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AN APPARATUS FOR. INVESTIGATING LOW ENERGY ION-MOLECULE
I - REACTIONS AND ITS APPLICATION TO THE
iy DT REACTIVE SCATTERING OF Nt BY H,

Ve S h_ ’ ‘ R ‘James Alan Fair
,Inorganié Materials Researth‘Divisien,‘Lawrence»Berkeley_Lahératory
and Department of Chemistry; University of California, .
Berkeley, California 94720 ‘
A.B'STRACT |
An‘apbafatus.Wae:designed and eonstruCted fbr:meeeuting the scetterihg
of ions from neuttal'moleculee in a laboratofy'enefgy faﬁge_éf 6vtoe- |
SOueV{ A beam ef monoenergetie ions»of a speeified mass isfgenerated.
be 1on121ng the parent neutral in an.electron impact source and then -
passing the resultlng 1ons through a magnetic.momentum analyzer and
electtqstatlc»focus1ng system. The }on‘beam then pesses through a
collision cell which cohtains.the neutral target‘moleCules._ The
scatterlng 1ens are detected by a detection’ system which con31sts of
N elcrossed electrlc and magnetic field veloc1ty fllter, a quadrupole._
messut;iterlend a magnetlc}electron multlpller. Ihe'prlmary ion source
and colllslon cell are mounted‘on a rotable table in a large vacuum
chamberhand the detectien system is mounted on the side ot'the”vacuuﬁ;:u
.;s R | chamber. This atréngement alleWs:intehsity dietrihutiens_asfa functiont
,of ehgle, mass.ahd veioeity-to be determihed..
The appatatus was used tevstudy the reactive-scatterihg of N+e
from Hz'to1form NH+. At laboratory energies above 2ovéy the product
'intensity'distribution peaked at apptbxihatelyhthe position‘predicted.
'ftem the spectator strippihg model. As the relative energy Qas- |

'decreased the product'intensity distribution became_more symmetric
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around the center-of-mass and the peak intensity moved toward lower
velocities until it coincided with the center-of-mass at a 1abqrétory7
energy of 6.2 eV. This transition from a direct impulsive mechanism

to a long-lived compléx mechanism is explained by the characteristics

of the electronic state correlation diagram.

e
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1. INTRODUCTION

One of the major goals of chemicél_kinetics is to satisfacforily .

Qexplain,Why chemical reactions proceed as they‘do. This problém was first

‘approached by examining what‘happens‘when one ehsemble“of particles reacts

Qith another ensemble of particles;” In an attempt to reduce the number of
experimental variables down to # manageable ﬁumber,»a gfeat deal of effort
hés éone into thé.study of what happens when only one particle':eacts with
one other”pafticle. The developmeﬁfvoflmolecular beaﬁs has beeh é-logicél
outcome of fhevevblutionvof chemical kiﬁetics.' Molecular beém tethnidues
alloﬁ:one,tb isolate and sfudy bimolecular'processésf
Ion—mblecdle:réadtions in tﬁe gas phase ha&e»béen knowﬁ‘tp occur for
many_years.and‘take place in:flames_in electric dischargeé and»in space and
the Uppér ati;zosphere.l These.feactions were first studiednextenSively in

mass spectrometers. In an effort to more effectively isolate elementary

' processés molecular beam techniques have more recently been ‘applied to the -

study of ion-molecule reactions.:
Ton-molecule reactions have been extensively studied at thermal .

energies in méss'spéctrdmeters. .Molecular,beam techniques have also been

'utilized‘togstudy these reactions at high laboratory energies (generally

over 40 ey). At the present time little work has been done at intermediate

energies. For this work an apparatus capable of studying ion~molecﬁle're—'

‘actions at energies'ranging’from'S'to’SO eV was deéigned and constructed.

The apparatus uses an electron impact source to generate ions which

then pass through a magnetic momentum analyzer and a lens system in order

-to form a beam of ions of_known mass and energy. The-neutral reactants
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arevcontained in a collision céll. The’ﬁrimary ion source énd'cdllision
éell ére moﬁnted on a rdtatablé table insidé of a vacuum chamber. [Tﬁe
detectioﬁ system which cdnsists‘of'évcrOSSed electric and magnetic field
velocity filter, qﬁadrﬁpole'mass filfer and a magnetic electron multipiier
'is.mounted on the side of the vacuum chambefﬂ ‘This anrangement-alloWs ion'
distributions as a fﬁnétioh“of velocity,‘mass and»angie to be'detgymined;
'An étteﬁpt wés:maae to keep:the path length of the ions aé shorf éé possi_
ble'in order to obtain maximum inﬁensity._ The iopé.were a1so shielded -
from stray électric'énd magnetic fields. | | |

This apparatué wés thén used to examine the reactive scattering of
N+*fr0m H2 a£ laboratory energies rangihg from 6 to 30 eV; Thg éysfém-'
N-.*-(HZ,H)NH+ ﬁas been previously studied by Féhéénfeld et al,z at thér—‘
mal energies ahd by Gislason et 31.3 at energies above‘30-eV, but—no work
has'been.done‘in the intermediate energy regime..‘

At higher energieS'inveétigéted-iﬁ'this'project the product intenéity

distribution peaked at‘a'posifioh predicted by the spectator stripping model.

As the relative energy was decreased the intensity distribution became more

° ) ' : :
symmetric around #90 in the center-of-mass reference frame with the peak in-

tensity moving closer to the center-of-mass. At the lowest energy investi-~

t

. . . ) . o .
gated the intensity distribution became very symmetric around i90_ with the

_pQSitionvof maximum intensity coinciding with the center-of-mass. This
. .

symmetry around *90 implies that the reaction probably proceeds through

a long-lived intermediate complex.

The electronic state correlation diagram showing some of the predominant

features of the accessible potential energy suffaceS-is constrUcted.» Exami-

nation of the correlation diagram indicates two major pathways on which the

[

~
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‘_feactibn may'proceed. One péthway'ié relétively flat and leads directly

to prbducts. The_dthef pathway_yiélds,access to-a deep (6 eV) pofentiél
well_ﬁhich then‘leadsutd products. Theﬁprbbability of entering-the potén—

tial well is-shown to increase with decreasing energy.
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II. EXPERIMENTAL

A. General Description ' : ' B .

The basicvcombonents of‘the appargtus that was used iq‘perfbrming. . 1“
._the expéfiments'cbntained‘in fhis thesis éonsistfof the méin chamBet“

and vacuum system, the primary‘ion»source,'the collision.cell, the |

pfodﬁct ioﬁ'detéétiéﬁ tfain,vand associatéd electroﬁiés.i The appératﬂs?

was bfiginéli§ used for electron scattering:from’neutral molgcﬁles;

The oniy'pafté of the apparatus that.has remained in its‘original-

form are the main'éhambér and'the vacuum system. Minor modifications

were still made on botﬁ of these components fqr this work;

B. Main Chamber and Vacuum System

The main chamber and Vacuum system are similaf to that déscribed'
" by Gentry,é so ‘only a brief description will be préséﬁted_heré.':Tﬁe-
 méin chamber isva box with internal dimensions of 21 in. X 21 in. (width)
x 11 iﬁ. (height). A 7-in; diamé£er port_in whichvvafious éomponenfé
Jaremeuﬁted ié‘lodaied in the center Of eé§h ﬁertiCal face.
A 20 in. diameter hole was machined iﬁ the top of the vacuum chamber

and a circular 1lid which was supported by a ball,bearing'insert waé

fitted into the hole. 'Figure 1 shows a cross Seétiohﬁlivieﬁ of the ) )
.qhamber withvthe 1lid in>pOSi£ion. A double Tec-ring‘éeal‘A-around thé
1id B provided a vacuum seal. The ball bearing C prOvidés'support fdr‘
the lid'and él1owsvthe 1id to rotate freely when the éhaﬁﬁer-is pi;céd.
under avvécuum. Also iqdicéted is the port D er eva§uating ﬁhé spaée
betﬁeenvthe tWo'Tec—rings with the aid of a sméll mechanicalvpump,' The

1lid is graduated -around its circumference in degrees and a vernier .



Cross Section of.Main_Chambér'
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Fig. 1. A. Tec-ring seal; B. Lid; C. Béll bearing; D. Teé—Ring;evacuation _ o
“port; E. Pillar; F. Bottom plate; G. 4 in. square hold; H. 7 in. diameter . XBL'749-7243
port. - : ’ ' ’ . - . '
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inscribed on a ring (nof shbwh)‘éurrOunding the_lid allowé a¢curété .
positioning of the 1id. | | |
"Tﬁe.lid'is‘connécted by avhollow pillar,lE, to a bottom platé,'F,
that'isrusedfto separate the main cﬁémber_from diffdsioh pump #1. The
pillar allows the bottom plate to rotate along with the lid.- The
épparétus was originaliy designed to have a neutral beam mouﬁted'inéidé
the piliat; which‘COuld'be pumped éeparately from.the,maih chamber. An
‘atfempt'was ﬁadeito mount a neutral beam source inside the pillar,‘but
aibeam of7suffi¢iéht intensity'to perform a scattering ékpefiment_
-could:nevef'be‘bbtained; _After the neutral beam comﬁoneﬁts_were
'disCarded, a 4 in. sqﬁare hold G was_éut in'the.piliér; so that diffuéion
pump'#l could then also bump on the main chamber. |
The main chamber is also pumped. by diffusioﬁIPUmp #2,'which is
attaéhéd by aﬁ elbow'to>one of the 7 in. pofts on the side éf the
chamber.’ Bothvdiffuéion’pumps #1'énd.#2‘ar¢ 6 in. NRC diffusion puﬁfs-
with alliquid nitfbgen co1d’trap'betwéén each diffﬁsiqnipﬁmp and the
chamﬁer. A'pumping'épeed of approximately:1100.1iter$ per'second is
obtained by this arrangement; The output.ffom the diffusion pumps goes
.tq an éxhaust manifold'which is pumped by.two mechanical pumps. A |
third mechénical pump evacﬁates the.spaceibetween thg tﬁo Teé—ring
‘éeals;' D o : o . 1_  E n'. | . V;. S . v
| .:The.pféssure at various locations in the Qacuum éysfem is monitored
: By-severéi thérmocbuple gauges. The breééure in theimain'cﬁamser and
pillar is monitored By twovion gauges. If the pressure in the system

rises too high, an interlock system sounds an alarm and shuts off the
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diffﬁsionfpumps. If the pressUre.in the main chémber reaches an excessively

,high Qalue; a Secopd‘intérlock Shuté'off‘any éleptronicfcoﬁpéhenfs that

may be &améged,'e.g.; the electron mﬁltiplier;i‘If'the pressdre of‘thev

watér fhgt is used to cool the'diffgsiOn pﬁmps”dtdps br'tﬂe‘diffﬁéibn

pump'température rises too high, théhvfhe diffﬁsidn_pumps aré aﬁtomatiéallyb

shutvbfff | | | o |
The‘primafy ion source is bolted onto the'bbttom‘pléte (see Fig.v2)

vand‘aiignéd-so that the ion beam crosSesbﬁhevcenter of rotation of the

1id and center 6f the 7 in.“ports, The co11isidn'cell'is also lodated

‘on the bottom plate and is centered,aboﬁt-thebcenter of‘rotatiqn dflfﬁe

-\lid.'The pfoduct ibn‘detection system is;mopnted'op one of the 7 in.. |

ports on one of.the'Vertical faces 6f'the chamber. This arréngemeﬁf'

valiows tﬁe angle between the-ionbbeaﬁ énd the detector to:be varied

ﬂpréciéely, S0 that-angulaf»distributions may be measured.

C, Primary Ion Source
The primary ioﬁ $ourcé (Fig. 3)'consist$'of an'elecfron impact ion
source, magnetic momentum analyzer, and various focusing elements}‘
The location of thevion source has been described previously and is
 a1so shownviﬁ'Fig. 2.

1. Electron Impact Source

The electrqn“impact ién'source is similar to one mafketed bf Extra
NuclearvProducts JCorporation., Basically, thé'only major:modification-
that was made iﬁ making the ion source was one of scaling it down in
Size, so that it‘would éonveniently'fit inside of the Vaéuum chamber. o

The‘gas to be ionized enters the electron impéct sburce through'an .

inlet tube B into the ionization region A. ‘Electrons are emitted from
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Figure 2. Top View of Vacuum Chamber»and Internal Components

Fig. 2. A. Defining aperture; B. Shield; C. Cylindrical “XBL 749-7245
lens element (cut into quarters); D. Lens element; E. Velocity filter;
F. Mass filter; G. Intermediate focusing elements; H. Final focusing
elements; I. Electron multiplier; J. Collision cell; K. Deflection
plates; L. Three element lens; M. Magnet pole face; N. Momentum
analyzer; O. Electron 1mpact ion source; P. Pillar. .
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F1g.,3.' A, Ionlzatlon region; B. Gas 1nlet tube, c. Sapphire ball
D. Electron impact source lens: elements, E. Tantalum grid; F. Tungsten
filament; G. Extractor; H. Entrance aperture; I. Shield tubes; J. Exit .
aperture; K. Three element cylinder lens; L. Lens supports; M. Magnet
yoke, N. Filament shlexd O. Deflection plates, P. Magnet pole p1ece.
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.
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IONIZER

_ . XBL 749-7247
Flg 4. A. Sapphire ball; B. Filament s_hi_éld; C. Ceramic Filament
- support; D. Grid support; E. Ionization region; F. Filament rod;
G. Gas inlet tube; H. Filament; I. Tantalum grid. '

v
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a 0.005 in. diameter-tungsten filament and are accelerated through a
tantalum grid E into the ionization region where the parent gas is
ionized (see also Fig. 4).

Electrons that are not used to ionize the,gas then'pass out through .

the grid and are repeiled’béCk into the ionization region by the

filamént shield, N, which is floated at a siightly more negative

" potential than that of the filament. This arrangement allows each
~electron to make several passes through the ionization region, which

vincreaseé'thé»effect path length of the electrons and thus the

probability of jonization. ‘The transmission of thevgrid is abdut:64%,"'
so that’pﬁly 64% df.the electrons make it through the grid on each paés.“
“The final'energy of the-ions in a region of ground potential'is

determined by the pdtehtiél of the regioﬁ in thgh the ions are formed.

The potential of the ionization region is defined by the voltage applied
“to the -grid. aFdr a«lﬁ'gy ion beam:-the grid is floated at épproximately.

. 15 volts. "The larger the spread of potential in theviOnization’fegion,

the 1argeﬁ the spread‘of energy that is present in‘the'ion beam that

v emergés from the ionizer. The tantalum grid defines the equipotential

ionization region in which the ions are formed.

'The ions are extracted from thé’ioni;ation region~with the éxtractor,
G, which ié~cqnstructéd from a 1/16 iﬁ. thitk.staiﬁlesé steél platé."“
Afﬁer the ions aré:extréctéd, they are foéused'into the'entranCe'coliimator,

H, of the momentum gnélyzer; M, by several electrostatic lenses, D. The

 defining aperture in the collimator is 3 mm in diameter.

The filament of the ionizer is wound by hand around a 1 mm form,

so that.five turns_will extend between :he_molybdenumlfilament supporté.
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The filament supports aré mounted in a machinéd block of AD-99 ceramic.
Acéurate alignment of thé'focuéing élements is achievéd by using-
precision 1/8 in. sépphire balls tb'separate'the hold thé elements into
pléce. The'éapphire balls aréISef intov0.120'in. d;améter holes. .The
entire ‘ionizer assembly‘is mounted inside of aﬁ‘aiuminuﬁ case, whicﬁ
is'then,Boltéa to the gide of the momentum analyzer. |

'J

2._'Mbméntuﬁ Analyzer

' ‘The main purpose of the momentum analyzer is to separate the various
masses that are present in the ion beam that emerges from the electron.
14 + 15 + '
N, N

: o - ‘ ‘ + L '
impact source. For example, and N, were observed to be

2
‘present ip fhe original beam ;hét was obtainéd-by qsipg N2 asvthe parent
gas. With'the_aid‘of the momentum'analy;ef it was pOSSible to separate
all of ‘the above ions. The 14N+ was then used forvthefexperiments in.
this thesis. . . o v.. : ?'v

'The momentum aﬁalyzer'was'similér to one deSCriEéd by Kerwiﬁs'énd'
' waS“eséentially just a-magnetic,mass sbegtréﬁetér. It was‘reduired that
.the ﬁégnét'produce a feasonably’strong;_véfiable, upiform magnetic
field in thévregion between'thé pole facés with a very Smail field
extending beyond the magnet itself. .Another_requiremenf.was that_thé
région éOﬁtaining'the magnétié field be able to be floatéd'aﬁ a
variable potential. ‘This botential, és well as the magnétic field,
must thén/be:shieldeabfrom the>rest of the apparatus. -

Thé assembled analyéer ié shqﬁﬁ.in Fig; Sa. Each pole piécé

was wound with 250 turns of.#i8 enameled copper Wiré; ;Thé céiis‘were.
then embedded in epo#y resin. A.magnetic field thatlgas continuoﬁély

variabie.from'lOO to 4100 Gaﬁss_waé thus obtained,_.The,magﬁet coils,



Momentum Analyzer

Fig. 5a. A. Pole piece; B. Electromagnet
windings; C. Yoke; D. End cap;
E. NEMA G-10 insulator.

Fig. 5b.

B
A
Ton Optics of Analyzer’
XBL 749-7248 .
- Lines A and A' tangent to the-

magnetic field cross at the field

apex. Source S and image I are v
. located symmetrically around the f1eld',.,‘,
-apex on straight line C-C'.

—€1-

AN

;



~14~

which could be connected in eithér'a paré11el'orvséries configufatién,»
wére usually’wired iﬁ parallel for this quk. More current was’dréwhi
in the pafallel.configuratidn as céﬁpared to the series configﬁrétidn'
for the same:magnetig field. The poWer sqpp1y thaf was used to'drive- 8 Y
~ the magnet c;ils‘was more stable at tﬁé highér current seﬁtings.

 ’Thé pdle piéces; A, end caps, D, and yoke, C;-wgréfﬁade out of low
'carﬁén'steel Klle'or better),and ﬁiatea witb goldito'preﬁent oxidation ‘
of the.stéel; wheﬁ it was.expéséd to the atmosphere. Another reason
for plating the steel was;to ensure équipoténtial'conditions between
the poles. ‘The pole’pieces were inSulated'frdm‘the_end“caps*with a.
disk of NEMA G-10, so that the pole pieces could be floated at a variable
poténtial. fhe(éﬁd‘caps and yoke were alﬁays grbﬁnded‘to preveﬁt>thg.
eiectric'field.from the;pole pieceé from interferring with fhé restvb_
- of the apparatus. |

,:Thé eptranée and exit aperturés"were ﬁounted inside'bf stainless
steélitubééfthat,exténd right up‘to thé4pole pieceér(ééé,Figg; ZZaﬁd 3),
Tﬁe stainléss steel fubeévallowedvé,uﬁiform poﬁential to Be maiﬁtained
throughéut thé_entire analysis regioﬁ and prevented the gfound potential
6f the'yokes and end caps from intexferriﬁg witﬁ‘thé ibh beam, wﬁile
still allowing any_magnefic‘field tb penetrate freély.f'The tuBéS?were
conétructed from fyﬁe 304 nén—magnétic stainless steel.'i . B Lo ' v

"The spfead_bffthe'ioﬁ beam (see.Secti&n»II—G) variedvfrom a miﬁimum

| of 0.45 eV to a maximum of 0.68 eV (FWHM), if theléntrance and exit
épertures»df ﬁhe momen tum anaiyzeruwere Vafied an order of magnitude

in size. The maximum size of the entrance aperture was 1.5 mm and the
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maximum size of the exit aperture was 3 mm. This relative independence

-of the ion beam spread from aperture size implied that‘the source and

image sizes of‘the momentum analyzer were not really determined by the

‘actual,physical entrance and exit aperture sizes. In order for this

" situation to occur the source and image sizes would have to be virtual -

images determined by the focusing properties of the ion lenses. 'The_

‘ actual source size was probably determined by the focus of the aperture

of the grid support of the ionizer onto the entrance aperture of the:

momentum anélyZér; The image size bf~the_ana1y2er was probably determined

by the focus of the analyzer image onto the defining aperture of the
collision cell.
For normal operationithex1étge éntrance and exit apertureé were -

used and a spread of 0,68 eV in the primary ion beam wés:obtainéd.' The

'maximum mass resolution of the analyzer was estimated to be about

15529. ’This resolution was just sﬁfficient to effectively separate

.méésél4 frbm mass 15.

‘Due to the shape of the pole pieces, the magnet has approximatelyfv
the focusing properties of a normal circle prisﬁ lens.6 The magnet

has two foci which are placed symmetrically around the effective

‘magnetic field. The positions of the foci are shown in -~ Fig. 5b,

where R is the radius of the magnetic field and S and I are the source

and image, respectively. The foci are separated by 90° and are located

at twice the radius of the magnetic field out from the center of the

mégnetic field.
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. 3.ivFocu3ing System .
| Thé fiﬁal.fbcusing of the.ion;beém was aécoﬁplishedlby'a-;hree
element chiﬁdficél electrostatic lens. Originaliy,-a series of
vaﬁérfure 1enses'ﬁas mounted betwéeh~the'm§méntﬁm ahalyzérvand'the
-'cailisibn cell. However, aﬁefturé lenses have smailer:diamétéf'opgniﬁgs )
_thén cylinder'lénées;.éO'it'was.défefﬁined that'aibéam of'gfeater'
" intensity céﬁld be ‘formed using large’&iaméﬁefACylindér lenses. The
i’PufPoée of this'len§ syétemvwas:to‘ddnvert.the ion beém whiqﬁ passes'f
'thfough‘a“fQCUs ét'the_eXit'apefture of the moﬁéﬁtum’analyzer to a -
' paréile1 $eam~with a fdéus at iﬁfinify. it}waé ﬁeceéséry to achieve '
these fécﬁsiﬁg conditions-irrespecti&e.éf the'initial_energyfbf*the iqns;
| The désign.of ﬁhe cyiindér 1eﬁs.wa$ baSed_oﬁ a paber-by Heddlé;7
.The'threefelemeﬁts oflthé cylinder'lens'Kﬂgre ShOWﬁ‘in Fig.-3.'fThe
1éns.e1ements.§ere mounted in Plekiglas iﬁsulaﬁdrs, L;‘WhiCh were mountgd
on brass rods'that Wefé fastened to the magnet yoké?Thé threé.léné:'
_eiements were.fabricafed'from i/2 iﬁ.‘IgD.'fyp¢.304 stainless steel
tubes with a 1/16'in;wwallythiCkn¢sSI There is a separation of‘OtOSO.in.
betweeﬁ eaéh leﬁsbeieﬁént.s A l.5 mm exit élit, J, for the'moméntuﬁ
aﬁalyzer was mountedbinside"the first lens elementl"The“first 1ensé
elémeﬁfvwaS'madé to extend'éll the way up to the magﬁgf pole face aﬁd
was floated at the samé péteﬁtial_a§ thé,magnétic poie.pieces. This L
enabléd ﬁﬁe'i§n beéﬁ‘tq be éhielded'from any stray elec;rié-fields,_
such asbthaf from thé.ﬁagnef.que, which méf'be presentf'
Tﬁe lastvlené element was grounded. Th§ middle léﬁs element was
floated‘at‘avVariéble potential. The potehfial of theAmiddlé lens was

varied in order to obtain maximum intensity of the beam at the detector.
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Iﬁ ofder to preyeﬁt'sﬁfoCeicharges'ffom buiiding ub on fhe various
iené eleménts; all the lens elements wére‘coated with”a'solution of
colloidal gréphite;which is marketed uﬁ&ér.the name Aﬁuaéag.' |

‘A set of:vertical'and hq:izéﬁtai defleétion platés, 0, were
mounted éffervthevlast lens element. The deflection plétes were used
vvfd genﬁer'the beam on the entrance aperturerofvtﬁe»collisioﬁ ée1l.
The potentials appliedkto the deflection piates.were centered”afound
v ngUnd. In"iafer experiﬁenfs the deflection plates were used to‘chop.f

thevpriﬁary beém,»so_that a time-of-flight 'spectrum could be obtained.

YD. Collision'Ceil

The collision céll was mounted in the ceﬁter'of'ghe chamber, so that.
the cedger of rotation of the collision cell coincided with the centef
of r6tatioﬁ of tﬁe'lid.‘A diagraﬁvof’the coilisidﬁ cell is éhowh in
-Fig.f6. ‘The entfance aperture, which was also used'as.thé'défining
_ape;t@re for the main beam, was 1.5 mm in diameter. The e%it apefture,
for the collision cell‘was‘a’horizontal slit whichiwas l;SImm highaand
extended for 17° to each side of the axis of the main beam;A.Thg
diameter of the collision cell wés_32_mm. The'interio: of the cell:was
also coated ﬁithva solution of goiloidal graphite.tb pfevent tﬁe build-up
of surfacé.charges. \

The écattering gasvwas admittéd‘to the coliision'gell;tﬁrough a
stéiﬁlessvsteél iﬁiet tubevfasténed to the top of the cell."fhe'gas
: inlet tubé entered the vacuuﬁ chamber-through the'lid.and:the fléw was
contfolled by a Graﬁville—Philiips variable'legk valve; -All the gases

used for the experiments came from a gas cylinder, With_the exception of
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Fig. 6. Collision cell.
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HD which was obtained from a glass bulb.

. ‘The pressure in the inlet line to the cell wés measured with a

: capacitance'ménqmeter,‘vThé manometéfZWas‘attéched to the gas supply
 line whére it entered the 1lid on top of theVVacﬁum chamber. The actual:

' pressure in the collision cell was calculated from the pressure at the

manometer and the conductance of the line between the manometer and

"the cdlliéionyceli. “The conducfance of the line and collisioh cell wé$;

calculated by using various formulas given in Dushman and Lafferi:y;‘8
Once the préésure in the cell was knOwn;-the-Variable leak valve was

calibrated, so that invthe future the presSure_in.the cell could be

‘determined from the setting of the variable valve. The calibration was =

pérformed using hydrogen as the gas’invthE'collision cell. Most of

the experiments in»this thesis were pérfbrmed'at a preséurefbf 1-2 microns

,in-the c&llision cell.

PRy

e

,E!’;P;odﬁéf“iéﬂjDetgctibﬁgSystem

1. 'General‘Deécription

The product ion detection system is fastened to one of the 7 in.

ports on the side of the main chamber, so that it is stationary,

whéreas,the source and collision cell can be rotated. This afrangement

allows the measurement of ‘angular distributions for scattering ‘events.
The detection system consists of several discrete components which are

a velocity filter,'a quadrupole mass filter, and an electron muitiplier

through which the ions pass in the same order. These cbmponents are’

ot -

‘linked together by a series of electrostatic ion lenses. -



 -20-

2. . Velocity Filter

 The velocity filfer is a variation of a Wien filter type,.which
consisﬁs,of créssed,electric and ﬁagnetic fieldsfv A éimilar'fiitef
" has been psea as an. electron velbcity filter?by-Legler.9

.é.‘ Théofi.’ The electric field of the velocity filtef is formed ‘

by two Cylindfiéal eléctrédés of radius‘rlyand r, (see‘Fig. 7). Vv is.'
thefpotgntial_at.various poiﬁts'betwegnvtﬁev¢ylindfical eiementS. | o

v g, ol - 3E) ) o [%(‘3)3 ‘ "}é]} Lo
Eovisvthéhfieid‘é?rength élong;the z'gxigiaﬁdzavis'the radius of
‘_curQatﬁre.ofithg-eqdipqtéﬁtial surface thattcoﬁtéinsfthe z_axis;v'The'..
cdordihété $ystem is-defiued‘in Fig. 7. Eﬁuatiqﬁ 1 can be derived'ﬁy;‘ ’
_é#pandiné V in a pdwe? Seriés~of_x'and y and’aépl?ing Lap1acé's equaﬁidn
and the boqndary‘cohditions of-the:cylindrica1 é1e¢trod¢s. :Thé;radius
of cur&afure:p of the equipbtential sﬁffages is féléted:to the coﬁéfanf

¢ by Eq. (2).

Cp  "' ' o | o - '
For a series of cbnqéﬁtric eq@ipdtentialé C=+l. _' o ‘. -

The equation of motionlpf.a charged particle in»crosséd_electric
and magnetic fields is

r=‘:-'%'(’E+v-ixB) . o - (3)

" where r 1s the position vector of the partic1e,-E the electric field,

aﬁdyB the magnetic field. Given the conditions that tﬁe magnetic field



-21--

Equipotential
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‘Fig. 7. Velocity filter electrodes.
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poinfs in the y directidﬂ'#nd the e}ectric field points in the x .
diregtiqn, thenvé partiﬁle with an initial vélocity/vo.along the»é-"
axis (optical axis) will éontinue.to move along the z axis wifh its .

© velocity unchanged, if

(4).

'<| .
(o}

o

The magnetic field implies a cyclotron frequency, w, = % B.
By taking partial derivatives of'V; the electric field components v

‘in the x and y directions may be determined

;v __Eoii'; § f C[CE)Z ; (E)?]% | ”v : - (é).

o e S S
. a : : : -

" E

m .
W

_ From'the_above electric field components, the complete equations of

motion may be,obtaihed.

X = —qu 1 - §-+IC[(§>2_— (ﬁ)z] ‘+vw02 : .1 )
i= 4wk . ' o | ' (9) A

)
. . . VU
In order to proceed further, the entrance aperture is placed at
x =y =2z =0 and the particle passes the entrance aperture at t = 0.

If the ion beam enters the filter in the z direction as'a'cdne of half

angle a, then
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T3(0) = —— = v AT (10)
and intégration of Eq. (9) immgdiateiy &ields
Ze=vomwex . oay

" To first order in x and y, Eqs. (7) and (8) reduce to

5+ uu, - 2) x=0 - a»
B VN . ; _ :

R Soldtion of the equations of motion shows that there is a harmonic
oscillation about the z axis in the x and y directions. For simultaneous
focusing in both the x and 'y directions at the same time requires that
both'frequencies of oscillation w be the same, SO - .

v

w =0 (v --2) = . w o=w /Y2 . (14)
: o\ o a/ a | . o o ' R

It ‘can be seen noﬁ that directioﬁal;focusihg may be obtained in both thé
#‘aﬁd y directioﬂs witﬁ this type of velocify fiiter,’ If the equatioﬁs'
of mdtionkfor a'con§entiéna1 Wien filter, whiéh haSTpiane,éléctrodes
instead ofVCyiindriéai eleétrqdés, ére‘solved,.itvis Qbéefved.thaf
', there can 5é fééﬁsing in only the x;directibn and none ih.the‘y
direction.lo' L |

In the'velocity filter described here the radius of curvature of -

the V = 0 equipotential surface can then be calculated by

N
<
=

a==2 -2, - as
: o’ o S : .
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where Uo is the initial energy of the ions. The first focusing
point occurs after 1/2 an oscillation, or at t = o The focusing

"distance % can then be solved for,

o]

BZ

g =Ta_ 5 ﬁ(ﬂ) 2 o ‘f (16)

e

/2
'The\eléctrodeisépatation may be calculated fromvintegration of

“Eqs. (12) and (13) and the half angle o;

T =ocal/z . S an.
max ‘ . : v R

The energy dispersion of a pérticle of eAU awéy from the:tuned
: énergy:er may beﬂgalcﬁlated By’solVihg the équations of.motion to

first order, subject to the following boundary conditiqn,

2(0) = v;(; +‘l ég>“ ;.. o "‘.._ : : :.<lé)

Integfétion of Eq. (9) then gives

r=v (1_+ 1 ég) - wx : - @9)
o\l oo : ‘ : _

2 U
‘0

Equations (7) and (8) thén become
&)
U

0

§+uiy=0 . | e

(20)

it
o

o X+ wz(k -

N

The solutions of the equations of motion indicate that the particle now
oscillates about an axis which is displaced from the optical axis by a

AU/ZUo in the x-direction (see Fig. 8). The exit.plane.is reached in

5
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%—an,oscillation, so the particle, so the partigle'has,béen displaced
ffom the optiéal axis by (a'AU)/UO. The direction of dispersion is in
the éame direction as the electric field and the energy dispersion
may be calculated directly,v |

a - R :
AU U ) _ o (22)
(o} .

_Invordefvto find where particles of initial ehergy Uo,and filling
a comne ofvhalf anglé a strike the exit plane, the equations of‘motion
must be solved to second ordér.‘ The extreme;rays of the cone make

an angle a with the_opﬁicél axis and hévé. an azimﬁthél anglé Y with
respect‘to'thé xuaxié.. The initial Qelqcity conditions of tﬁe‘barticles

in question are

'k(d):=*'vo Fosw:: f
§0) = v_siny
and
ém)g%@f%dﬂ L e

.Equation}(9)‘can be integrated directly to give
. - ; -2) o | | RN
Lz = Vo(}» 7 %) ‘be . : ‘ (24)

The complete equations of motion in the x and y coordinates are now'
2 2 2
+ @) - @]

2 Q\a a

2Cx |y : , '
a’ a '_ ' o (26)

(25)

2
- a

X + wzx

i
€
o

y + wzy



. c i
o
St

In order to obtain a'sélutibn for Egs. (25) and (26), the first
épproximation of

ao, \
x = — 'cosy sinwt
V2

and
y = aa Sinw ‘sinwt , » - . @27
Sz | |

will be substituted in the right hand side of Eqs. (25> and (26) to

obtain the separated equations of motion.

: 2 2 az 2
X +wx=-wa.. 2 {1 + C cos2y sin“wt} (28)
UV Ty =W ao‘Ecsin.?_w,sinmt . (29)
’The time at which the_ﬁarticles pass i may be obtained by uSing a.
first apprOXimation for x and integrating Eq. (24) to get .
v”( - l~'-ot2>‘t - ao coéw(l - coswt) = & = Ta : (30)
Solﬁing Eq. (30) for t yields
t = %V(ﬂ_+ Z/E.aCOSW) . » ' o (31)
The solutionsvof the eqﬁations of motion at time t givés the
displacements in Ax and Ay. v
px = ~ac’fo + (1 + —"’—g) cos2f . G
by = -ac? (1 _gg) sin2y . | (33)
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V The boundary rays make én:elliﬁse_at”the exit plane, whose center“
lies at x :;*25&2; If C is.grEater fhaniO,-the'ellipse:is the x

| ditection;.if-c’is léSS'fhan 0 the ellipse is in the y directigh;'if.
C is éqﬁal tq»O,'a cifcie'is‘obfained (see Fig. §). If the,aferture »
erfor is cﬁarécterizedvbyfthe middle point location, 2 adz,-of the

'.ellipse, the ultimate resolutioﬁ is liﬁitéd by’

b. Construction. Thellocationvof the velocity filter is shown

)
.ip Fig. 2. The filter is mounted inside of a miid sﬁeel‘bOX.iﬂ orderzy
to coﬁtain the magnetié field. This prevenfs the production offstrayb.
,'magnetic.fields through§utvthe-rest Qf“the‘appéra£ué which Coqld »
possibly interferIWith the normal operation of the otﬁef pomponents
Fhat'are.pfesgnt in the apparatus.A | |
o Thé magnetic-fiéld is produced by two 225.turn coils of enameled -
'édpper'wife, which are then epoxied into positidnTarbundlthe poie:
pieces. "By ﬁhislfechniQUe'a ﬁagneticffield'that is c6ntiﬁqously
variable between 0 and 1000 Gauss is generated. Sﬁeel»tubes,"Which are
used ﬁo'shiéid the iqﬁs from #hé fringing magnetic figid unﬁil they reach
‘the analysis régidﬁ, extend,up‘to the poié,pieces.
| The cyliﬁdricélvelectfodéé are}ﬁountedFSefweép'the.pole’féceé aﬁd'
extend_the length of the pole‘pieceé, ‘The positivé electrode hés a
radius of curVafure 21.5 mm and the negative electrqde has a radius‘qf
.curvature Qf 25.4‘mm. -The electrodes ére separatedbby SIﬁm at the céntgr.
Entrénée'éhd exit apertures are moﬁntea on the outside of the steel

_ box. - Originally an aperture size of 1.5 mm'was_usgd, but it was later



[
"

-29-

POV

-
N\
[~ -~

1

’
- -

/

Zaag

o

Fig. 9. Aperture error.
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determined that the aperture size could be increased to 12 mm without
appreciably affecting the resolution. The intensity increased

significantly withbincreasing épérture size.

The independence of resolﬁfibn from aperture size imblieé ;hét'
théfe are virtual apeftureé.oq the vélocity filter.ofher than real
 aper£ures,' The entrance apefture is defined:by the image thét is'f§rmed_
by the f§éu§lof the ion 1ensesion the exit apefturé Qf'thekc01lision
"~ cell. -Thé.exit aperture of the Qéloéity filter'is'likewiSe éefinéd b&
:fhe image that is forﬁed by.focdSing on the éntrancé of,the mass filter.

3. Mass Filter | |

Afﬁer ghe'ions'pass through the velocity filtér, tﬁey are focuSedv
onto the entfangé of the quadfupole maés filter;.“The function of ﬁ#e
ﬁass filtet is to remove ail ions except thbse of a partiéﬁlarﬂﬁfratio._
_The mass filter thét was used in this ekperimentjisvof the same
deéign as that used by Wilsonl; and is déscfibéd.in detail in that
Wofk.’ The operation of tﬁe»ﬁuadrupole depends,on'fhe-superposition of -
steady‘andiéltérnating eiectric fieids upon four hyperbolic cyliﬁders,>

The generaliied poténtiai for a Quadrupole,field6'is

¢ = U(e) (ax” + by” ¥ czD) R € T

wﬁere U(t) is_a tiﬁe dependentvpoténtial (see Fig,IIO)f By gﬁplfing
Lapléce'é.equatidn V2¢ = 0,,the relétionshipvbetweén the-coﬁstahté
‘a, b and é are obtéined. |

a+b+c=0 . . o S ‘. - - (36)

/

For. a cyliﬁdrical hyperbolié electric field that lies in the z direCtioh,
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Fig. 10. Quadrupole mass filter.
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c =40‘

a=-b

(37a)

37b)

A cylindrital hyperbolic field may be approximated by'fOur parallel rods'

of circular cross section with opposite rods 2r0 apart. The best

approximation to an ideal hyperbolic field with cylindrical pole pieces

is acComplished by using rods with.a radius of 0.58 ro,,whichfthen-makes'

)
i
H
e} NJPJ

~
- O N

For an applied potential difference of U + V coswt

- ¢ = (U + V coswt) Ei—;%gi-,
: 2
(o]

(383)

(38b)

f (39)_

The equations of motion for a particle of mass.m and charge e then

become
. 2e , o , e )
X -5 (U + V coswt) x=10
mr ' . .
o
N . 2e- . '
Y+ {U + V coswt) y =0
mr : i -
o
i=0 .

(40)

(41)

'(42)>

The above equations of motion'are special cases of Mathieu's differential

. . 12 . : ' . . . .
equations.” Two solutions exist; one of these corresponds to an ion

with an exponentially increasing amplitude of oscillation which results

.in the ionvbeing collected on oﬁe Qf the four cylinders. The other
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solution describes an ion with a stable oscillation that passes all

‘the way through the mass filcer,withva constant velocity along the

axis of the filter; Only ﬁhe ions.whiChffall into a smali rénge of
ﬁ.raﬁios fofm sfable 6scillatiog$.-. |
4. Detector -

After»thé ibns 1éave the quaafﬁpdle‘mass filter, they arg a@éelerated
by-g Séries of lens elements into the detector. - The detector”isva |
Médel 306iBendix magnetié electron»mulfiplier;l3 |

. A magnetic electron multiplier utilizes a strip of semiconductive:

- metallic oxidé rather than the more conVéntibnal multielement dynode

‘ design.- The basic part of thé[multiplier consists of twd”glaéé plates -

which are coated with a semiconductive material. The plates, which are

separated by a fééimillimetefs (seévFié: li);uﬁégglfheisame POtehtiél* 

.dimenSibn._*The_field strip is floated about 200 volts positive to'the 

thdde'strip; which.éauses‘the eﬁUipotehtial lines in the volume
between fhé'surfacégzto be'pafallel to each ofher_aqd.have the
direction'indicétéd-in Fig. il:v The entire aSseﬁ?ly'is placed in a
uniform_magnétic field perpendicular to the ﬁlane.df the figure..

An eiectroﬁ.;hat is‘released.frbm any point along the djnode
strip follows é,cycloidal motion down-thé'Strip,vuhtillit strikes the
dynode strip.again. Every time an éleétron'strikes the sttib; several
electrons are emitted from the stfip. This proceéschcufs aggin fof

each electron emitted,b The_electrdns emitted in this fashion are

B

~finally collected as a current pulse on a coilectof at the end of the .
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Fig. 11. Magnetic electron multiplier.
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stfiﬁ-, The whole process starts when an5in§ident ion passes thréugh»the_
.gfid'aﬁd;éfrikes the'éathode and emits an electron from the cathode. A |
gainﬁéf lO-6 - 107 is usually oﬁtainéd with this type,of mﬁitiplier.

| The eieétron'multiplier ?s fairly indestructible an& may be left
‘exp§Sed to the atmosphere for extended periods of time without any
..notiéééble}detrimental effécté.'.In_pfactice the;output currenquf”the
L mpltipliér must be limiﬁed to less than 10_7 aﬁps;becauée'carbogaéequé
_'dépogits bﬁild ﬁpfand'cause sporadic opefation.

'“if’the mﬁltipiier becomes dirty, it may be restored to.its original
con&ifiqn by cieaning;x Iﬁ ordér fo‘éléan the:mﬁltiplier,%it is~dis—_f
assembled .and scrubﬁed with a spft rubber éfaser in.soap-and-water,f
It is then'rinééd in disfilléa'wafér, me;hyl'aléqﬁbl,band_acétone
in thattardef. The multiplier is thén air dried and reassembled;

5., = Focusing Elements

_  -Aftér tﬂe.ions‘ieave'thé collisionICéll,'tﬁey travéigapproximately.

5 cm iﬁsidé a field free fegiqn to a 3me defining apertu;e_(see Fig. 2);
‘The detectiéq system thus subtends an angle of il.5°!at the éollision'
.régiqn. The 5:cm path is shielded by an aluminum tubé, which is grounded
iﬁ order to prevent sfrayreleFtric fields‘fiom interféring With the
trajectofies‘of the ions, 

The 3 mm defining aperfure which formsvthé.firSt lens éleﬁent;.
ié attached to aIKeiﬁﬁley_eiectrométef in order to monitor the ion
current. fhé electrometer biases thevdefining aperfUré'at apbroxiﬁately
gfbund. ‘The ions are'then focuSed'By lens elements - C and D into fhe

- velocity’filter.
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Lens elémeﬁt C is a 1/2 in. I.D. staiﬁleés Steélvcylindef tﬁat
has been cut lengthwise into quart¢rs. The'fouf quarters are biaséd
aroundvthe focusing»voltage, S0 thét they may be used as horizontal
and vértical deflection'plates;

Aftervthe ions léave the velécity filter,.they are focused by three
ihtermédiate lens elementé into the qUadrupole mass'filter. ”When the
ions 1e5Ve the mass'fixter they are focused and accelerated to about
2000 volts into thévcathode of the electron multiplier, I, by-another_
sériésfof lens elements.. -

‘When assembling all electroétatic elements,‘gréat care‘mustvbe_
taken to'assuré thaﬁ ali of the lens elements ére cleéﬁ and free of
g;ease;'dirt;landvfingerpriﬁts. In order.té pré§ent the'bﬁildup of_éur_
facé cha:ges, all exposed electrostatic suffaces are coafed with é'solu—

_tion of colioidal‘graphite just before assembling.
| " F, Electfonic$
. A block diagram of the electronics that are associated with the
vapgaratus”are shown in Fig, 12. The’electrodics is essentially divided -
into_twovsemieindependeﬂt sections; Ong.secfion controls tﬁe primary
ion source and the other controls data.colleétion'and,the ion detection
system, :

1. Primary Ion Source

"A diagram.of thé eleétronics associated‘with the'priméry ion source

is shown in’Fig. 13. 1Ions are generéted from tﬁe'collision:df electroﬁs
that are emitted from'a hot Tuﬁgsten filament. After the-ionévare fofmed,

they are focused into the momentum analyzer by severai focﬁsing elements.

»The,analeéd ions are then focused into the collisien cell by a three ele-

~



-37-

-~ Output
; ‘| CDC-6600 } Teletype
Tektronix -
4010 ' PDP-8/f
Terminal .
:  Pulse | Harshaw
Apparatus »——-—%ﬁ Amplifier -—ﬁﬂ Scaler

T —— T

: ——% Automatic ——i " DVM
Control . - Lens . o+

Flectronlcs ; Control ”Interface

XBL 749-7254

Fig. 12.' Block‘diagram of electronics.

[




Filament >

Crip Lenses

Momentum -
Analy:zer.

; i Extrac
Filament F;}ﬁgin or
- Supply Supply
Emission
egulator

l

Grid.
Float

L

Deflection | .

Lens

_Supply.

Ny . Plates
Three Element Lens ;I.
= |Supply| - - :
Colli- n
mator Defl.
 Supply] |Plate
- | Sup.
Lens
#3

Fig. 13. Primary ion source electronics.

LV

XBL 749-7256



©-39-

menfvcylindridal‘electrostatic ion lens. Centering of thetbeavan the
'éoliiéidn celi is ensuréd By a éef”éf'horizoﬁtél and vertical defléction
plates mounted betweén the final.léné'element and‘tﬁe collision cell. 

AEleétrons are-générated ﬁy_running 3-5 amps ;hrdugh the filament.‘
'The'électréns ére'then"acceleraéed by a pdféntiai diffefence applied be-
tween the gfid;and'thevfilament.. Thé'absolute pofgﬂtial:of the grid With

 respect to.éroundvaetermines the final energy of tﬁe-iohs."In order to
maintain a steadf'beam the emiséion Current between the filamght;and tﬁe

- grid is regulated by the‘émission regulator. The emission curfent ié,usﬁ—v
ally set'atLSO milliamps and if it starts to drop below this value; théf
emiééibﬁ regulator increaées_thé ¢urrent that heats the filamént»in an: o
effort to offsét the drop in emiséion“curreﬁt(

Tﬁe,ﬁpfentials ;pplied to the ;on lenses come from several différent
sdurces.[ Whéﬁgver posSible; voltage diyiders were used tbvbias the 1enses‘
The‘use of voltage dividers §as only feasible, when the current draﬁnvby 
the ion lens was very'small'as compared té thé‘cﬁrrent rﬁnning‘throﬁgﬁ’the
divider-netwbrk.itself.' A'sééérateipdﬁéf;suppiy was'ﬁsed to bias gach‘
of thé ion lensés ﬁhat drew mofe than a féw“ﬁicfoamperes current. |

The eleétrbmagnets”of the momentum analyzer were powerédvby a con-
~ stant current power supply.. Ho;evef,'it was fouﬁd'that:it stillftéok '
'several hours for ;he magnetic fiéld to stabiliZé aftér initiéll&lturning
on the magnets. |
" The deflection plates that are located between.thé final iens ele~
ments and the collision cell are powered by a synchrqniéed_ﬁqitage di&ider
’ﬁetwork. "Tﬁe‘plates were adjusted'sé'that'thevcentral regidn béfween the 

plateé_ﬁas always héld at ground pdtehtial,
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2. vProduct_Ion Detection System _

| The electronlcs»for the product ion detection System are someuhat
more complicated than the electronice for the primary ion source (See Fig.
l&). -It uas determined that'the‘focusing charaoteriétics of the ion lenses
depended upon the lnitial energy of the ions. This problem was not observed
in the_ion,source because there wae a'fairly‘small spread in ion energies
for any_giVenvion_beam; The product ions on the other hand had a fairly

large spread -of ion energies.

For a given mass the Velocity filter passes only ions of one particular -

Cenergy whieh hae-been determined hy‘the operatlngvparameters of the filter
(eee Section II-E-2). The energy inside the filter'of.an ion that emanates
from the colllsion cell depends only on the.energy of the ion as itdleaves _
the colllslon cell and the potential of the velocity filter. For example,
if the filter is floated at a potential of ~10 volts with respect to ground,
a 51ngly charged pos1t1ve ion that leaves the colllslon cell at an energy
of 5 eV w1ll have‘an energy of 15 eV 1nside of the filter. If_the f11ter
is tuned to paSs an energy.of 15 eV, only those ions with an energy of
" 15 eV will pass through the filter without being deflected and ions of all
other energles will not make it through the filter without being deflected
Energy analy51s,is performed by'tuning the filter to an optimum energy and
.then changing only the‘potential at which.the filter is floated.

The only problem with this technidue is that the'focusing properties
of the ion lenses are also velocity dependent. Therefore, the potentials‘
applied:to the ion lenses must be changed as well as the ootential‘of the

velocity filter, This is accomplished by the automatie lens control, which

@
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changes the potential.of the ion lénées.aﬁd the velocity fiiter, so as to
maintain optimﬁm focusing for all ﬁhe‘ibns that passvthrough’the filtér.

Tﬁe potentials that need tb_be applied to the various lens elements
are assﬁméd-té_vary 1iﬁeat1y with the'potentiai of the velocity filter.

v Tﬁe,approximation appéars to hold fairly well as long észthe analysis is
 not perfofmed over a wide energy range.

The SChématié.fqr thé_autométic lens control is,shoﬁn in Figs. 15
and 16. The linear approximation is set by the float inﬁut, thch detéf—
mines fhe'infercept,-andvthe 36K adjustabié feedback resistbr_oﬁ the'741
Qperatibnal émplifier, which determines the sloﬁe. | |

The.detection system analyzes at a new energy eyéry time thé auto-
matic lens cdntrol receives a pulse ffom the DVM (digitai'VOlt meter) inter-
face. Each pulse increments a fouf bit binary counter (SN74L93) by 6ne..‘
The outputs from the binary counter are routed to é.digitalvto aﬁalog con-
~ verter (DAC—Ol)'Which drives the 74i output amplifier. Thevautoﬁafic lens
‘contfol cycles'through l6 different poﬁentials and then it;resets back tb '
the beginning automatiéally'dn every siktéeh;h pﬁlse}' Theﬂlens control |
may be set of feset_manually, if tﬁe need arises;‘

':It was determined that after initial tuning only two lenses apprecia-
biy affected the focus éf the ions-as fhe pétential of tﬁe veloéifyifilter
‘was changed, :All other lensés were biased. by voltage aivider networks
(Fig. 14).'

After the ions pasé through the ﬁelocity filter, they enter thé
quadrupole mass filter. The power supply for thekmass filter has been de;
scribed in detail by.Wilson.ll Aftér_the ions ieave ﬁhe quadrupole, théy

are accelerated to approximately 2000 volts'by-the timeithey‘réach the -
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| Bendiu'magnetic.electron multiplier.;

. hach time_en ion impinges upon the'electron multiplier,'an output in
dthe form of»a current"pulsefis obteined;’ The current pulses are‘converted
into voltage pulses and amplified by - two amplifiers in series before being
.'fed into- the Harshaw scaler for counting Each amplifier whose schematic
s shoWn in Fig. 17, has a gain of approximately 90.

The Harshew’sealer is equipped‘With a cryStaI clock time haSe'which
enablesiit to,count'pulses for a preset period of time, The time-period
'mey be'Varied_from 0.1 seeonds to 9 X’lO? seconds. After the endtof'each .
.oounting period the output is sent toba'PDP—B/f'eomputer.; The output con—-
sists of the,number of counts, the time period; and the velocity‘filter
potentiel, Theiuelocity filter'potential’is moni tored by a digital volt-.
meter and at the.endvof each.counting period the.voit meter interface sends
‘a.puisé;to the automatic lens_controi}'therehy,increnenting.all appropriate
':ngltsges for.thepnext counting period. |

| | | G.dPerformance'

‘The prinary ion source wesvgenerallyzrun under'the same conditions,
.as far asypoSSible, for-all experiments in order to preserue some degree
of'uniformity between the individuai experiments. The eleotrons that-were
used to ionize the neutral gas in the ionizer generaily had an energy of
approximately 85 eV. The:electron emission cUrrent was regulated.at 50 ~
milliamps;. Mass selection was,performed.in the monentunianalyzerfet'eA”
‘eonetant energy of 27 eV and the magnetic field was varied in order to ob-
tainiions ofvthe desired.mass.i'Due'to the fact thet all of the above con~

ditions were‘held constent the width of the energy distribution of the

'ion beam was independent of the final energy of the ions.
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In order to determinelthe energy characteristics of“the primary'inn
source the product ion detection system that was used for all the scatter—
ing experiments“Was replaced with a ,retarding,potential analyzer. While
:it‘was not assumed that it is possiblevto'obtain ahperfect'energy distribu-
tionhneasurement.frcm'aAretarding potential analyzer, it was assnmed that
.it_willihe considerably betterithan the velocity filter andbthe following
results indicate that it is a valid assumption. |

Figure 18 shows a typical N energy distribution beam that was de—>
;rived from'the retarding potential analyzer.' The peak energy was 9.65 eV
:with'an entensity-nf 3 X% Io_ll'amps; The width of the beam (FWHM) was
\approximately 0;65'eV, A comparison may be.nade to{the energy distributionb
;obtained frcm thelvelocitydfilter with the prodnct icn_deflecticn system

in placea(Figl 19). The-peak energy is lZ.3lverand the width Ofnthe
'vbeam:is.0.§6leV. Figure 20 shows an angular'distrihution_of an‘N+ beamt
'.The width of the angular distribution is 1. 8 degrees. |
The velocity filter was operated at a magnet current of 4 amps and
--a potent1a1 difference of 1.32 volts between the cylindrical electrodes.
The'velocity that is passed by the filter is given by Eq. (10) and the

energy that_is passed is.given by
A _ 2_1 [0 - _ , .
Etilter T2 woEagn f< B>"_‘ S , ' (43)

This may be related to the energy'Eion of the ion in the collision cellcby

J=

. Eion = Etiiter ¥ Efioat h ' . (44)
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floatvis the potential with respect to ground at which the filter

where E

is floated. The electric field E may be given by
E = ~— o | o (45)
where AV is the potential difference between the cylindrical electrodes -

‘and~Lvis the'éléctrode separation. By substituting’EQS} (43) and (45) into

. Eq. (44) theﬁfollqwing result is obtained

2
_ 1 AV)
Efloat:_ Eion'- 2 o (LB

| ._ SR : S |
Efloat = EBion K Av=. . _ - )
O If ‘versus AVZ is plotted for a stable ion beam, abstraight line

o o . ~ o N
with slope k and intercept E;,, is obtained. Tor a stable primary beam

Efloét

'Vvélues of Efloat.vs AVz-ﬁay be obtained ahd.thé'v@lodity filterithus'éali_

brated. A"typicai calibration and curve is shown in Fig. 21.
The‘velocity'filter was.calibrated in the above manner for evefy éx—
"pefiment} ‘Values of k ranged"between 9.5 and 10.5 eV/vOlt2 for a 14N+ ;

, E and AV expressed in volts. k would vary slightly-

beam,With'Efloat’ fon

. fromvday to.déy,'but the variation was deemed small enoggh not to interfer
| with an ekperiment. -

bThe quédrupole méés filter was verybétable and only had tb ge a&jﬁsted
once every few yeafs.ll 'if the mass fiiter was tuned to mass 15, the mass.
14 signé1 was attenuated B&_about a factor of 1000, thgh was sufficient.-.

" for this work.
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III. DATA COLLECTION AND REDUCTION
A. Collection
In order fd:run an experiment, a set of foéﬁsing conditioné.fof the
product'ign'erection system Fust firét be obtained.‘ A.Qeli defined

'primary'ipn is generated and focused through the detection system.

\

FocUsing.is accbmplished by adjusting each-ibﬁ»lens until an intensity
maximum is reachéd; This is ?epeated_for each lens agaip and’égain uhtil‘
" no furfher‘ihcrease'in intensity is observed. The potentiél on each
v.lens;and the enérgy of the ion beam is reéorded. This process is
repeaﬁéd'ovéf again aﬁd again;foriprimary'beamé 6f,difféféﬁ£veheréies,
until a coﬁpleté table of lens potentials vs ion ené;gyvié obtained.
bIt was found that only two leis elements had an appreciable effect on
the fdéu;}ng; | |

o for'future experiments one need only référ to this table"to>
aetérmine:the'focusing.conditioﬁs-for each lens as a funcfion of the
ions beiﬁg detected. Ih order to simplify operation a plot of lens
potential vs ion énergy was made. A:straight line that was the best
,fit.for the points plotted was drawn'aﬁd the.slopeidetgrminéd.

When itvcame time to actgaliy ?un aﬁ experiment, the priméry beam-
'Qas}fifst turned to ﬁaximum7intensity. The ALC (automatic lené‘control)
was then pfogrammed for operation.. The ALC steps>fhfougﬁ 16 equally 
spacéd voltéges., The'step size for the véloéity_filter floafing |
pbteﬁtial is‘sef on the ALC. The step size fof the two criticai lenses
waé then éalculated from the slopes dérived earlier and set on thé ALC.
The ALC enables one to obtain an.energy distributipn of 16veqﬁa11y'

"spacedApoints.
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A computer program (written by Ralph TérkoWitz of this gfoup) that
siﬁuléﬁes aﬂmulfichannel anélyzer;was then initiétédfin thé PDP-8
cdﬁﬁuter. The‘ébmputér'just aﬁcepts data'as it is tecéived from the
Harshaw scaier and doés nothing in ﬁhé way of actuélly controlling
the prbgrgsé*of the e#periment; e

Scattefing distributions at a gi§en'ahg1e are pbtéined by first
settihgnfthe angle between the main beam'énd the deféctbr. The scaler
is‘then starpéd-ana data collection begins}  The5SCaler counts ‘the ngmber
of ions of a éiyen mass and velocity'filter'pqténtial for the first time
period and then ét0ps aﬁd trénsﬁifs-the.numbef of Coﬁnts,.the time
| périod, and Véiocity'filter potentiai té'the computer. 'Whi1e the data
is being trénsﬁitted;:the ALC-is'incfementedvta.the next velocity
_filter_pofential.'vxhis prqcéss is tepeaﬁed until datavis.faken'at.16  -
differeht energies or:channeis. After the sixteenth tiﬁe‘périod the -
VALC~is‘CYC1edvback to the first channel and thé process repeats.

~ After each chanmnel is accessed a secoﬁd time, the number of accounts
are added by #he computer to tﬁé number of éounts already in that
éhannel. This proceSS'is;fepeatedvuntil the-signal—fo4noise ratio’
attainé a sétisfactbry-value. 'This technique enables one to obtain an
infeﬁsity'distribution?at a given angle that is éntifely_independent of .
“intensity fluctﬁétions‘ip thé primary beam.

At the end of.each sefies of'séans at a given éngle the filter
fioatiﬁg pdteﬁtial and the totals for.eachvchannel aré printed'oﬁt onto
a teletype unit. The data alse remains stored in'the'membry of the

computer.
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The angle befween'the'deteétor and the maiﬁ beém ié"then chaﬁged
‘andiap'énergy,distribution obtained for a néw-angle. Tﬁié brocessvis
repeated fpr eaéh.angle of.interést until the entire productlscattering o
distribution;is‘obtainéd. | |

.  The rest of the expefimént ié,cOntrolled'manualiy. The;ALC'is now
locked 6ntq oﬁe.chanhel, so that it will not be increménted after each
cduntihg period. The same process és béfbré isvrepeatéd eXCépt that.
this:timé #he'Velocity“filter potential'is he1d constant and the_angle
.yaried maﬁﬁélly éffer each'counting peribd.' The.ahgular scahning.ofc.v
bnly oné-channeiﬂenables all the‘othér energy'scaﬁs to bevnormaigééd
so that a final inteﬁsify‘distribution, which is indebendent of'infensiﬁy'
flpctpations; méy.be-obtained; ‘

"After ‘the inteﬁéity distribution has been obtained, the veloéity:
_-filtervisjcaiibrated'in the maﬁne: described'eafliér.. At this point tﬁeﬁ
: exﬁerimenf hés Been éomplgted éﬁd,all of thé.dataiﬁeceSSaty>to déscfibe
the:scattéfihg ét a given relatiVe_energy is stored iﬁ the memo?y of
the PDP—S computer. .TheAdata may théh be reduced to a more meaningfui
form by the PDP-8 or the.data ﬁay be sent directly over a high séeedi
data coﬁﬁunications line to aﬁCDC—66OO computer fof-reduction ahd' 

permanent storage.

B.b bata Reduction
.The most convenient'aﬁd illﬁétrative way of‘presenting the'dafa
" from a beam scattering'experiment is in the form of the differential
cross.section for scatﬁéring into.an'elément d3x of‘partiélé velocity‘ -

vector space where
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d3v = v2 siné de d¢7dv.v . , - (47)

¢>is the»azinuthal angle and 9 is the‘angle'betneen the incident beam
and the scattered product.i.lhe nunber'ofvparticles Scattered'into
d3y perysecond is o |

= N(8,6,v) a3g_ . R Ry
whére,N(G,d;v) is the distribution of‘particle fluk in units.of '
' particles'oer-second_per_unit detection:volune; |
The differential cross section is

I(é’¢,b) d3z . N(G ¢,v) d v dc

N°p2 N°p£

49)

where N° is ‘the number of particles per second incident on the target‘.'"

-‘of thickness 2 and density p. The differential cross section is not
a readily calculated quantity due to the fact ‘that the detector does
not subtend an 1nf1n1tesimal increment of volume d3v. In reality the

_detector has a- volume z of finite 31ze, which may. be calculated by -

' integrating d3v over the detector boundary
oz = .f - div = ;f : 'v2 sine'dé‘d¢ dv = . ~ (50)
det det ' SR > :
The cross section that is measured is ndt'a_true.differential
cross section, but the_cross'section‘for scattering into a detector

of”finite size. ' This cross section is

© det- ! S
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where . the number of particles striking the detector is expressed by

c= f 'dc=‘f NeewEy . (e
det det ~ ° -

The value which is caicqlated from the‘déta:obtainéd in'thesé
experiménts is.f which converges to. the true'differentiai.drosS section.-
in,the'limit_of infinitésimél detéctor size;_ This is accomplished by
vnormaiiiing Eq.A(5l)to fhe &etector volume so that

S 1e.0m d

- - det - . c ' ‘
1(6,¢,v) = - = 5 S : (53)

_ d3v' | N°plz .
det 7

z may be calculated from Eq. (4) be integrating over the detectof;f

volumg. 'Since the aperture of the detector is circular,

. 27 .0 - Yy 2 » : - , o
z = f do [ sind db6 f vodv . , (54)

° 1
 If the approximétionfis made that Av = vy = Vg is small and that 0 is
small and that O is the angular width of the detector, one obtains
z = mPviAy . S - (55)
The detector perfofms energy analysis by analyzing at a constant
~ energy; therefore, AE must be a constant for all iqn’eﬁergies;v AE may
then be expressed as

AE

mvAv

or

AE - o
.Av mv . | _ S (56)'
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Equation.(Q)Jmay then_béfwritten as -

o 1/ 2,0251/2 g
S 3/2
m -

and I as
Cm3/ 2 : S _
I(e o,v) = : . o - (37
- N° plzl/2 12 R :

" In ordef to calculate relative Ccross secfions ai1-the‘éohétant
factors may‘Ee'dropﬁed a#d L éxpréssed as_thé.ratiobéf the.scéttefing
volume subteﬁdéd by the detector at 0°-énd tﬁe 3ca£tering volume'subteﬂded
by thé detéct§r at.an angle 6. This'gi#es thevfinalvform of T which ié._
used in preSghting‘the data:obtaiﬁed/in theSe experiments; | |

 -'yi ; cdnstént % ;I7g____ o = _.,1 o o v(58) .

‘ - E"TL(6) . e
bA contoﬁffﬁap is gene;ated by plotting f vs the Cartesian vélqcity
coordlnates the connecting points of the same intensity. Tﬁe reducéd '

data p01nts were plotted by hand or by a Calcomp plotter on the CDC 6600
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IV. REACTION MODELS
Elementary dynamic processes that lead to chemical reéctions
may_be_dividéd into fhree‘classificatioﬁé. These classifications are
'characterizedfﬁy the rétio of'Fﬁe time 6ver which the interaction

leading to scattering occurs, tscat’ to the characteristic:rbtatioﬁal_

-, of the reaction intermediate. If t /t . <1, the

eriod, t -
P! > “rot’ “scat’ “rot

process is said to occur by a direction ‘interaction. If t /e . >1,
v : scat’ rot - -

the process is said to occur via a 1ong—iived intermediate complex.

vA gray: region dgvglops,.wben tsicat/trot =1 gnd the reaction has»some

of the characteristics of both a long-lived intermediate and a direction.

 interaction.

<1

técat/trot

Tﬁe simp1est‘direc:ion scatterinévmodel is knéwn as the spectator’
stri'pping'mbdell_(SS).l4 Most ion-molecule reactions that have been. .
studied dis?léy a SﬁeCtatorvstrippiﬁg feature,viﬁ addition to less intense
largé anglé scattering aésdciated with rebound processes. |

'fhis model is most eaéily explained By having one‘of the reactants
at rest in a laboratbry feferencé frame, which, f6r a first approximation,-
“is the situation that occufs in the'apparatus that was;éonstructed for
this thesis.’ if an ion A approéches'a diatdmic.BC ﬁhich ié initially
at rest, the total momentum that the system has comes from the motion
of A. A then étriﬁs away B'from BC and leaves C unéffécted.. The
atom C is merely a "spectator" and takes no part in'thé actual

dYnamics. ‘All of the‘momentum that the system has leaves on AB. Hence,
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Pinitial - Ta¥Aa o (59)
and .

Peinal = ®a ¥ mp) Vyg - - (60
where P is the momentum and m isvthe mass and V the velocity. By -
conservétion of momeﬁtum 4

ginitial = Efinal ",(61)‘
and-

mV, = (m, tmp) Vuoo E B . - '(62)

The ratio of the velbcity of the product'AB to the initial velocity of -
A can then simply be expréséed as
Vap o T o | . |
~A TaT T . |

and the ratio of the laboratory énergies is given by

QB T m +A' V: 'V v . o v . (64)
A A mB R .

 Thus, the product is forward $dattered at an angle.éf.ée;o-degrées'
and at a Velocity greéter.than that of the Cen;et—éf—@ass.

An énérgy}that doe$5nof:a§péar“as tfaﬁsiatibnélvénérgy bfithe
préducts appeéts as inferqal.enefgyiof:AB. By conservation of energy

Einitial T Bfinal
E, ... 4=
. initial A ‘BC
o | . (65)
Efinat ~ U Y Eas t & RS

EA + UAB = UAB + EAB + Eo' K
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IaB c are the intérnal,energieéaof the diatomic AB and BC,
respectively;--In the éase whefe the“internalzenergy'bf BC is zero, then

va-. _ o ‘ ' o
v,.=-E + ———E, I (67)
AB : o mA.+ mB A. _ . | » .

 U and UB

fhe‘spectator:stripbing modél pfedicts increésing internal
excitation with inCréasing‘relatiQe'energy-df the feécténts; \Whenevér
- the interﬁal.energy bécomes_grea;er than the dissociatioﬁ energy of the
- product, the product.can no longer be formed,' An exémple of this behavior,
is discussed léter (see Section V-A) for the system N+(Hé;H).NH+ as it
3 B v

.re1a£e§>fovﬁbrkvdone by Gislééon et al.
Several other éimple.direét mechanisms have been proposed.fo;_othe;

-sys;gmgls anaithey_are*gener;lly-some typevof Variatioh‘on fhe'épectator

stfiépiﬁg mbdel. One of the most ﬁ;ominent-variations was pfoposed by

Woifgéngl6 and is called the "polarization stribéing model”. Tt ié

| basigally a stfipping model with the inclusibn of ion-induced dipolé

forces for;the'reéctanté as they appfoach and then égain_as'theyv

recede. .Thié mode1 has been applied to the systém,N;(ﬁz,D) NZDf and

Qas foundvtb'égrge quite well;v The polarization stripping'model leaves

the.product»N2D+‘1éés internally exgited than the épecfator stripping

model Bybabout 0.15;eV.
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. t t. . >1.
B scat/ rot o

‘”,The‘characteristic.feature of ‘this process is.thét'the intermediate T
exisfs longer than sgveral rotational périods ofitheAcomplex. When the
: lifetime.pf the intermediéte is 1dng compa;ed to the rotational pe;iod,
| the produété,.which flyoff'as‘the intermediate décompoée, will have:a
diregtion that is totally unrelated to the initial cénter-offmass
veldcity vectors of the reactants. This leads to a symmetry_aroundl
+90° for the'reaétive scattering aisfributions‘iﬁgthé center-of-m;ss
referenééAffame. | |

.In'ordér for a Complex to be_heid together for Sevéfal rofatidnai
periods} a‘deép §oténtial well in the pétentiai_energy hypersurfacé
must bé pfesgﬁt. An estimate of the lifetime of the complék.méy be

made from the;follbwing equafion17

ol

’T=Vdﬁf%3>' R " ;‘,< o '  @@_
where T is the lifetime, V the gharactéristic'vibrational freqqéncy’,E,
the total energy, D, the wéll_deﬁth, s, .the number of "active" vibratiqns;
and r; thebnumSér of rofations.’ Equation (68).was derived from a
classical degenerate os§i11étor and rogator:mo&el:éﬁd has:véryviimited.'
validity ﬁheﬁ\E is_approximé£ely equal to D. The @Bargcteristic period

of rotation_may be calculated froml'8

Toop = 2TCT/LY . _ - : (69)

where I is. the moment of inertia and L the angular momentum.
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If a long lived complex exists, the velocity and angﬁlar dis-
R _ Lo o 19-21
tributions may be calculated by statistical or phase space theories.
This ca1cﬁ1atioﬁ assumes a statistical,éartitioning'of energy among the

various active modes of the intermediate.

tscat/trot =1

WhéheQer the lifetime 6f the.intermediate is appfoximately the
same'magnitude'as.the»rotational lifetime, a nebulohsvsituation.arises.f
.A direct impulsive réactipn occurs in a much-shorﬁer périod of time and
a long li&éd coﬁplex exists.for a much ionger'period of time. When.
the lifetime ié'Shorte; than several rotational periods, theré is no
ionger time for tﬁe internal energy't0'be-partitioned.completely7
_randgmly thrdughout the variéus internal modes of the intermediate.‘ The.
inﬁermediate will}fhen decay, yielding broducts»;h5t dépené markedly
qn-the'Original orientation of the ;ollision~partﬁers in momentum and
. position spécef-

‘One of the criteria for‘having”én intermédiate>that exists longer
,thanvseveral vibrational periodsﬂis'the ékistence of a well in.the
potential eﬁérgy hypersurface! so that there is sdﬁe éttractive force
that ho1ds all of the atoms together. If the intermediaté exists long.
enough for the energy to mix in a pseudorandom fashibn throughout'ﬁhe
internal modes, but shorter than seVerai rotétioﬁal periods, a sitﬁation
'arisés‘which has been described as.ah "osculating-coﬁxplex";z2 Thé cdmplex
will then decay in a fashion thét‘may or may not be completely
statistical in nature. :An extremely roﬁgh approximatiOn.to tﬁe ahgﬁiér

distribution may be calculated by multiplying the fesults for a-
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statistical decay bi'a fall-off function (Fig;'ZZ)Itﬁat deﬁendg onAfhe"
’rétio of the:lifeiime of the intéfmediate to the-minimum’rota:ional
period. U;e of ;he fall-off function aésﬁmes_that.dufing rotation
ébout ifs fotal ahgular momentum veétor‘the compléx is subject to
uaecémposifion with avrandom‘lifétime:distribution, exp(Qt/T).

in thé case whére fhe ratio of -the lifetimesbis lafgef.a long
lived'épmple% results andvthe angular distributidﬁ‘will be éymmetric
afouﬁd‘t9Qé, Buﬁ as the fatio Qf the lifetimes décreasés, the ahgulafj.

distribution will become more and_mbre'asymmetric‘around1190°.'

f;
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Fig. 22. Fall-off function. -
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V. - REACTIVE SCATTERING OF N+ BY H2

A. vBackgrdund |

At the present time no work on the system Nf(Hz,ﬁ) NH+ ha§ been
done in_the.energy'fange covered in this experiment. Héwever,
Fehsenfeld, Schmeltekopf and Férguson2 have stﬁdied this systém at
lbﬁer energies and Gisiason, Mahan, Tsao and.w_erner3 ﬁavevstudied this -
systemvét higher enérgies.

“FehSenfeld et al. have meaéured‘thevrate éonstant'qu this feaéfion
in a pulsedidischarge,’flowing—afterglow reaction tubé. Iﬁ‘the flqwing—
afterglow tube the reaction occurred in a 300°K thermaiiéed ﬁlasﬁa.:

A rate coﬁsﬁant of 0.56x107° cm3/seé was determined at‘3OQ°K. As 4.
comparison a rate conétant was,céléulated forvcollisions thatiyielded
ofbitiﬁg.“Thé collision :ate is giveﬁ by23 | |

'.k = 21Te'(0!./_1.l)]"/2

?

(70)

where o ig thelpolarizability of HZ gnd U is the re&ucea méés, The
collisions arise from the'longvrange charge—inducedfdipole inﬁeraétipﬁ
‘to cause orbiting'pr coilisioné whiéh spiral inward. A faté.constant
- of l.57><10_9 ¢m3/seé ﬁas caléulated'by this method. |

 ‘Gisla§Qn'et al. studied this reactioﬁ in a beam épparatus simiiar'_
to the one empldyed in this &ofk. The reactién Qés studied in a-region:_
ﬂof relativé energy raﬂging:frdeZ;SO eV td:8 ev. The‘wdfk”that Qas donél
below 3.7 eV‘has'questionable'validity;. | |

In ali the‘experiments performed by-Giélason et al. the velocity' o

: ‘ + v
spectra showed an intense NH peak with a velocity greater than that

of the center—of¥méss velocity, and a second. less inténée‘peak at a
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veipcity léss than that of the center-of-mass. The reaction is

acéredited to occﬁr by -a direct interaction, where the forﬁard scattered
NH+ is slightly'ﬁore gkcited internaily fhaﬁ wouid be éxpected.from

_the spéctatbg stripping:modelﬁv Theré is evidence tﬁat at initial relative
,enérgies.béiéw 4 eV, the principalvproduct is NH+ in the 42_ grouqd

state, while at initial relative energies above 6.5 eV the 2W‘state is
forméd predominantly. Their res#lts‘are tabulated in Fig. 23.

B. Experimental Results

" The reagtive-scattering of N+ by Hzxwas examined at relatiye'-

| energies'rahging from 0.78 eV to 4.02 eV,zwhile tdncentrating maihly
oh'the.scattering below 2.78 eV. :Ihe velocity spectré'afé given in'the'
form §f coﬁtdur maps, Qhose derivation has been given'earlier’(seé
-SéCtiop‘iII-B).- The contour maps are shown in Figs. 24 through 35.

All of the contéur maps.shoﬁ only Qﬁe'peék and:with oné'exceptioﬁ '
Ehe'inténéity maximum occurs at a velocity'greatef'than the velocity va
the‘céntéf—of4ﬁass. .Iﬁ general, as the relative énefgyvdecfeases, the
NH+ intenéity ﬁaximum'grédually moves towards a lowér and iqwer center-
of—mass velocity, until it actually coincides with the éénter—of—mass
.Velocity. th the most part fhe-energy.of thé_NH+;p?oduét.is more
‘highly excited.than-that.éxpected from a spectafor.meéhanism (Eé,:(67)).'

. The_absénce,of:aﬁy significantly intense backﬁard'Scattefed ﬁeakA _
and a high degree of assymmetry around i90°‘in thé ceﬁter-of—mass |
::eférence frame indicates ﬁhat no inférmediate-complex exists.with a
lifetime greatef than several rotational periods. The éymmetry around
i90f graduglly incréases as the relative éhergy decreasés until it

becomes highly Symmetricvat the lowest energy inveétigated.;
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Eo(eV) Erel(eV5 | V/Vo% . Q |
20.14 2.52 (0.923) (fi.7)**
30.09 3.76 9.23 ~2.59
31.84 3,98 0.927  -2.50
35.36  4.42 0.926  -2.83
40,09 5.01 0.923 -3.43
45.05  5.63 0.924' -3.70
49.80 6.22  0.929  -3.70
50.09 6.26 '?'0.932 -3.50
53.39  6.67 - 0.931 ‘f3.76
56.61  7.08 10.932 -4.04
60.16  7.52  0.931 C4m
65.41 8.18 . 0.93  -4.27

*Ratiq ovaH+'product velocity to
initial projectile velocity. For the
spectator stripping model, . R
vss/v0 = 0.933. '

Location of the peak quite uncertain.

Fig. 23. NH+ energy from Gislason et al.3



00004201726

-69-

NY +Hy — NHY + H (32 I5eV)
E, =4. 02 ev

| 3 ]
500'm/s

50

0°

_180° ! |

Q= ,-0.8 eV

. . . XBL749-7355
Fig. 24. These figures show the relatlve intensity of the NHt formed by
the reactive scattering of Nt from Hy. The large cross indicates the

- location of the center of mass and the X indicates the location of
product p*edch(d by the spectator stripping model. . Circles 1nd1cat1ng
various values of the translational exoergicity (Q in eV) are also:
shown. -The lowest energy contour map is accurate to within
50 meters/sec and. the highest energy map is accurate to w1th1n
100 meters/sec. :
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. XBL 749-7347

Fig. 25. See Fig. 24.
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Nt +H, — NHY+H (19.97ev)
E, =2.50eV | S

*
s

OO

4

500 m/s Q=-1.4 (j: o

XBL 749-7356

Fig. 26. See Fig. 24.
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[NT 4 H, — NHY +H (18.676V)
Er =2.33 eV B

500 m/s

. XBL749-7357

Fig. 27. See’Fig.”Zé.
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XBL 749-7350

' Fig. 28. See Fig. 24.
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| N++H2 N R (|| 6IeV)
E, = 1. 45eV

-

 500m/s

'XBL749-7358

~Fig., 29.. See Fig; 24,



;75;

500m/s

0°

XBL 749-7349

. Fig. 30. See Fig. 24. -
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 XBL 749-7348 -

‘Fig. 31. See Fig. 24.
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500 m/s

0=-0.98eV

 E =106V @

XBL749-735]

>__Fig.'32. See Fig. 24. -



E, =0.79 eV

Fig. 33. See Fig.,24;'v’

. XBL 749-7352 -
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E,=3.14eV - - I B
o ' \\\\\\ﬁ SN 'F__———_—_4
_ . SOO m/s >

Al80° 0°

Q=-2.2ev - /Q=0

XBL 749-7354

'Fig. 34. Reactive scattering from D,.
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IN*+ HD — ND* + H (10.25 eV) |
~ 500m/s

180°
1l180°

XBL 749-7353

Fig. 35. Reactive scattering from HD.
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' The data obtained in this WOrk;may:be compared with low energy
:work done by other experimenters. -Wolfgéhg'and;co4wqfkerslé studied
_fhe systemszr+(D2,D) ArD+'and N;(Dé,D)'NZDf at”reia;ive energies down
to 0.1 eV. ‘Bdtﬁ of these systems were very strongly forward peaked
with litﬁlé'of no large angle scattering and thé'dynaﬁiCS~agrée with
those'ﬁfedicted.by the'polarizatibn Stripping'model (seé’Section IV-A).

Mahan and Sloane24 studied the system C+(H2;H) CH+ at relative
energies rénging from 2.8 eV to 7.1 eV. - Their work ;ﬁowé»resulcs
whichbare'very similar to the resulfs’ob;ained infthis work. At thé-v_
higher energies the CH% product distribution is vefy asymmetric aréund
i90§;with an.intense forward peak'éccompanied by a signifigantxamqﬁnf of -
large angle scétteriﬁg. As fhe enérgy‘is decreased the forward peak'
gfadﬁally movesvtoward the center-of-mass and the product distribﬁtion ‘
beéomes less aéymmetfic afound +90°. " Mahan et al. attribute thié
phenomendmiFg the eisisténce of a strongly interécting complex where
therevié én'atgractive force between all three atomé._

| It caﬁ.be'seen that the dynamics of thevsysteﬁ N+(H2,.H)'NH+ dovﬁﬁt
proceed by way of a long lived complex_that.exiéts fdr several rotatibnal
periods. The,ion‘NH;

spectrometric studies, so there has to be a deep potential well somewhere

has been observed quite extensively in mass

- in the NH; pétential.enérgy hypersurface. It is thén.e&ideﬁf'that .
'criteria; othef than-a deep potential well, mﬁst be satisfied_in orderA
fqr products to be forﬁéd‘by a long lived_éomplex,vsucﬁ~as that obserﬁed
.in thé réaction25 |

Lt : L
- Gty * Gl 7 Cyllg 7 CHy + CiHlg > Gl + Hy
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. = C. Discussion !

~ As any bimolecular reaction occurs, the molecular drbitals:of the
reactants gradually interact»aﬁd eVolve into the.orbitais of the
coliiSion complex. The orbitals thén*évolQed into those of the
products. One méy coﬁstruct é correlatibﬁ diagrém which shows'tﬁe
connection bétween thé'reactants-and'products. The'techniqueVinvolved
in conétructing.a correlation diagram has been recently discussed'in
an.article.by'Mahan.26’ | | |

' Thé procedure involved in coﬁstructing a correlation diagram is
'faifly simple and to the point. Ah appropriaté collision geometry
withvsome reasonable symmetry is cﬁosen'énd tﬁé molecﬁlar orbitals:of 
tﬁe-reactants; intermediatevcﬁmplex, and the'pronCﬁs.are resolved in£o.
the symmeffy species of the abpropriate point group; The states are
ordered;achrdina to their energv. Stétes or ofbitals_bf the same
svmmetry species are tﬁen-connected. |

Fbr the purposes of this discussion. tw0’coliisionigeomeﬁries

were chosen: one being the aporoach bf'N+ along thé @eroendicular.

bisector of H, to form a bent or linear (H - N - H) intermediate

2
.complex and the other being a linear head-on approach to form a linear

SR + . Lo . o
or near linear (N - H - H) intermediate complex. Both intermediate -

complexes are then followed as théy dissociate into the products for

.the reaction.
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1. Perpendicular Bisector Approach
‘The first step in obtaining an actual correlation diagrém is to
“determine the rélative energies of the various states and orbitals

that participate in bonding. The relative enefgy bf_vérioué electronic

+
2

! . ’ + '
The energy of the zﬂ ground state of NH was also obtained from Moore.

o o4+ : : o
states of H , N and H, were obtained from tables given by C. E. Moore.

' Lo " + . : :
Information on the excited states of NH came from Liu and Verhaegen,

who ‘did an ab initio calculation on NH+.
| +
1 2

given in Moore. - Chu, Sui and Hayészg_performéd'some theorétical studies

ground state of NH was also obtained from tables

The energy of 3B
of the_lowflying'éléctronic stgtes of NH;. Chuvet al. also'étudiéd'the'
‘effect of the chénge of angle'of the H - N - ﬁ bond on the eﬁergy of the
low i;iﬁgielectronic states of NH;.‘:Potential énergy curves for the ”
‘change of‘bondiangle from 90‘t6 180° are shoﬁn in Fig.736.

| A..D.vWalsh30,has‘described the shapes'and-ené;gieS'of AH2 molecules.
Thé_elegéténiéjorbifals possible for ap AH2 molecﬁie, when linear, §an be -
: corrélated with those fossiblé for the molecuie when in a bent con-
figﬁration.- Gimarc?l has performed exténded—Hﬁckel moleculér orbital
' églculationé on the varidus quitals in AH2 molecqlés.v.Hig fesults_on ‘
fhe relati?e-énérgies of the'orbifalé were used in‘QStaBIishing the
molecular correlétion diagram that was used in this thesis. 'Figﬁre‘37a 
éhéws drawings of molecﬁlar orBitéls;and a quaiita;iﬁé orbital correiagion
.‘diagram fo?‘bént and.lingar AH, mdlegules. Figure 37b shows a mofév

.quantitative correlation diagram that was derived from extended-Huckel

calculations. .
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After the energies of the various states have been determined, the
- next step is to resolve the orbitals of the N ion and H2 molecule into N
the species of the appropriate point group, in this case sz. This"

is done either by using the tables ?rovided in Herzberg32 or mefely' ,

bybinspection through use of the character tables given in Cotton.33

The Og and Ou orbitals transfof? as a, gnd b2 in‘CZV.H The P‘orbitals

of tﬁé heavy atom traﬁéfdrm as'a;, bl and_b2 in C2v symmetry. o
For the case where.thevN+ ion is initially‘in.its ground sﬁa;e;v

3 is initially in its ground state, lzg;:threé states arise:

Pg’ and H2

in sz symmetry. By supplying the restriction that all the electronic
must remain in orbitals that have the same symmetry aé the orbitals
of the reactants, three states with the following orbital occupancy

are. formed.

A, = (zal)z_g1b2)¥'(3al)2 (b))t B gD
s, = @ap? avpt Gap? avp® capt (72)
*s, = 2ap? a,)° 3ap? vt Gap' ~f 3)

The 1a1 orBital, which arises from the ls orbital in N+; is alwayé

filled, so it ﬁill be dis:egardgd fof‘the pufposévof this discﬁssiop.
The 3A2 state.is missing a bonaing eleCtroﬂ,.éo it is not ekbécfed' o o
to be parciculérly attractivé. It will not correlété with any of fhe |
states that have an attfactive well.. O'Neil, Schaefer and Bender3
performed a thepretical calculation on the isoelectronic systgm CH2
state was repuléive by approximately 2.8 eV with

and found that the'3A2

respect'tb the reactants in their ground states. The 332 state has one



POVOV420173s

-87-

electron in the 4a1 éntibdndihgvofbitéivand will'onlyncorrelate with -
one of the higher excited states of'NH;,bso‘it will also not give access

ﬁd a deep ﬁotential well.

| .A compaﬁisqn may also be made béﬁween the_eﬁergy‘levels of CH;
aﬁvaH; by'é;aminihgvthe result when one additionai electron is put
into various orbitals of_CH;. When C+ initially reacts with H2, 2A1,
?Bl 9 states will‘ari;:-‘.e.:;4 Thé 2A1 state is;initiglly very

repulsive. If an additional electronkis'put into the lb2 orbital;vone .

and 2B

would expe‘ct‘the'3B2 state that is formed to still;bé'répulsive. The"
232 state in CH; is 'slightly attractive.‘ If an additional electrbn_is
put into the non-bonding lb1 orbital one would expect the 3A2_staté

‘that is formed to be fairly flat.
o3 ' +
The Blvsgate of NH2

Aal orbital; so it is expected to ihitially correlate with a higher

“excited state. This;staté.may'élso,be compared with the 2A1’orbital'

‘also has one electron-in the antibonding

of CHZ. If an additional electron is pht into the‘lb1 non-bonding

orbital, one would expect the 331 state that was formed to still be

|
very repulsive.
The_3B1'state of NH; that is formed when.the reactants initially °

’apprdaéh eachfother crosséé‘the-state that leads tO ﬁhe 3B1 gfoﬁndtb
.state.of benthH;. ‘By applicétion of:ﬁbe hon;crossiné fuie,35 this'léads_”
‘to anravoidéd crossing.. This implies thét there is at 1eaé£ 6ne édiabétiC'
po;ential energy sﬁ;facettﬁgt‘prbvides'éccess fo the‘ground‘stéfe of.

+
Ny

!
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The non-crossing rule states that states of different symhetry
can cross unless the direct product of the two states contains the -
. elements of the totally symmetric representation. In other wdrds, 3
mathematiéaily, the condition for crossing of two states i .and j is
_that both | o
By TRy o | e
and '
Hij =0 o o e - _(75)
where Hii’FHjj and Hij'afe the métrix‘élements ofuthe'perturbation

Hamiltonian H. When the two states have different symmetries in CZQ;
the term Hi. must always 5e zero, so there ié no mixing Betwéen the
states and they cross; In other wofds, the reacfion wiil étay oﬁ the
6rig1na1‘potehtial energy surface i and the‘prbbabiiity for avoidiﬁg’
tﬁe:crdssing aﬁd’prbceédi@g on sprfgce-j isfzeroﬂ’ . |

In thé‘examplé that concerhs this discussion,.tﬁéwfﬁﬁ'staﬁgs bbthr
1

"the totally symmetric species, Al' This means that Hijris nonzero, so -

have 3B symmetry, so the direct product between them has elements-of‘

there is an avoided crossing with the mixing of the two states being

proportional to H By comparing. the configuration of the incdming

‘ ij{
3Bl state (Eq. (73)) with that of the 331

notes that the spatial configuration is quité different. This implies

ground state (Fig. 38), one .

ij

will occﬁr}

that H,. will probably be quite small and little mixing of the two sfateS‘
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2. Deviations from CZV Symmetry

Symmetry arguments concerningvczv symmetry will hold-only so'long
as the incoming N+ ion remains on the perpendicular bisector of the

H2 molecule. If there is deviation from the perpendicular Bisector,

the symmetry is reduced from the sz point group to i:he'CS pdint group.n

In Cs symmetry there is still an avoided crossing between the two

. . ot . ’ .
3B' states (3B becomes 3A in'Cé symmetry), but' there is also now an

1 1
avoided crossing, when the 3A2 state (3A2‘becomes 3A";in'CS) crosées
the 3B1 state. Both the 3Bl and the‘3’A2 states can then-possiﬁly |
provide access to the 3B1 ground state of NH;.
The 3B1 ground state of NH; haS'tWO éiectrons in'vt‘he.lb2 orbitai.
The lb2 ofbitél haé Ong nodal plane that runs thrnughfthé central

nitrogen.atom"and also extends between‘the two hydrogen afoms.(see Figf'37a).rﬂ
' In CS symmetry fhe orbital loses its sz symmetry, but it willvstil;

retain its basic Strunture of having one mode between the two’hydrogen

atoms and containing the nitrogen atom.’ The‘only-way that two electrons
‘may end up in an orbital of this étructure, other tnén massive reéfrangément
" as the[atomé approach, is_to;Start off:in an orbitni:dr orbitals bf'this
shape in thé separated'reactants} The ground.stafe reéctants'only have

one electrnn bétweén the two of ;hem cﬁat is in an Ofbitnl nf the_fequi;ed )
nodai structure. This electron'is_in-a P orbital in:the.N+ ionﬁ Theréforé;
the term H . will be fairly small. |

i3
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. f= a¢(%® - \ | »I . :
L . _ (76)

)

has been used to describe the probability of'remaining'on'the diabatic

-potential -energy surface; P is the probability, ﬁ, the radial velocity
~ at the crossing;point; and H, the wvarious matrix_elements of the

-perturbation Hamiltonian. For the case‘gnder consideration, where the

Spatial-étructﬁre of the electron densities must changetCOnsidefably to
allow‘access to a deep well, the off—diagonalvtgrm, Hij’ will bé éﬁallﬁ,
Hijxwill probably be émall for the avoided Crossingsvin both C2V agd_.

CS s&ﬁmeﬁry.v.This genérally gives a3probabiIity of_éébréximatgly'unity

of remaining on the diabatic surface. The only time that.the probability

. of making the transition from one diabatic surface to the other is

large ‘when the velbcity v is small.
~The situation where the velocity v is small may-afise.in'low

energy collisions.: As the velocity decreases, the probability of

‘remaining on the adiabatic surface that leads to the deep well,increéses

as opposed to the probability.of staying on the diabatic surface which

decrease. At. low energiesvthe'velocity will eventually reach é-low

..enough value to keep the trajectory entirély on the.adiabatig surface.

The above situation seems to be indicated by these eXperiments.

. At the higher velocities the dynamics of the reaction seem to proceed

by a spectator stripping mechanism, as shown in the work done by_’*’

Gislason et al. Only at the lower relative energieé'donevin this work
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| is a deviatiqn away from a direct impulsivé méchahiéﬁ ébserved. _This
implies that:a different type of trajectory is involved ét fhe ldweff
energy collisions. Different overallvdyﬁqmic§ di1l_reéult as more
and more’trajectoriés start td éamplefthe deevaHZ poténtial well.

If the increaééd access to the deep well_is held responsiﬁlé for
| tﬁe change_in'dynamics at 1owér eﬁergies} the ne#tiqdestion to be
answered is'why the production of.a‘iong—li§ed coméléx that results ih
symmetry around *90° iﬂ the‘qenter—of;méés frame is ﬁot Obsefvéd in‘thé
contour mapé:l This question might most easily be answered by examining 
the characteristics of the (H.- N %‘H)+_intefmediate.

The minimum rotationai pefiod of aﬁ'interﬁediate complex‘ﬁay~be
estimgted through the use of Eq. (69).  A rotational period of
approximétely'leofl?_secs is obtéined; Use of Rkkxﬁﬁepry’éf

unimolebular":eactions (Eq. (68))‘to'ca1culate the lifetime of the

+ .
2

and 1x10 1> secs at 2.0-eV relative energyl 'These lifetimes are at

NH, intermediate complex yields-6x10—13'seCS'at 0;8-eV relative_enefgy;f
1e58t 6n1y épﬁroximate aué to the faét that RRK‘theofy-is of doubtful
‘accuracy at such low lifetimes. B
The fifefime of the cbmpléx.can be seen.to vafy:frbm'O;S t°;3

fotétional‘périods.,'Even if the qpmplex wefé to dec;y stétiséicéliy,/,
“which iﬁ pfobébly.does not due to the Sﬁort.lifetime,.the-angulaf |
distribution should be étrongiy_fofWard.peaked,'as'indicated_by the
fali_qff fungtion shown in Fig. 22. | | |

| Thé percentagg bf'available energy that goesvihﬁo iﬁterha1 excitation
increases dramatically with &écreaSing.energy. Thié iﬁdicates that“v

the N+ and'H  pass thrbugh regions.in the potential surface iﬁ’which

2 B
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strong interactidhs between all thrée particléé-occur._ ThiS‘differs
ffom an impplsive model like spectatbr étripping where there ié little
or no intefactibhfbetween all fhree'partiéles i.e., ﬁheré ié zero
momentum imparted to the épéctator'a;qm. 7

3. Collinear Approach

" Figure 39 shows a correlatidn diagram fér the head-on linear
approach of the reactants; which then pass through»a 1iﬁéar orvnéafv
-iineér_(N - H- H)+‘intermediate complex.to form the-producté. Little
or no’ information isvknbwn’abOut this 1iheaf comﬁléx,'whihh sﬁggests
" that it is not a stable intermediate with a deep weil. | .

-The relafive positions of the various energy levels of the
'intefmediafe were deterﬁined:ﬁainly'by intuition and a rough'knowiedge.
- of thé enérgies of:the‘individual'bﬁbitals that are presenf. The
exact positions of the energy‘levels of the intermediate do not ﬁatter
for the purposes of this discussion. The only.thing that is really
important:is their.symmetry, which is easiiy determined tﬁrough the use
of elementary”group fhéory. |

. . .‘ +.
It can be seen from the correlation diagram that NH in either - .
2 4~ ' ‘ . e L .
its "Il or I state can be formed directly from the reactants in thelr
ground state. There is no intermediate that has a deep well,:so that

reactive scattering resulting from a long-lives complex and symmetrical

around *90° should not be observed;
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D. Summary

The data that have been coliected for the N+(H2,H) NH+ system
cleariy éhow that"the.moleculér dynémics.for the formation of NH+ may
proceed by atvleaSt'tWO'different pathways. The actual pathway that
isvzék;n depends highly'on the‘initiél relative energy of ;he reactants.

Formation of NH+ at the higher energies proceeds by a direct
-impulsiVe‘meChanism with the maximum intensity apﬁegring at approximately
the spectator stripping vélocity._ Along this pathway there appears
to be very little attraction between the produét‘ion NH+ and the H atom;
As the relative energy was decreased, a change in thévprodﬁCt veldcity
distribution was observed with the distriﬁution becdming more symméfrical
around -the center-of-mass. THis~indicates that the reaction pathway
~ is sthrtiﬁg to’sa@ple~some tyﬁe of attractive well where there is a
mutﬂal-attra;tive‘force présent’betﬁeeh-all three particles.

Use of eleéfroﬁic state éorrelatioﬁAdiagrams facilitates the
expianation'of the reaction dynamics. It can be seen from the correlation
diagrams tha# there are primariiy t&p potential eﬁergy sufface pathways
open to rgaétivé scattering. One ofvthese pathﬁays-(Cmv):passes.ovgr,a
fairly flat-sﬁrfage. The other pathway has aécess fq a fairly deep
(6 eV) potential well. The prdbability of the reaction path.extending
into the deep well has beeh shown to be velocity dependent'wiyh the
prbbability increasing with decreasing ehérgy. Thus thé éorrélétibn-
diagrams in part explain tﬁe;transition-from_a direét:ﬁo,an‘increaéipgly.
iong—lived meéhanism-as'the relatiVe energy deéreases:

'This work was done under tﬁe auébiceé of‘the.U,‘S; Atomic Energy

SN

Commission.
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