1) @ = -6.9 eV indicates the upper limit of OD stability if all the |
excitationvgdes into OD+. Reaction (25) is also energetically possible
inside this circle. (2) Some OD+(5'H) is expected to be found inside
the circle § = ~11.25 ev;;' From the maps it is clear that in the
reacfioﬁs'at 8.3% eV and li.l2 eV the OD_+ product is peaking slightly
forward. As‘in the OQH% reaction, the reaction energy is pértitioned
into the internal ékcitétion and the translational motion of the prod-
ucts, Thus a more direct type of interaction is taking place at thegse
energies, There are two possible mechanisms which explain such observa-
tions.

One of these ﬁbdéls utilizes the direct mebhanism, and the sequence
of reacfion'is indiéated as follows:

A+ -
Cé DE interaction - 72 decay

+ - direct N o D+ unimolecular OD+ 0 (26)
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‘Fig{v25. An intensity contour map of OH' at 2.96 ev.
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Fig. 26. An intensity coﬁtour map of oD at 8.38 eV,
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Fig. 27. An intensity contour map of OD+ at 11.12 eV,
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' For an ideal stripping proceés the reaction is energetically.pOSSible

only if the energy is above 11 eV.  But we do not have an ideal;stripping

» ‘ . ' + -
process in these redc¢tions. Comparison-between the data of 0.D-. and

2

'OD+_reveals that this reaction is allowed experimentally-at an energy

, . : +
as low as T eV. OD+ was found at g velocity slower than that of-OgD .

Furthermore the dissociation.

s 0 . i ..
op" > 03+ D sH=2.6eT - (27)
should greatly predominate. over. - .
0,07 o' +0 - A H=lb ey | (28)

This partially explains the low intensity observed in these
experiments.

Another pdssible reaction path is

unimolecular
decay

+ complex or
o+
02  Ib direct

D,0" ot +D (29)
This reaction scheme haé the attractive feature fh@t all the reéction
energy is available for the internal exéitafioﬁ of D20+; The thermo-
dynamié fhreshoid for reaction (29) is.6.5 eV, or 59 eV(lab);‘ Ener-
geticaliy this reaction is more favorable than reaction (26), but it
does not predict the velocity of on" as explicifly as feéction'(26)e-‘
More evidence in sﬁéport ofkthesé ﬁddels will be giVen in the.non-‘
reactive collision sectién below.

b, of

The reaction
+ + : o '
0, +D, 20 + DEO(?) | (30)
has a Q value of anything up to -1.8 eV. Unlike the other products
+ + :
(OQD JvOD+, and D,0 ) of Og + Dy, this reaction seems to proceed via a

completely different mechanism. Figure 28 shows a reacﬁion map at

ll.lBIeV, The product distribution is peaked asymmetrically forward

of the center of mass, indicating a direct reaction. It should be both
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03+Dp —> 0%+ P (100.59 eV)
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Fig. 28, An intensity map of O from o; + D, at 11.18 eV,
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interesting and informative if we can compare the reaction with

O+
2

‘e - O 40 +He ' 1)
HeliumAhas the same mass as D2,-and at high energies Eoth‘Dé and He
are expected to interact with Og in siﬁilar mannérs. Figure 29 s?ows
a contour map of Reaction (31) at a comparable energy. It is_obvious
that the two maps have the‘same general features with a strong peak in
front of the center of mass. Furthermore, if the velocity specﬂra are
compared, the intensity peaks aimost have the same velocity. This
immediately leads to the conclusion that these two reactions go by'the
same mechanism. Reaction (31)vhas been studied in detail in.thé coilision
induced diséociation investigations,58’59 Threshold studies disclosed
that no signal was observed for both Reactions (30) and (Bl)Iat 5.5 eV.
The threshold for Op dissociation is 6.8 eV or 6L cV(lab). Unlike 0,
OH&, 02D+, and Héo+ were detected at 55 eV, and these products were
Sh@wntﬁo come from a complex. All these lead tb the conclusiohbthat O+
does not come from the complex Héog, rather the signal we saw waé from
a collision induced dissociation of O; :

In at least one reaction

+
0

» + D > pot+o0 . - (%2)

2 2
~ DQO + 0" o (53)

we may find O+ from the complex., However, the ionizatién potghtial-of
0 is 1 eV above that of DZO' Therefore in the dissociation ofszog;

the charge is more likely to end up in'DQO than in O. Theré may sﬁill
be some O+ coming from Dgo;; the signal may be so weak that it escaped

detection in our apparatus, or be completely masked by the signal coming

from.thé collision dissociation of O;,
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Fig. 29. An intensity contour map of O from O2 + He‘at

11.12 eV.
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The mechanism of collision induced dissociation wés discussed in
detail in another report.59 The version éf‘thé stripping‘modél-bestb
describes the formation of O+ in these reactions. 'In:tﬁis ﬁodél, one
atom of the molecular ion interacts with the farget mélecule; while
the other half Qf thévion proceeds as'é spéctator and is subjected to
little or no force. 'Thusbin this mdde of reaction, the spectatorlion
will appear ciose to the velocity of the parent ion. Such predictions

. + . : v .
were observed in .the O experiments as can be seen from the data listed

in Table VII,

E. Non-Reactive Collisions with Ib and He

The‘baSic purpose of a non-reactive collision study in a chemically
reactive system is to find information which may supplement that ob;
tained'in the reactive studies.  Kinsey51 inferred complex’fdrmation
in the non;reactive collision of alkali metal atoms with COE,andeO s
‘although no reaction took place in these reactions. "Stickyh céllisibn
bumps were also observed in the non-reactive collisions of alkali atOms
with alkali halides by Herschbach, et al.15 In these cases chémical
reactions tpok place,

We have studied non-reactive scattering together with reactive
collisions in the reactions Ng + D2,9 Ng:+ CHLL,ll and Ar+r+'DElog
definite correlations could be made. For example the non-reactive’
experiments in Af+ + D2 and He enabled us to estimate the reaction.
probability of the reaction.

Figures 30, 32, and 3L showfﬁhe angwlar distributions of the non-
reactively scatteredlog. The Q .circles have the following meaning:

4,55 eV is the dissociation limit of the D, molecule; 680 eV is the



-82-

threshold.for the'gissociaﬁion of Og, and.9.9'eV is the vertical .
transitiqn‘(Franék—Condon type) of ﬁg(lzg) to Dé(BZu). For comparison

the-contoufﬂmaPS'of 02+(He,He )02+ are shown in Figs. 31, 33, and 35 at.

s . ’ o
‘comparable energles, - ‘

: . i ’ . . :
Let usvfirstwcompare Figs. 30 and 31. Three striking features
. b '

appear. (1) There is no intensity inside the Q = -6.48 eV circle

g ! [ T
for O2 + He while lots of signal is found inside the circle for Og'+ 92‘

v _ + ‘ ' ' :
(2) There is some O, scattered very inelastically to 180° in the reactive

) N ) + o .v s .
system. (3) Elastic scattering of O, from D, was observed to +50° in

the CM system, while 180° elastic or slightly inelastic écattering of
. o ’ ' . ‘ ’
+ . o : ! :
'Og'in He was observed. Apparently the presence of a reactive molecule

D, caused all these differences. The interpretation of feature (1) is

+ o
‘quite straightforward. For the 02 + He case, the oxygen molecule could
not take up more than 6.80 eV of exiitation and there was no signa1'
inside the 6.48 eV circle. For the 0, + D, case, part of the excitation

can be transferred to D2 and O; was found scattered into this‘circle;
‘ ! -

- Features (2) and (3) imply that close collisions between Og and Dé héve

a reaction probability near unity. Similar features werevalsQ obéerﬁed

. . _
" in N2+(D2,2D)N2+;9 The intensity of O, close to the Q = -6.U8 ev circle

. N
is more interesting. This also leads to the question of why thé'O2
wag preferentially scattered forward. If the sighal came from the

K o+ v . o .
unimolecular decay of D202, an isotropic distribution around the center
o ' ' ‘ +
of mass would be expected. It was suggested earlier in the OH section

’ +
that the OD+ might come from a unimolecular decay of OED . It was

" also indicated that more Qg would be coming from the unimolecular.

: + o +
decay of OED since the 0-0 bond 1s stronger than the OD bond in 02D .
‘ |
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| 0% +D,— 0} +D, (99.9¢eV)

Relative Energy = 1.1 eV T+90°

Q=-9.9eV

Q= -6.48eV.

I80°

Q=0-

F—-f-4-4
105 cm/sec

R . R
Fig. 20. An intensity contour map of O, from
The cross near the intensity peak locates the

og + D, at 11.1 eV.
Z

veloci

v of Og coming

from a unimolecular dissociation of 0.D which is formed via the

ideal stripping mechanism.
maxima of the scattered Og.

The small circles locate the intensity



03 +He—=03 + He (100.1eV)  #.90°
Relative Energy = 11.1 eV '

10 cm/sec

"XBL 6912-6696

Fig. 31l. An intensity contour map of.Og from Op + He at 11.1 eV,
The small circles locate the intensity maxima o% the scattered .
0. "The circle labeled Q=0 locates the elastic scattering of an
infinitely sharp beam from a stationary target. _ -



According to this model the reaction below took place

: } : difect + unimolecﬁlar + I .
: : > > in
02 * D2 interaction 02D +.D decay Qg_* D +vD »(3')

The velocity Of_O;_coming from this reaction should have nearly the
: - \ ) .
same velocity as 0,0 . The "X" in the contour map marks the expected

+
2

idealustripping reaction. While in the N2+(D2,2D)N2+ collision, it was

positiqn of O comihg from a'unimolecular decay of 02D+ foilowing an
concludéd thaf"the intensity peak of Ng was due to avcollision induced
dissoCiation of Défawe_are inélined to think thatvin the:presenﬁ case
the 02+(D2,2D)0R+ intensity meximm was due to a qnimolécuiar'dééay,
of 0,1 .

There are two reasons why we believe the O; case is different
from.theng case. (i)kThe‘intensity maximum fromvN2+(D2,2D)N2%vwas
sharp and had én angular distribution basically the same as the primary
ion beam. In the:o; case, the angular distributions of Og'iS‘reminis—
cent to that of a stripping reaction. Thus N2+(D2,2D)NE+‘andv
C2+(D2,2D)02+ do not oceur by the same mechanism. (2) Daté from OD"
and L;'seem to complement each other and theyvmay originaté from.a,O;

: : : + S
unimolecular decomposition of 02D « The difficulty of such a model 1is

. -+ + . : .
that the O2 and the OD. observed at comparable energies did not have

+

quite the same velocity, with O2

) +
peaking slightly in front of the 0D ..
One nice thing about the model is that it does explain the preferentially
forward scattered 02.

Similar observations can be made with réactions at 8.3 eV (Figs.

%2 and 33). Again the "X" in the O; +D

> map marks the ideal stripping

position and the datd agree well with it.



03+ Dp—> 0% + D, (75.09eV)

o
Relative Energy = 8.34 eV . I+90 —

-9g-

IO?cm/seQ_ I . O

'-Flg %2, An intensity contour map of OF from Om + 132 at 8.3k eV, The cross near the 1nten51ty'
peak locates the velocity of 02 coming %rom a unlmolecular dissociation of 02]) whlch igs formed
via the ideal stripping mechanism.

i ' v P
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Og{}mj—?Q£+Fhf748V)  .'Tf90°
- Relative Energy = 8.2 eV ' |

- 20%
Beam -
ProfHe :

I05 cm/sec

XBL 6912-6697

Fig. 33 An intensity contour map of OE from O, + He at 8.2 eV.
The small circles locate the intensity maxima o% the scattered
0f. The circle labeled Q = O eV locates the elastic scattering
o% an infinitely sharp beam from a stationary target.
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The reactions at_lowef energies still retained much of the same
features as occurred at higher energies, except the O2 forward peak
disappeared; in its place some inténsity plateaus were found.t This is
-~ probably due to energy restrictions. Figures 3L and 35 show the reac-

tions at 5.5 eV. Inside the -4.5 eV circle dissociation;of'D

is ener-
2 : _

getically possible. The -4.5 eV circle in Fig. 35 does not have any
- . . : ' ' .
meaing; it.was put in for comparison with Fig. 34. The process as ex-

plained above still operates here., If the intensities -inside the 2 eV

circle were lifted from Fig. 19 and added to those in Fig. 35, we would .

roughly reproduce the scattering pattern in Fig. 34, Of course some of

these intensities might come from the unimolecular decay of the complex:
: - . ' oo

+ + . v ] i v ‘ . I
D0, = O, + D+ D : - (35)

The arguments given above are speculative at best: Scattering
Y ! '
patterns close to that predicted by this model (reaction 3&) were in-

deed observed, and the results in O2+(D2 OD)OD+ and in 02+(D2 2D)02+
complemented each other. At present we do not have suff1c1ent data to

prove or disprove such models., Experiments at higher and lower‘energies

covered in these experiments would definitely help.
It is not surprising to see Ne+(D2,2D)N2+ and D2+(D2,2D)02+

behaving differently, because the chemical interactions involved in.

Y
i

these two reactions are quite different. The great myStery-would be

1T rixe of

the Ar+(D2,D2)Ar+, 5

+ o
and N,, Ar+ interacts strongly with-Dgn
Why then did we not see any collision induced dissociation in
Ar+(D2,D2)Ar+? Would the difference in the projectile mass meke any

disparity? Or, did the observations in the Ar+(D2,D2)Ar+ experiments
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* | 05+D,; *:_05“02 (50.14 V) 'T‘+90‘_’ '_
| Relative Energy = 5.57 eV '

IO_5cm/sec

XBL 6912-6692

' - : o ' + +
Figs 34. An intensity contour map of '02 from O2 + D2 at 5.57 eV.



-90-

0; + Hé - OE + He (49.9eV) 'T+9o°
Relative Energy = 5.55eV

80K '

Q=0
20% Beam
Profile

o
1 07,

1t |

205 cm/sec ] | i—90°

Tig. 35. An intensity contour map of O. from O, + He at 5.55 eV. The
small circles locate the intensity maxime of thé scattered 0. Thé
circle labeled Q = O eV locates the elastic scattering of an infinitely
sharp beam from-a stationary target.




. Datz6l have studied the‘nonreactiVe”collisibn of_K+ and Na' with D..

=91

put their weight in favor of the model proposed»above? Dittnef and

2

No dissociation of Dg'was observed at energies ¢omparable to those

studied:in.Ar+(D2,D2)Ar+. There are many reactions which might shéd

some light on the mechanism ofvdissociafion of D in reactive éystems.

2
+ .‘ N , '+. : M v. ..
Co "+ D2 is a good case to study. NO -+ D2 is another., Attempts to

observe the formation of N’OD+ from NO+ + Qé have failed repeatedly in
this labofatory.6o' Thus NO+ +~Ib might.be a good reaction to tesf the
modél_exberimentally, since in NO+ + D2 we apparentlyvhave avchemically
"inert"vs'ystem° A nonreactive type of dissociétion'éf D, céﬁ'almost be
eliminéted if we fail to observe the dissociation of D, i NO© + Eb;

F. Isotope Effects

Kinetic isotope effects in ion-molecule reactions have been dis~
cussed by many investigatbrs.62 The reactions between rarergas ibns
and HD hav¢ been particuiarly well-studied.65 Farlier experiments in
masé-spectfometers‘led fo the conclusion that.long-lived_intermediate
complex was formed in these reactions. Later experiménts with crossed
beams,préduced no evidence'for complex formation déwn to a CM energy
of 0.1 eV.ﬂ Consequenﬁly, the existence of a complex in these reactions
are éoubtful. | o

In tﬁe study)of

O, + HD - 0,0 +H S ":(l36_)
> E +D (37)
+

we have shown that a complex HDO, definitely exisﬁed for several rota-

tional periods. The substitution of HD in these reactions affects
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both thé'rateland the mechanism‘bf‘thérreactions,- The difference in

!

the rate of formation of"'OgD+

explained in terms of the unimolecular rate theory.

1
'

{
first.

v 4+ o g o
and O,H is not surprising and can be

The effect bf-HD;

on the mechanism of the reaction at'highfenergies_is soﬁewhat unekpected.

The influence of HD on the mechamism of the reaction shall be discussed

1. Influence on the Reaction Mechanism |

Figure 36 shows three different ve1001ty‘spectra of O2 +»HD

at 2,13 eV, 5.21 eV and 8.57

dimensionless velocity scale

. _ @ _
“'ions only. For eTample, the
0.941 while that for O,H is

both cases.' As the reaction

via different paths. Let us

eV. It should be pointed out that the»
éhbuld only'be used between data of_;ike
1deal strlpplng ve1001ty for O D 1s éf
at 0.97. The CM velocity is the same for
energy is increaéed, 02D+ and OéHf forms

. + . .
follow 02H first. At an energy slightly

above the threshold, both ionsvhave péak velocities at the>éenter.of

. : . . 4
mass implying the existence of the complex HDOQ.

T+
energy is increased 02H s

As the reaction

tarts to peak in front of the center of maSS

and finally reaches the ideal stripping velocity at 8, 57*éV. Thls aspect

- of the reactlon is completely similar to those in the 02+(IE D)O2D+.

Unlike the formation of 02D

observed behind the center of mass. Let us now follow 02D .

: +
36(a), O,D is at the center

is peaking behind the center

+
prominent as that-of.the O.H .

2

in O2 + 2, very little 1nten31ty 1s
.

In Flg.

of mass like O H. In Fig. 56(b), o D"

2
of mass. waever, the peak is not ag’

In Fig. 36(c), we can discern.two :

well-defined peaks, one peaklng forward the other backward to the '

center -of mass, with the backward peak 1nten31ty 1 1/2 tlmes that
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\

- Fig. 36, Velocity spectra of 02D~ and O,H. from -

+
O2 + ‘HD',
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of the forward.  The products formed in these isotopic reactions at

high energies are: 02D predominently backward and OQH‘ predominently

: ‘ + c .
forward. The behavior of 02H at higher energies can easily be ex-

~plained in terms of the stripping process which is not,surprising .

since we found similar effects with 02+(D2,D)02D+. Simple calculation

: . v +
shows that at higher energies 02D could be formed by the following

+ . : o
process:: (1) O2 collides completely inelastically with the D end of

HD, (2) the resulting 02D+ molecule collides elastically or-iﬁeléstically
with the H atom,.CB) as a result of the collision H recoils forward
while Ong bounces backward. TFor an idealAprocess V/Vb = 0,81, as
calculated in Section IT. The charge is févored to stay on_02D+ since'

it has a lower ionization potential than the H atom. While these

- simple models do explain quantitatively'the behavior of the reactions

at higher energieé but they failed to explain why one is favored 5ver
the other. | |

There is one simple geometric explanation for all these. If we
take the.stand that the HD molecule has its center of‘mass‘shifted_
toward the D atom;‘in rotation, H will be fofming an outer shell |
covering the‘D atom. Since stripping processes take place at large
distances, O+ will be seeing the H atom most of the time and the |

2

formation of OEH% is favored. At higher energies, the molecule HD

: + o :

will appear "frozen" in space to the incoming O, and both O,D and
. s,

02H will be formed at the same rate. Since the stability of 02D

and 02H at higher energies is determined by the amount of internal

N :
excitation, 02H is again favored. For the back scattered products,

the rotation of the_HD molecule gives the D atom a greater density at
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the cére,_hence‘the‘formatioﬁ of 02D+(180°) is favored. Furthéfﬁdfe,
inéiastié,éollision BetWeen Oer’and b,_or 02D+ and H'Will‘tfansfer-
'mqre'eﬁérgy‘tO'the molecule in tﬁe fofmer case. This is'the feaéén
why we did}not see ﬁbo much O,
éimilar.isotope effects for the lé0° peék'were also observed in ;‘;
|+

N,

61- : : ) ) .
 + HD,V) Th$ velocity spectra data are summarized in Table VIIL

2, Influence on the Re.action Rate

In terms of the Lindemannumebhanism;lureactions (36) and (37) can "

be wfitten as

op +m  [m0)] S (38
+.% Ka1l 4t 4
- [mo,] — [mwo,)" - O o (39)
: [HDO*]*E?» (mo’1™ - o0 (o)
I 2 ol 7 Y R
| .

* indicates that the molecule has an internal enérgy E
) b ! . : -

where the
equal to br greater than the critical‘energy for disSociation (Ec);
*_denotéé an activated complex, and kal; ka2 ‘are the first order fgte
constarits for the decomposition of-an excited HDog.into the:pfbducts.
in the present experiments, only the forward reaction in Equéfion (58)
was investigated.

The ?a involved has been fhe subject of intensiie studieé3iﬁ the
“theory of ﬁnimolecular rate theory. Using a quantum‘statistidal
model: Rice, Ramsperger, Kassel and Marcus developed the sé'caliéd.'”
RRKM theory of unimolecular decom.position.66’67 In this theory;“kav.'

in its simplified form, in which rotation is inactive, is

+ ! o . .o .
H 6 scattered to 180" at higher energies.

ot
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: s-1

4t t o, ot S e :
) _ Qr E'+E .8 x S-1 +
ko= * L v/ 0 v, L - ’
. a, | .Qr E* + EZ i_l Vl/i:l Vl _ ., (ul)
<EJr + EZ ' ' . - '
=V | ' (b2)
‘ T ooX ‘ _ .

where Qz and Qr are the rotational partiticn functions;forvthe
activated complex and the unenergized molecule respectively,

% . : 4 o .
ET,= E. - EC, Ez and EZ are the zero point energies of the molecule

. 1— . ) .
. and the activated complex [HDOE] . The first product in equation (41)

1s of the fundamental vibrational frequencies (vi)_of the uhenergiZéd

. + '
HD02 and the other is of the frequencies of the activated complex.:

The total number of vibrational modes of the molecule is s,

By semi-empirical reasoning, Rabinovitch and Diesen67 modified
the semiclassical energy level density expression of Equation (k1) for

s vibrational modes,

* ¥.g= S : '
(8" + )%/ T(s) O b, - ()
. z° i=1 1 .
by the inclusion of an empirical correction factor "a". Tt gives
. N . N .
(b
(E + a EZ) J/0(s) fll hv | (L4h)
Substitubing (44) into (42) we obtained the expression
B+ aE, - E_ s-1 ' '
k, = v = : o (45)
E + aEZ ' o

Slaterlu using a dynamical model derived an equivaient expfessioh'fbr

k
a -

E* - R n-1

K, = ), -E?;—Ji - - | | §h6)
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where'.(?) is the weighted meén fréquéncy of the'molecule,"and' n':
is the number of normal coordinatés thatvcontribute:to the réactiqn
coordinate. Comparing Equations (L46) and (45). one notes that (v) and

vV are Similar. ‘Monte Carlo calculations for simple molecules by
. : X - 1 o : -
Bunker68”showed that these two terms %relwithin a factor of two within

I

| .
[ . . . . .
one another. Since (v) of the Slater formulation is much easier to -

. calculate, we substitute (v) into equation (45). With this simplifica-

tion, one is left with . :
: : » M | a1 o

E + aEZ - Ec : S — o

ko~ (v) = — B ()

a : : :

: E + aEZ . - .

In the decomposition of HDog, Eé!bf reaction (40) is greater than

l
E, of reaction (39). An examination of equation (47) gives kaé/kal > 1.

Actually, the k_,/k

al ratio is also compounded by the energy level :

ey

S B o+
densities of the activated complex which again favor the product 02D

as can be seen in equation»(ﬁl);

‘Now- the collision rate constant k is given by

| k02D+ = nln2 f O'OED-Fng(g)dgl » ' (MB)

- 4 |
where n,, n, are the density of the colliding particles O2 and HD,
OO Dt is the total reaction cross-section leading to 02D+, g is the

2 . . . ' . : :
relative velocity vector and f(g) is a distribution function of the

velocity vector. A similar eguation cah be written for the?fbrmation

of OEH%. Comparing equation (36) and (35), we see that-
- o] + :
| 02D , L
kgl g 2L o ()

02H
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At highgr'fgaction:energies, direct interaction took piace ﬁnd'the
isotope ratio would be reversed aé prediéted by'tﬁé ideél sfrippiﬁgf‘:_
model. Table'VIIprresénts the data obtained in the isbtopic studies'
of these reac£ions;‘ In these investigations ﬁotal éross-sectioné wére

_ 1 ‘
h9t measured; theyvéannot be determi#ed conveniently in our appaxatus..‘
Instead, differentiél crOss-sectionva(X) were calculated according
t0 equation (14) where I(X) = I(0®) + I(180°). At low energies, fhe
ratios pva(X) are good approximations to the ratios of theitbtal
reactive cfoss—section. In the region of the energ& where a édmplei '

is expected, I(X)02ﬁ+/I(X>OQH+ gradually rises to a maximum value bf‘h;

'thén direct reaction becomes more important and the ratio dfopsvto 0.121 -

at 100 eV(lab). One should not take these ratios too seriously; but
they do give qualitative values as expected from a statistical complex;

We should further point out.that the isotope ratios as calculatéd above

could be meaningless at high energies, since the mechanism of formation

+ +
of'O2H and 02D are quite different.

G. Lifetime of the Complex

+ . o -
Attempts were made to detect the complex Héogvdlrectly at thresh-
old energies. All efforts failed, indicating that the HéOE lived less

than 10_5 seconds—the time an ion takes to get from the reaction cell

to the detector. We cannot rule out the possibility of finding HéOE -

5 69

with a lifetime longer than 10~ ° seconds. Norton ~ observed a mass
peak 34 when a mixture of O2 and Hé were introduced into a Nier 60°‘type
of mass spectrometer. Of course the complex could be stabilized,by 

collisions in the mass spectrometer,



Table VIIT

Tsotope effects

aH denotes OQH% o

bD dehotes_Ong‘

CArbitrary units

’ . a _ c < b ol 0
Exp. B oo Y VW% % T, Vv Yo Y % Iy, I(X)D/I(x)H By
iig’ 24,82 © 12.2h 11.18 0.913 -2.13 1,145<10° 11.19 11.13 0.909 -2.11 2,49 x10"  2:17 2.1%
gii 37.18 14,98 15.8& 0.923 -3.00 3.23 x10° 13.70 13.5k 0.90%3 -3.04 8.88 x10° 2.75 3.19
ggg - 50.00 17'38" 16.31 0,938 -3.74 2.012x10° 15.89 15.86 0.912 -4.28 8.271><105 411 4,29
gig 60.80 19.16 18.17 0.948 -3.95 3.26x107 17.52 17.15 0.895 -h.30 6.626x10° 2,05  5.21
gig Th66 21,25 20.34 0,958 -3.81 2.188x10° 19.41 18,91 0.890 -h.80 2,16 x10° 0,99 - 6,40
2 - o : 2 : 5
223 90.27 23.35 22,46 0.961 -4.03 1.521X10° 21.35 20.70 0.886 -5.23 5,24 x10 0.34 7.7k S
gtg 100,02 24,57 23,66 0.962 -h.3h 6,05 x10° 22,47 21.77 0.886 -5.58 T.348x100 o121 8.57
543 74,98 21,28 - - - - 19.45 18.95 0.890 -L.86 - - . 6.43
550 139.89 29,06 - - - - 26.57 25.69 0;88h -7.21 - - 11.99
All energies havé units of eV .
M1 velocities have units of 10° cm/sec’
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The lifetime of the complex (t) at different energies can roﬁghly

be estimated if all the terms in'ka are known

x s-1
' 1 1 E + aEZ ‘ : :
s )| et | o (50)
ar BE +alt ~E
z ¢

Since _E* is specified in the exberiment and-EC can be calculated
accurately'from.the known quantities listed in Table V, the préblem_'
now is iﬁvthe.evaluation of (v) and aEz. Both of these_terms'require
knowledge of the fundamental frequénciés”of'Deog.

No épectroscopié data is available oh.Dgog. However, é.good

-estimation can be had if Vis vé, V) v5, and Vg could be taken the

0,71 T2

nd v, is set equal to v since

same as a qormal D202 5

3 Qf HNO

HNO is isoelectronic with HOS. The moment of inertia IB’ around the _

C, axis of D,0,, was measured by microwave techniqués.75 The se molecu}ar
constants are tabUlaéed in Table IX.

With the knoWledge of vi,v(v)- was calculatéd as the root mean
: square of ﬁi andlfhe zZero péint energy'Ez was also calculaféd.' The
"a'" factor Was evaluated by the method outlined by Whitten:ahd :
Ra,‘bvinovi*l:ch.71L In general for this reaction the "a" factor is slightly
less fhan 1 at the threshola energy; for éxample, a = 0,983f§r reac-
tion (20).. "a' can be set equal to 1 if E > 10 E_ without causing
much error. The constants required to calculate "a' are also tabulated
in Table IX. |

In calgulating the lifetime of a complex, it 1s convenient to

express T in terms of molecular rotations (Trot)' The rotational

frequency (vrof) of a complex can be estimated by
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Table IX

Mblgpular constants

g L + +
Dimensions HQO2 D202
._l » .
vy cm T 3610 2670
Vs em™t . 1315 1042
'V5" em™t 1562 1562
vy, et 170 131
Vg em™t 361k 2680
v6' em™t 1266 kT
I, e cn 2.96x1070 5.6¢107*0
v ' - - ah
IL,~I, & cm? 3k x10 50 ~ 3hx107 0
E, eV 0.673 0.56
v 1.5398 1.5791
3 6 6
B 1.2832 1.1493
T e Y
{v) L sec 1.485%10 1 1,886%x10 1
I | 13 ~ 15
‘ . b9 x X
Voot Ip rot/sec 0.26X10""%g 0.49 x10 f_g_': |
vy = symmetric vibrations of stretching of O-H
vV, = symmetric vibrations of bending .
vy = vibrations of 0-0 stretching
vy = torsional!Vibrationalifrequéncy o
Ve = antisymmetric vibrations.of O-D stretching
Vg = antisymmetric vibrations of bending
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IV, = Hog/2 | o (51)
where p is the reduced mass and b is an impact pérameter.' Hbﬁéver,

- the gas kinetic cross-section o(gas) is defined as

o (gs) - ¥ ()

Ordinary o(gas) varies from l,ﬁe to 10 KE, so b is not too sensitive
to the variatioﬁs in o(gas). We arbitrarily set b ‘equal to 10-8 cm.
With the measured moments of inertia T, and IA’ the rotationél fre- -

B

unencies:df‘the complexes can be estimated by equation (51).

- .
For DEOE
| v (1,) =~ 0.k9 x 1012 x rotations/sec
I‘Ot B ° g -
v (1,) = 0.30 X 1olu X g rdtations/sec
rot ‘A '
For Héog
| v (1) ~ 0.26 x 1010 x g rbtatiohs/séc
rot "B ) » o
v (1) %VO 30 X lOlLL X rotations/séc
rot *7A * &

where g' is the relative velocity and it has a unit of'loé_cm/sec.
The 1lifétime T of Dgog and Héog with respect to the total reaction
* * '
energy E 1is tabulated in Table X. E 1s defined as
* 0 .
E =E +E . » o (33)
The vibrational energy of O; (Evib) wasféstimated earlier to be 0.6 eV

to 0.7 eV, Here we took E ., = 0.6 eV;ffOf course any meaningful

comparison between the calculated T and the experimental data depends

st

on the accuracy of the numerical results uéed in the compﬁtation'Of Teo

We believe that the 7 tabulated in Table X were underestimated.
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. Table X
Calculated lifetime of the complex

B Y s E A t
(eV) XlO'5cm/sec (eV) (ev) . (sec) " rotations -
For Deoa " | | | _ 3 |
16.2 8,07 1.2 1.8 1.27x1070 ,5,Qéx105
34,75 . 1k 3. 86 L5 1.u8x10'12 0 10.5

42,13 15.95 . L.68 5.3 8.4gx10™ 1 - 6.6
h9.2 A7.2h 5.47 6.1 55107 ks

f 61.14 --'_'_19.21 6.79 7.4 5,o6><10'15 3

 75.20 21,29 8.36 9.0 1.90x107 2
For H,0, - i
20.67  1.17  1.22 1,82 whixwo™©  1.28a0°
50. 0 COAT.b 2,94 3,54 2.91x1071° 13

65.89  19.9k 3.88 L8 1.05% 107 5
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However, some Qualitative statements can still be made evén though the
above calculations were an order of magnitude off from thé‘éctualv
valﬁe.' |

Compariéon_betﬁeen'the experimentai dété and. T caﬁ be made
conveniently at E = 1.8 eV, 4.5 eV and 9.0 eV. E = 1.8 eV is ;I:'he\
thermodynamic threshold for the reaction 02+(D2,D)02D+;:the lifetine
of Daq; is fairly long bﬁt not long enough for a direct detegtion by
-our épparafus. Examination of equétion (50) tells us that Wé might
have T = w at a reaction energy of E% = 1.8 - Eé ev. Sﬁch:a measurement
is a direct proof of the validiLyvdf thebstatistical model aﬁ én'
'energy‘close té thé threéhold. At E* = ﬁ.5 eV and above, the'reactioﬁv
mechanismAchanges to.a more direct type of interactibn, Contrary to
the oraiﬁary definition of a direct interacﬁion, the éomplex stiil_
~lives about 10 rbtations at this energy range. At E* = 9,0-éV, the
expsrimental_data showé that.OED+ has a velocity close‘to that of'ap
ideal stripping process. waeVér; the calculated 7T is abbut‘twovv
rotations, a time maybe long enough for the complex to forget its
initial directions. If the common belief that direct intefaétions ﬁoék
place in less than one rotational period were correct, the presént
experiments and computations hinted that statistical models may not be
applied to situationé where thé lifetime of the complex is shorter
than, say, 10 rotational periods. A more accurate.calculaﬁioﬁ of T
1s required to examine this point critically.

. In summary, the lifetime of the complex Deog at various réaction

. . + .
energies was calculated. As expected the lifetime of DéO2 at energies
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closed to thg'reaction threshold was quite long. Difficulties in the
compariédﬁ befween the experimenfal data and thé computed vélue ariée
in the higher energy regime. At high réactionpehergies énd.when'the_
lifétime of the cpﬁplex isvshort: the choice of the molecular constants
in these calculations becomes more critical. In view of the.lack of

ekperimental'data in the molequlér constants of Dgog, Qare should be
takeh not tQ over interpret the caléulated lifetime at.energies above
4.5 eV. Moreover, the configuration of the complex at 4.5 éV‘and
vaboﬁe may not be the same as an ordinary Dgog_as suggésted in Seétion
H below.  Thus the computation at 4.5 eV and above could bé off by
several orders of magnitude. We should alsd:keep in mind tﬁat the
unimolecular rafé theory may not apply to small ﬁolecuies like 9202 

as successfully as to large molecules.

H. Mass Spectrum
We héve shown that a complex was formed in the reacfion O; +vHé;
Earlier Field, Franklin, and Lampe75 found that if a complex were. |
formed in_én.ion-molécule reaction, the decbmposition pattefn of this
complex could Ee similar to the mass-spectrum of a molecule which‘héd
the same_composition. Thus a comparison between the_mass-spectra Qf
Héog and O; + Hé could be both interesting and instructive. Sgch a.
.éomparison_is done in Table XI. To facilitate comparison, the:iﬁtensity
of O2Hf was normalized to 1. All the other intensities wefe calculafed
relative to that of 02H+. '0f these data, it is felt that thé.work éf
76 7 '

Hudson and Foner, and Kerwin and Cottin'' to be most reliable,7 Data

from HéQQ all exhibit the same general results, that is the intensity
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Table XTI ,
: + .
Mass.Spectra of HéOg» Intensity
, ' . 78 - y
Products Cottln and Foner and  Robertson Gruffy and.  This
Kerwin . Hudson _ _ Lindeman(  work - .
100 evVe ; 50 eVe Lo ev e 70 eV e” . 50 eV O2
o* e 0.05 < 0.2 0,23 0
oH'" 35 1.32 20 2.3 0.09
Ko 122 3.3 (10%) (15) 0.08
0, S 12.5 0.1 (15) - (7.6) -
o H' 1 1 1 1, 1
mo, 15  22.0 10 7 - L5 o

"( ) Data very uncertain

o
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- ofAOH+ and HéO are larger than that of O H ._ Our'data isve#eetly'
.opposite the O H -1ntens1ty'was 10 times those of OH and Héo . Thiv’
result is rather puzzllng. It was calculated earlier that the (HéO )
had a lifetime of about 10 rotatlons, at a reactlon energy of He 5h eV
Under such condltlons the HéO ) may not have enough time to’ become
equ}llbrated and. behave more like a H;go2 and a mass—spectrgm like

Héog is not expected, It is tempting to conclude that our intermediate
did not have a configuration'like‘ah_ordinéry H,0,, at that particular

energy.

*(m.07) is th lex from O N
Hé 5 ) 1s e complex from O, Hé.
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Vi. SUMMARY AND PERSPECTiVE
The dynamics of N%(HE,H)Nﬂ} has been studied in detaii.from 20'eV
£o 70 eV(lab); in this ehergy rénge the reactibnvoccurs.mainly bY'a
direct mechanism. ‘Some of the elecffonic states of thé'prbduéts could
be identified.due fo the restrictions of the Q@ wvalue limiﬁs. ﬁbW- |
ever, the ﬁore interesﬁing energy raﬁgé bleV to 20 eV could not be

reached by the present experimental set up. Hence the existence of a

" reaction complex at low energies is 51111 unsolved. Naturally, futuré

investigations should concentrate on low energy experiments, on the

threéhéld behavior of the reaction, and on the angulaf disﬁiibutiohs
of thexpfoducts;_ Because of the simplicity of the reéc%ion; i£ should-
be a Very.attraétiVé system for theoretical éomputatiéns. ‘The iﬁiﬁial
quantum states of the reactants coula be specified unambiguously and
the fihai quantum states (vibrétional ahd electronic) of.thevprdducfs,
ﬁartiéularly those fofmed at loﬁ reaction enérgies, COula QLSO'be_;
identifiedtby'virtue.of energy consérvétion arguments. Thﬁs the‘datav
generatéd in the present and future e#periments'of N+(H2,H)NH¥ shbﬁld
provide a rigid test for any theoretical.calculations. |

The mechanism for the conversion of the translatioﬁél énergy into
electronic excitation islstill not well understood,.though é'mééhanism

was proposed to account for the observations. The difficulties in the -

: inﬁerpretation was compounded by the uncertainty in the initial states

of the primary ion. Generation of the ground electronic state of -
afomié'ions must be further devéloped. The translational energy-spec—
trum of'0+, ¢* and F+ on He should be more revealing than N studied

here, because the first few electronic energy level spacings of these
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. : - .t : . s
lons are separated further apart than those in N . Thus the identifica-
tion of -the states of the ions after a collision with He‘éould be made
with less ambiguity. Again such excitation process should be within

g

reach by théoretical invesﬁigations and the data obtained here serve

|
tP be a gﬁide ahd_a test for any computétional models, The_pon-
r%active N#.studied here are by no means complete; the uncertainty-in
- the assignment of the elecéronic States is still ﬁaiting to_belcon-
firmed.v: |

in'the Og ekperiments, we héve made a rafher extensive[éﬁﬁdy 6n'
the majdr features of the reaction. Frém the angulér measuréﬁénts
(contour maps) and the velocity spectra, it was observed thét'fi&e.dif-
ferent products 02H+; H,0", OH', 0", and 0 came out from the reaction
O; + Hé. At lower energies, the_contour maps and the veloéity séécfra-v
led to the conclusion that an intermediate compiex was'formed in thesek
reactions. - However, each channel of reaction gives-a diffé?eﬁt'insight
into the details of the reaction mechaﬁism and dynamics. |

The formation of 02H+ has the.biggest crossQééétion amoﬁg théi'

2

+ o
these experiments were concentrated on 02H . This channel of the reac-

‘ + v , R a
products. O H+, OH , Hé0+, and O+. About one half of the efforts in

tiép gave a rather detailed picﬁure on the partition of the total
reaction energy into the internél excitation and thé translationél
motions of the products. The reaction mechanism involved in'thisi'
channel is as follows: at low energies é reaction complex ﬁés formed
-and the OeHi came from the uniﬁolecular decay of Héog, while dirept

reactions took place at higher energies. This is the first case where

: I ! . . .
a clear transition from complex to direct reactions is observed. It
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would.be interesting to see if-such tfansitions couid be detected in
the energy dependence of the total reacflon Cross- scctlons. 

The formatlon of OH was similar to O H at low energles. At hlgh
energies'the formation of oH" seemed;to proceed via g two step proeess'
first OéH+'waS'formedvin a direct reactiOn, and then oH" came from the

unimolecular decomposition of O H . Recent experimentsBO on

0f +CD, on* £#CD+0 | o o (54)
‘gave further support of such mechanism.
| Unlike OEH% and OH#, HéO+ came only from a reaction coﬁplex. Its_

.range ofvreaction energy was guite narrow comparedAto those of Q2H+'
and OH+. From the‘invesﬁigation of HéQ+, a suggestion was made fhaf
the reaction Og + Hé had a substantial activation ba?rier. Such a
proposal is best verified by a threshold measurement. The threshold
behavior_Of the different reaction channels plays a very important
role ihvthe understending of O+ + Hé; Uofortunately, at present_we
"could only determlne the threshold for the formatlon of O .

It is surprising to find that the maJorlty of O formed via a
direct process--that of a stripping. The formation of O is similar
to the O+ from Og + He, indicating that the mechaﬁism.involved wae
some type of dissociation induced by collision.

Using the unimolecular rate theory, the lifetime of H,0, at dif-
" ferent feaction energies was calculated. Such computations.did not
agree with the experlmental data at high energies, and when the life-
time of the complex is short. The isotope effects, at low energ1es,
forithe formation of OEH- end 02D+.from.og + HD came out as‘expected

from the unimolecular decay of a complex. " Careful measurements of
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the total cross-sections for the formation of OQD-‘and_02H+,shoulQ“g-

foer;é mdét_stringént test for the unimolecular réte'thedry::'5u55’

':prisinéijg ithOPECVSngtifufion dléo affectsd €he;mechaﬁiémiof’rééctioﬁ
at higﬁ'énérgies. _THe féacfion‘mechanisms were idéntified,—ﬁﬁtﬂﬁhgf;
%ntfinsié différeﬁce'befﬁeen-og + Hé and;O;_+]HDvréméins_uﬁéleér.{. |
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