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| MOLECUIAR EAM KJ]\IETICS'-‘_‘ o
Dav1d D Parrlsh
Inorganlc Materlals Research D1v1s1on, Lawrence Radlatloo Laboratory
Department of Chemlstry, University -of California
Berkeley, Callfornla
:ABSTRACT.

An apparatus has beea.qohstructedvtobperform magoetic'deflection:
analysls_of reactire.scattering in_croesed molecularrbeamevof neutral -
species} 'An'inhomogeneoﬁsldeflecting magnet betweeh the surface?iooi—
zation detector and the collision'zone'of the'tWO;crossed.thermal energy\
beams was used to,dietinguishselastic reactant scattering»from reactive
prOduct.scatteriogvby utiliéihgvthe largeldifference-in_their‘magnetic
dipoles;‘ stodieé'hare been made_ofvthe reactions of Li with NO,,, CH5N02,
.SFG’ CCln,.and.CHBI;:’The total reaction Cross sections'and the reactlve
vattenuatlons of the w1de—angle Ll elastlc scatterlng for all of these
gases are con81derably smaller than are the correspondlng features prev1ously
reported for the reactlons of Li + XY (XY = Cl s Br and ClI) HOWever,
1nterest1ng dlfferences are observed in the product L1X center-of-mass |
(cm) angular‘distributionsﬂfor the five'gases'studied here. eThe‘Llo
prodﬁct of. the NO .reactiooxis'more sharply.peaked io the direction of the
Li atom than are the correspondlng L1X product< of the Ll + XY reactlon.‘

" The LlNO and L1F products of the CHBNO ~and SF6vreact10ns.eXh1b1t yery
broad, almost isotropic CM angular dlstrrbutions; The LiCl and LiI pro-
ducts Of.the'CClh aﬁd.CHBI'reactions'ere.preqominantly ECatterediinto the
backwardbhemisohere in the'GMdcoordinate system.A.The'features of».the'NO2
reaction are discuseed:in'terﬁs of the electron transfer mechanism which

has been advanced to account for the features of the reactions'of the alkali

atoms with the halogen molecules.
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A Claaeical'harﬁonie forces,'normalhmoaeehﬁodel{hae-béeh-aeveioped
to allow con?enient.inVeatigatiOh of certain featureavofvthe dynamics of‘
chemicalvreactions.:'TheeCs t alkyl iodide.reaction-dyhamics are investi-
gated by means of a linear,_four;particle.<Cs-IeCH -R Where‘R ; H, CH5’

2H5 or C H ) appllcatlon of this model The full reactlon exoerglclty
Cis 1n1t1ally partltloned ‘between potentlal energy of Cs -I extenslon and

I-CH, compression, and the tragectorles of the four partlcles are followed

2
until the I-CH dlstance'reaches a cr;t;cal.extens;on, at whlch-p01nt the.
.reactlon is assumed to be complete htThebmodel is eramined as a function
of two parameters, the I-CH2 force constant k2,Aand the 1n1t1al repuls1ve
energy in I-CH compre331on, v By varying kg, the model spans the spec-
trum of poss1ble dlrect 1nteractlon reactlon dynamlcs from the llmlt of
the adlabatlc, very slow.CsI-CHQR separation.(lowk2 llmlt) to the limit
of impulsive reiease of the I;CHQ compression (high:k2 limit); " In coné
trast to prev1ous caiculatlons, we obtaln a good qualltatlve fit to the
experlmentally reported product rec01l energles 1f (l) a relatlvely

high Value of k,, near the ihpulsive limit, is used;'_(e)vthe potential‘
surface‘is iargely repulsive, with P =al9.Q koal/mole out of a'totai.‘
28.7 kcal/mole reaction exoergicity and (3) both‘the.CsI and the CHE-RVA
alkyl radical carry of f substantial internai excitations. A similar,
linear,.three particle model»applies the two dverivedvvalu_es'vof_k2 and P

to the reaotions of all of the alkali ﬁetals=with ﬁethyl iodide.  EXperif
'mental~measurements of the energy partitioniné is_available only.for the‘
Cs, Rb, and K reactions; this_data is Well reproduced hy,the modei. _Thel

unstudied Li and Na reactions are predicted to exhibit significant deviations

from the trend found for the three heavier alkali metals, and a possible
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S aviidi-

explanat1on of the reported anomalously small total reactlve cross sec-

tion of the Na + CH,I reactlon is presented Another appllcatlon of the

5

linear, three partlclelmodel shous'that'the small variations that have .been

observed in the‘energy partitioning in the reactions of the alkali metals

© with the diatomicbhalogenslmay-beﬂexplained by the effect on the reaction _

dynamics of the varying'alkali'todhalogen mass.ratio.

An apparatus hasvbeen constructed to measure the veloc1ty dependence
of ex01tatlon transfer in atomlc COlllSlonS. A veloc1ty selected thermal
beam of Tl atoms 1s crossed w1th.a thermal beam of Hg atoms in whlch a
3

P

0,2 states by electron

small fractlon of the Hg atoms are ex01ted to the
bombardment A photomultlpller equlpped w1th a narrow band pass interfe-
rence filter and‘located below the beam colllslon zone prov1des a sensitive
and specific detector for collisionally'excited T1 atoms.in-a particular
energy_level. Results fOr'the‘Tl 7s ?Sl/é'state 1nd1cate that the total

cross section for creatlng thls energy level decreases as the asymptotlc

.relative veloc1ty, v, 1ncreases. The derlved data p01nts are well fit by '

a.V—b'dependence. A method for the t1me normallzatlon and statlstlcal

analysis of_noisy;data 1s-presented.
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I. INTRODUCTICN
"The technique’of crossed;moiecular beam offers the chemist{a unique
opportunity to observe coliiSion dynamics without the loss of direct
information that statistical and‘thermodynamic aVeraging entails. Although
there are severe practical problems,_molecular beam kinetics can, at least

in principle, approach the ideal experiment:whereJthe-incident epecies

- are prepared in given initialcatatesuand'then the atates of the scattered

products are determlned dlrectly after the collision in which they are

formed. Product parameters Wthh are capable of belng determlned are.

the'product identities; recoilhdirection, and the partitioningvof the

available energj among the products' translational and.internal (rotational,

vibrational and electronic) degrees of freedom. The use of the two crossed

. beams isAparticularly'adVantageous in’the investigation of low energy

collls1ons, the dlstrlbutlon of relatlve velocities of approach is much
more narrowly conflned than is pos51ble if a angle beam is allowed to
1mp1nge on a vo%ume of gas conflned in a scatterlng.cell,
”inrestigations of the dynamics-of.neutrai‘coilisions'in crossed
molecular beams received_aAgreat impetua,from the‘first observation of

a chemical reaction in_crosSed'neutralbbeams by Bull and Moon® and from

the measurement of the first product'angular distribution hpratz and

Taylor.2 In the aixteenryearSgsinca'these first auccesaes,'crossed
beam studies haue proliferated.in sophiatication'as uell as quantity
and diversity}x' Almost all of the early studles of neutral systéms
1nvest1gated the scattering of alkall metals due torthe existence of
positive surface ionization2 which provides an extremely seneitive

and specific detector for species with small ionization-potentials.
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SUcCessful crossed_beaﬁ studieékuﬁilizihgfdéteétidn by elécfrbh Eombafd;.
mént and mass anal&sis or by negative surface‘ionization haVé been acCém- N
plished only ve}y recéntly;b'The pfbcesées fhat'can be>§tudiéd in crossed
neutralﬁbeams may be_foughiy dividéd_intO'three_catégoriés: élastic;
ineiasfic and reactivejscatterihg. |

Durihg an elastiéacpllisioh neifher;eﬁergy tfansfer'nor chemical
. rearrangement occurs.'.Thebinteraction po£¢ntiai_thét,cbméletely deter-
mines the dyﬁamics of éuch é'COllision can'bé édeqﬁately répfééénted.by
a single central force expreséion, thué allbwing a felafivély,tractable
mathematical treatment. Cpnééduentiy,-méasﬁremenﬁ of'thé'angﬁlér distri-
bﬁtion of the elastic_écattering of a:nén-feactivglsystem aliows thé
extraction of a.detailed.deSCription‘of the'potential fﬁnctidn;?.jin '
order to obtain the pdteﬁtiai functipn;unéﬁfiéuouéiy;'it iélneéessgfy ﬁo
have both a VeryAnarfoﬁ aﬁgular.fesblutiéhiand évciosely pbnfined distri-
bution of initial relatife velocities. Eariy‘stuQiés.Wéfé-lérgely cbﬁfined
to thevalkali mefal systemé énd yiglded'oﬁiyaa tﬁb parametér:fit to.an
assumed potential form.. vRécentlj ﬁéwé?ér;»thévbésf alkali fesulté3a
énd even some greatly'imprdved.studies of non—alkali-systemsh'prqﬁ;sevto
allow diréct inversion from‘the éxperimentél'data té thebpotential func;
tion. The.elastic scattering from chemicaliy reactive systems ﬁot oﬁly
yields information on the inferadfion?_bbtéﬁﬁial, but aléo élucidatgé the -
reactioﬁ dynémics; invpartiéﬁlar the brObébiiity of réactibn as a functi6ﬁ
of impact pafameter may be approximatély extracﬁéd from the eléstic. |
scattering.5 | | |

An inelastic‘collision event is chéractefizedvby a change offﬁhe

internal .quantum states of the species during the period of interaction;



~3°
thus,vcbmpared td elaStic scéﬁtering,'a.muchvmore cémplicated énd divérse
situation-exists.‘ Vefy fewtsyéfemétic'sﬁudies of inelastic précesses in
neutral,vlow energy sjstems héﬁe yet'been iﬂgepokrted.T _Cﬁépfer Vi_énd VIIv
of this’thesis describe abérbéSed béam Stﬁdy ofvthé QeiOcity dependence
of‘elecfrohic energyftraﬁsfér in an étomic,¢§llisi§n.

A moleéular iﬁter@cﬁion'that invoiveé’a chemical change in ﬁhe
collisién partneré is defihed as reactive‘scéttefing. intensive investi—
gations bf-fhe'reactivé écattefingbof alkali mefél systems6 have directly
 measufed the product angﬁléf disﬁribufions, traﬁsiational energy distri-
butiohs'and'roﬂafioﬁal_éxcitatioﬁ."In additiOn,:fhe variétibn'of these
reactionlchéracteristicé witﬁ.iﬁitial.relativé tfanslétionél energyiand
moiecular orientation have beeﬁfdetermihed for a féw 6f these systems.

A Qery recént étudy7 haé sudcessfuily @easﬁréd the Vibrational'energy
distributioh of a‘réactibh product'by:gsing the reactive scattering from
two croésed Beams_as‘thé soﬁrce for a=moieculai.beam electric resonance
spectrémetér. Préviously,_éUCh diréc£ iﬁférmatioﬁ'had béénvavailable thy
from observation ofviﬁfréfed:chemiiUmiﬁescehce;B' The.resulﬁs presentéd
here in Chépter 1T apd II;”and Appéndicés A and B.extend.crosséd beam
_investigations of réécti?e‘scattering to(excepting Fr) the 1ast’uninvesti5
gated mémber of the alkali family; Li; two fhérmal béams are emplbyéd‘

and the product -angular distributions'ahd hominal values of'the.produéts'
translational ehérgy éré»éktfacted. Recehfiy;.geactive scattering studiés |
have‘éiso been carriéd Oﬁf.fér‘non-alkali sysﬁems'énd Véry detailed results
for a wide‘variety_ofvfeéctiVe S&stéms shoulé beanailable in the near future}g-

ChapfersfiV aﬁd»V present_a ;éry simplé model suitable for the investi-

gation of collision dynamics in a form that facilitates the achievement



o
of_physicgl;iﬁéight into;fhe[dominatihg;féaﬂgfés of»?léoliiéiéﬁ.gﬂSupfis?‘3i
'ingly'ac¢ﬁraté’repréduétionéiéf éerfainvféétﬁféé’ofgsﬁitqble sysﬁem$ have

bééh,obtained.
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II. APPARATUS FOR MAGNETIC DEFLECTION ANALYSIS OF -
" REACTIVE SCATTERING. IN CROSSED MOLECUTAR BEAMS

Al Introduction

The des1gn of this apparatus was - gulded by three con31derat10ns.n
- First, 1t was des1red to carry out quickly primitive. crossed molecular
beam-studles of.the angular distributions-of the reactive'scatterlng of
Li, and possibly the heairier members of the alkaline earth family, wvith
halogen containing_compounds,'uSuchbstudies;'utilizingltwo reactant'

beamsvwith'full thermal‘velocities'andiwith no velocity analysisiof.the
products; have been‘carried out_forbNa, K, Rb-and Cs where thefreaction
partners have included HX.-hX ~X XX?; SX CHX

PXB, CHéXQ, 57 cxu, SnX) ,

SF6 and CF_TI as well as NO and RNO (whlch form MO and MNOE, respectlvely).

>
(Here, as well as elsewhere in this thes1s, M,»R and X represent the alkali
metal orialkaline earth atom, and.organicbradical and a halogen atom;. |
respectively). SeVeral reViewsl'of_theSe_studies hafe been given.; The
qualitative features of the‘center ofumass‘angularvand kinetic energy'
product distrlbutions may be extracted from the measured laboratory angular
distributions;_ Slmilar studies have been completed in this laboratory

for ten reactions of Li atoms.gi An 1n1t1al experlment reproduced the
results of the two fllament differential surface 1onizat10n 1nvest1gation'

of the reactlon of Na w1th Br,, > thereby " demonstrating the reliablllty of

2’
the technique employed here. As a second cons1deratlon it was desired to
construct the apparatws so that it can be easily modified to.allowvmore
detailed investigations of these reactions including, for.eXample,,

veloclty and rotational energy analysis of the scattered products or

velocilty selection of one of the reactant beams These,modificatlons are
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now_being caffied,éutlbfﬁqthéfzmembérslof th¢~reseéréh group. ’Finaliy;

it ﬁas désireﬁ ﬁé cqnsfruét én ép§érétﬁs that would have ‘as gféat a fléxi—
bility asfpossible‘in the inVestigétion of ofher‘aspecﬁs of ¢ollision
.dyﬁamiés. .Séme résults»of the other studiesfaiso éarried oﬁt'in thié
apparatué ﬁill be:diséﬁssed later. o |

The pieviqus Stﬁdieéiof the aikali.metalbfeaction; have been
possible due to{the utilizatioﬁ of»surface'idnization‘és_a éensitive
and‘specific deteétor;V The primary problem'faced in.exténding these
studies to lithiurri’anci the alkaline carths is the detection of Ithése.‘.
spéciés which ha&e.highervibni%ation poféntials ahdlﬁhus much ioWér
déﬁectiénefficiencies(approximately 1.0 to 0.1 péfcent‘cdmpared with
essentially iOO percent for CS): Ih_the previoué étUdies diffefential
éurféée ionizatidn was employedvto measure thebscattered M and MX
sépérétely;‘hoﬁeﬁér, dueité the_deéreasédfdeteétion efficiencies 6f the
species in the proposed studies,'it was deémed désirable to‘éoﬁétruét
_én apbératuSZWhich would éliow eitﬁer ﬁhe tﬁo‘filaﬁent tecﬁnique_or mégnetié
deflecfion ahalysis td'be utilized to distingﬁish bétweéﬁ the elastical1y
and reactively scattéred‘alkali or,alkaliné eéfth species. Some of ﬁhe
reactions of the heavier'élkéli atom reactibns havé also been studied
With’magﬁetic defléction_analysis,h but these;étudies have served pri-
marily to suﬁstanﬁiete‘préﬁious two-filament results ratherfthgn td.study'
unexaminéd reactions. |
The dpparatus ié dé§pribed in'ﬁﬁiSjchaptér as'it was designéd.and;

built for use‘in the Li»étom experimeﬁts discussed iﬁ Refm‘2 and those to .
be described in the following chapter. Lists of the‘méchahical and |

electrical drawings for this apparatus are given in Appendicies A and B;



Fignresi ‘ ﬁlaéram of the tacudm chamber;‘as.v1eWed from above;;'fheii
| reactant beams,.whlch.cross at an angle v éOli effuse'fromvd
ovens mounted on a. platform Whlch may be rotated frmn.® -55 to‘
“ »@ +120 Wlth respect to the statlonary deflectlng magnet and
detector assembly Only scatterlng in. the plane of the reactant
’ beams is measured and the sense of @ deplcted in thls flgurevls
,'taken as pos1t1ve, w1th' 8 —>O 1n the dlrectlon of the L1 atom
beam.' The entlre detector assembly (1onlzlng fllament _1on optlcs; ,
‘:analyz1ng maénet electron multlpller, and electrlcal shleld)

,may be scanned across the gap of the deflectlng magnet in order

. y
,to measure beam proflles and deflectlon patterns

Figure‘E, _Schematic-diagramfof}ankilliar§'components'offthefapparatusf
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these drawings are on file‘at LawrenCe Radiation Laboratory,'Berkeley,
A dlagram of the essentlal parts of the apparatus whlch are enclosed

in the vacuum chamber 1s shown 1n Flg l, and Fig. 2 shows a general

- schematic of the apparatus_together with a block diagram of the electronics.

B. Vacuum'System '

1. Vacuum Chamber

The vacuum system_consists of a single chamber-containing both -

| beam sources - and the detector; this-lack of differential'pumping limits

the . apparatus, as orlglnally constructed and used 1n this 1nvest1gatlon,

to studles of reactions in whlch both reactants are condensable at liquid

nitrogen temperature.' The chamber is constructed as a large box (37"X55"x27”);

each of the four sides is fabrlcated from heavy alumlnum al]oy (Alcoa-
6061) plate and is removable. Thus; the main body of ‘the chamber cons1sts
of the bottom and the top with a vertlcal support at‘each corner; this

also is fabricated from-the-same aluminum alloy_with'welded constructlon
throughout. The'fourvvertical supportstare-drilled:and tapped: to receive
the bolts by which the sides are attached. The adventage of this construce

tion is that any'desired wall or walls may be removed for conVenient

-access for worklng inside the chamber, the other walls are left in place

permanently for the duratlon of the experlment thereby prov1d1ng a flat
surface for mountlng smaller flanges and other apparatus components by

tapplng dlrectly 1nto wall. The ability to remove the walls allows easy

'modlflcatlon-and, if necessary, replaCement; in addition, differentially

pumped beam source chambers may’be'boltéd:on'in place of the walls to give
the apparatus considerable flexibility of application. A 12" diameter

rotating 1lid is mounted in the top of the vacuum chamber. This 1id
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ma& be.rotated from outside the chamher Whlle@naintalning'a VaCuum inside.v-
The low pressure of res1dual background gases that is necessary ‘ |
to insure m1n1mal scatterlng of the molecular beams can be achleved only
through very fast pumps and extensive trappiné since the beam sources repre—
sent large leaks 1nto the system The’lowest pressure‘reached'intthe.system
.was 5%10 -8 Torr (uncorrected ion gauge readlng) when no experlment was
being conducted; however, the pressure typlcally rose to l 5XlO -6 forr dur-
ing an experlmental run if one of the source ovens requlred a hlgh tempera-
ture. This hlgh pressure waS‘partlally‘due to outgass1hg ofvmaterlals,that

surround the oven and are thus heated by it.

2. Pumps; Traps, and"Associated Circultryv

The main punpiné for non?condensableigases.is.ohtained-from two
Consolidated Vacuum Corporations PMC-6B, ”6ﬁioil diffusion pumps (nomlnal
pumplng speed of each is 1400 llters/sec) whlle llquld nltrogen cooled
surfaces prov1de very high pumplng speeds for condensable gases (typlcally
1—20 llters/sec/cm ).5 _The_complete 1nterlor of the vacuum chamber is
enclosed by_afcopper box‘equipped with‘removable walls; in order to nain-
tain the necessary low temperature, th1s box is attached to 2 large
liquid nltrogen reservoir (capac1ty 28 llters) ‘This copper tank covers
the entlre bottom of the-apparatus and'the d1ffus1onvpump baffles are built
“into it; these baffles have an optically'dense-designvand.undoubtedly”réduce
the effective pumping speed of.the oil diffuslon pumps . No attempt was
made to measure this but the reduction is llkely to be a factor of ‘two or
greater. A standard 1" Swadgelok flttlng was used to couple the llquld

" nitrogen fill tube to the reservoir; this provides a leak-tight seal even

after repeated thermal cycling. The trap is filled automatically by means
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of.a'thermostat interlooked‘with a'pressurized deuer_equipped with a sole-
noid value. The‘trap_is suspended by thin steiuless'steel:straps in order'
to maximize therhal isolation. Additionalvpuﬁpingiin the region of the
beam souroes.is prOvided by a smalier'liquid nitrogen trap (6 liter capecity)‘
suspended'from the rotating~lid on thin.steiniess steel tubes; shields
surrounding the ovens are:attached'toAand cooled'by this‘reservoir. This
tank is filied manually,‘and is kept oold oniy durihg‘én experimental run,
A 51ngle Welch 1597B two stage mechanical pump with a speed. of approxi-
mately 15 cublc feet per- mlnute at 10 mlcrons is used as. fore-pump. A
Hestlngs thermocouple vacuum gauge,monltors the foreipressure;'lt controls
an interlock'that turns of.tbe power tovthe.diffusiOn"pumps if the pressure
rises above a preset value. The diffusiou‘pump‘pOWer is also interlocked
to the flow of the coollng water and the the pump temperature
The pressure in the main vacuum chamber is monltored by a Veeco RG 75P
_ ionlzetlon gauge. The power supply‘as well_as the switching panel for the
Hastings gauge, the:diffusion'pump interlooks'and the automatic liquid
nitrogeh fiil system areuall desigued and construoted'by Lawrence

Radiation Laboratory.: '

3, Vacuum Seals -and Conuections

Rubber 0= rlngs in grooves of standard IRL dimensions are used in
most static and all movable-vacuum-seals The seal for the 12" diameter
rotating 11d is prov1ded by a double O- rlng groove with a pump out between

the’grooves; however, it was never necesSary to use the pump—out. »Rectangular

(3/8"x9/16") rubber gaskets serve to seal the large wall flenges.- Apiezon
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L or N vacuum greasevls llghtly applled to all O- rlnés and gaskets, one
exceptlon to thls is’ the rotating 1lid where Dow Cornlng 53, medlum consis-
tency, heat stablevlow temperature s;llcone grease-ls used to 1nsure;leak
free rOtation even‘when.thevo;rlngs are:cooledvby oohduCtlon tovthe.liquid
nltrogen tankrattached to the lld o |

Most electrlcal feed-throughs are made by drllllng holes in epoxy
plugs, threadlng a bare wire through the hole.and seallng with epoxy;.these
epoxy plugs ‘are then sealed w1th rubber 0- rlngs. Such Crude systens give
remarkably trouble free performanCe. For the 31gnal lead a Stupakoff kovar-
glass seal is used; 'l/h" brass_tubes,carry both»the energlzlng current
and cooling water-for.the magnets into'the chamber;-“These'are-sealedvat
entry to the va cuum by an O-rlng, teflon sleeves both 1ns1de and outside
Ithe vacuum chamber electrlcally 1nsulate the tubes and define. the O-ring
groove. .Inside the vacuum-chamber,_oonnections for_the cooling water lines
are made:With both a uellbstandardized‘system of the LRL couplings ano
fittings and Swadgelok_fittings;ﬁno trouble.has_been'encountered-with

either system even after repeated resealing.

C. Beam.Sources
1. Ovens

The sources of the molecular beams in thls apparatus cons1st of small

chambers which contain the molechles.at a pressure,ofvup~to a few Torr and
are equlppedeith narrow slits. The pressureiof.the_gas and the widthbof

the slit are adjusted so that the mesn free path length in‘the chamber is

approximately equal to but Hiot much greater than the'slit.width; this

condition insures that the molecules will leave the sources by moleculer
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effusion.rather thén'hydfbdynamic.fiow, Under effusive flcw_cohditions
the molecﬁies;ﬁndefgo essentiaily nd cqllisiohé after they leave the oven
while injthe:iatteriéaseIa cloud of moleguies forms in_frontvof the slit
and the boundary of the élOud becomes the effeéfi&e.beam source. When
thisvoccuré,fthe beam bfoadeﬁs, the beaﬁ intensify'no longer is proportiqnal
to the source pressufe, and the temperatﬁré of the beam.is not ﬁell
defined.6

' The m01ecglér beam 6§éﬁs used iﬁ.this aﬁparatus are of the typical
_‘désign as:descriﬁéd7by‘Rémsé§.6 For,the expefiments fhat have beeﬁ carried
out, a dbuble éhambqr oven Waé:used to producé_the.Li.atom beam; the iower
chamber contain$ the charge of Li metal and:its temperature defines the
sourée_preésure while>th¢:témperaﬁure‘of thé‘upper oven, which can be varied
‘-indépenaently from that éf the lower, défines.ﬁhevbéam température. This
design permits.the'achieVeméﬁt“of aﬁ effusive molecular beam with the
‘kinetié energy_variabie ovér\a limited‘yange, and allows the minimization
of the dimer éoncentratibn;in_the beam.. This'oVén.was constrﬁcted from
stainléss steel with welded constfugtion.  Although Li slowly attacks
stainless steel at the high temperatures required tb‘prodﬁce the beam,
no serious problem hésvbéeﬁ endouhtered; however a slow cérrosién of the
lower chambér_is evideﬁtland,the tuﬁe éoﬁﬁedtiﬁg the ﬁwo ovénsvhés required
replacément; The top of the.lowér oven; tQ'which the upper oveﬁ.is ' |
connected, is-removable td.allow refiliiﬁg of the charge; sinée copper
gaskets could not Be'used5 the lid is lapped ahd held tightly against a
lip around the well in fhe lower oven by_means’of a screw mounted on a
yoke. This arrangement was found to be éatiéfactory and did not leak.

The tube from the lower to upper oven extends inside the upper oven to above
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the level of‘the sllt this-. construct1on insures that the thermal equlll-
brium is achleved in the upper oven - before the gas can leave the sllt |
The temperatures of»the oven chambers‘are monltored w1th chromel—alumel
thermocouples inserted in wells inbthe-oven blocks. fheztemperatures
were typlcally 950 K and 1075 K 1n the lower and upper chambers respec-»”
tlvely, at thermal equlllbrlum, thls would correSpond to a Li source

pressure of ~O 3 Torr, w1th less than O 5% L1 in the effus1ng beam._

Magnetic deflectlon typlcally attenuated the parent L1 beam by 99% 1nd1cat- -

ing a negllglble;concentrat;ongof~L12_in thegheam-assuming that L12 was
surfacefionized to give Lit rather_than Liéf. lAn auxiliary experiment;
employing Velocity and magnetic deflection analysis of"thevparent Li |
beam, confirmed thatlindeed;ng.did-give a'surface ionizatlon signal of
_Li+ andvthus that the’LiéICOncentrationiin_these eXperimehts uas negli-
gible.: Each chamher is heated by 0.020" tantalum wire strung with
ceramic*beads to provide eleotricallinsulationtand woundvthrough holes
in the ovens. - The power for these ovens,.as uell as for the other beam
source; is supplied by variable;'thV,vac'powerstats which are in turn
energized by a line roltage regulator;. In order to reach,the high
temperatures required, several layersdof‘0.00l" stainless steel foil
surround each oven to.serVe as heat shields by reducing energy loss through‘,
radiation. The lower oven is supported by a 7/8" o.d. stalnless steel
tube with thin (0. oho") walls to minimize. heat “conduction from the oven.
This tube is held by a clamp which 1s equlpped with coollng coils to pre-
vent heating of the surroundlng,apparatuS'by conduction from the oven.
Stainless steel foil (.001" thick) is used to define the slit edges

of the oven; the foil is held in place with slit jaws and may be adjusted
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to any reduired width; -Thisvsgstem results‘inislitshsimilar3to the "ideal
slits" described by Miller and Kusch 7 8

The non-alkali heam source was de31gned for use w1th reagents that
v have ajsubstantial vapor_nressure at,room,temperature The reactant gas
is:prenared‘on an enternal_vacuum linebat“thetdesired pressure»(typically
~5 forr)land §°tﬁbé provides,a connectionvtoathe oven. This‘oven consists
of a conber_block, encompassing'a smallnyolume and equipped with a slit
containingla'manj.channel.array.. The:arrayhisvof,the-standard "erinkly
foil"‘eonstruction93with'characteristics of ;O:OLE ém hole radius, ~0.5
cm long,and_calculated-porosity ~90% . -Nickel'foil has been used and
has performed satisfactorily although corrosion isia problem and in the
experiments that have been carried out, the;foil required neriodic
replacemént The experimentally measured beam profile was roughly
triangular, 15 FWHM which 1nd1cates cons1derable direct1v1ty when compared
w1th the geometrically calculated trapez01dal 19 FWHM beam pzofile
The heatlng elements and power: supply is . s1milar to that of the double

chamber oven; the temperature Was typically,maintained at 320 K.

2. Cold Shields, Collimating Sllts and Beam Flag -

A copper cold shield completely surrounds the double.chamber oven.
This shield is-mounted on the liquid nitrogen trap above the ovens which
was intended to provide the;cooling for the shield;.however;it maslfound
thathadditional.water coolingvaround the lomer part of.the:cold shield
was necesSary to maintain_a-low pressure‘in the system. A large foreslit
lets the major portion of the beam through the shield; in order to eliminate‘
troublesome secondary peaks on the beam profile caused by scattering of the

beam from the walls of this slit through the cold shield,



it was neoessary to "bévelthe holevon’the outSide.end:provide Weter coolingf

for this area. A heated, adjustable Widthicollimating slit is mounted on
the outside of fhevcoldishieid to prouide collimafionifor the beam; the
beam profile agrees with geonetric calculations and isutypically 2° FWHM.
In addition to the heat shielding around the oven, furtherv.OOl" stain-
less steel f01l heat shielding is mounted 1ns1de the cold shield

The’ cross_beem oven_is also surrounded by a-cold shield mounted
onitheviiquid_nitrogenffieps HSince'only condenseble?éeses are used, this
cold shieid"provides the primary pumping for thisjsource; conducﬁionito _
the trap cools the shield‘edequately;' Coilimation is pnoVided‘by an
unadjustable slit cut info‘the cold shield; this_siit required Warminé
somewha£ to prevent ciogginé.v A beam flag,'used to 1nterrupt the. cross
beam, slides along guldes built 1nto the cold shield and is connected
to a manuaily operated plunger by a wire coupling; this plunger enters

the vacuum thtrough an O-ring_sea1¢

'D.l Detector ASSembly

1. Surface Ionization Detector

A surface ionization detector of'ﬁhé-type'commonly used in ﬁoiecuiani
" beam work6 provides sensitlve and spe01fic detectlon of a small class of
substances that have low 1onization potentials. Additional attractive
features of this detector are its linearity_of'response and simpliciny..
of construction and use. | |

‘For the Li atom reactions, a polycrysteline W filament of ;005;
dia. was used to ionize the reactant mefal atons and the product halide
molecules to the.singly-charged positive ion of the metal. Due to the

‘high ionization potential of the metals investigated it was necessary
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bto obtain a surface With‘asrhiéh a.uork function.as possihle;!accordingly
a capillaryytube was installed‘to continuously;oxygenate the W_surface :
and the filament’uas run at a low temperature in order to maintain an

oxlde coating on the surface 10, ll‘ In partlal agreement with prev1ous
Work;g_wezfouna that th;s surface_ach;eved its max1mum 1onrzat10n effic-
iency and best Signai to‘noise ratio uhen operated at ~l7007K. The fila-‘.

ment is heated by pas31ng a current through 1t(O 50 amps at 1700 K) Thus
current is supplied by Kepco de pwwer supply (Model 5M 36~ 5 AM) capable

of dellverlng 0-5 amps_at 0 to 36 volts. The filament and its power supply
are insulated'from,groundv(rated for‘5 kilovolts) to.aliow the ion source
to be maintainedrathanyvdesired potential; Invorder_toyprevent the:
filament'from sagging due.to the expansion in 1ength which occurs -upon
heating, a sprlng is wound from - OlO tantalum wire and.spot-welded
to one‘end of the fllament. The other ends of the spring and filament
are spot welded with the spring stretched to nickelwinm which deliver
the currentrand support the'fiiament |

The fllament is mounted w1th1n d focusing element and an acceleratlng

grld the de31gn of these three elements is such that they approx1mately
define a Plerce gun .15i As 1ndlcated 1n Flg. 1, thls assembly eJeCtS
the pos1t1ve ions into the magnetlc mass spectrometer at any des1red eneréy;
The "Pierce gun" was.used because it can be shown by an exact solutlon

of the space-changevequatlons for electrons leav1ng a space-change-llmlted'
cathode that the electron flow is.rec'tilinear;15 thls property rs not very
crltlcal for positive surface 1onlzatlon, but future crossed beam studies

may be carrled out utilizing negative surface ionization in which case

space charge limited conditions would exist due to the extraction of
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thermal.electrohs as wellhas the negatiyely:charged;iohs;-.Thedtwobelements
were constrhcted from monel metal; they are’supported by ceramic:rods |
and - electrlcal contact &s made by .020" hlckel wires held in place agalnst.
the elements w1th tens1on produced by sultably bendlng the w1res. .The '
-potentlals of the two elements as well as that of the fllament and 1ts
power supply are provided by a voltage d1v1der ut111z1ng a Kepco Pax

de power supply capable of dellverlng 150 ma at 72 volts.

': Mass analys1s of the surface 1onlzed s1gnal was deemed des1rable
for'two Tressons . Fmrst -the‘fllaments normally avallable for asedln
surface 1onlzatlon detectors are generally contamlnated w1th small |
amounts of alkali metals, predomlnately Na and K Durlng operatlon at
a hlgh.temperature, these 1mpur1t1es boll oat-of the metal and are ionized,
thus causing a_largeibackgrouhd; mass,apalysisvwill eliminate almost all
of this When Li or the alkaline'earths'are heing;ihVestigated..HSecond
if negative surface.iohization is cohtemplated, at least'aVCrude method . -
of mass analysis ls'a hecessity in order to eliminate the thermalv
electrons that are unav01dedly extracted from the 1onlzlng surface along
with the negatlve 1ons. A very s1mple and.eas1ly fabricated mass spectro—
meter is simply a magnet_ w1th a_strohg fleld-and circular pole tips.

By injectinglall'ions at:the‘smme eneréy;,they are.bent in clrcdlar paths
whose radii are a function of the momentum»of the'ion. ’Thus, particles,
of different mass tratel different paths.ahd'by.suitably.locating an exit
slit wlth shieldlngvto»collect all iohs,not reaching'the s1it, mass
analysis is acoomplished.. | | -

In thls apparatus, the iohsaretmass”analjzed lh a 2;5 cmpradius |

b - | 5
electromagnet™ with a 0.79 cm gap. Two features of this magnet
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(as Well.es'that oftGeise andbMaier):deserve'comment. Tnevtmo round
poles each have shims in the'shape ofirings'snch_that'the& extend
.0381 cm amay ffom the pOle face and in .Oh95 cm-towend thevcenters from
the outs1de radlus. These shlms are des1gned to mlnlmlze 1nhomogen1ty15
of the magnetlc fleld due to frlnglng " of the fleld at the edges.
._Secondly, the c1rcular pole faces in conJunctlon w1th the 90 angle of
deflection inaure the acceptance of a moderately dlvergent beam;- it
has been shown;6 that the beam 1s focused in angle to second order for
such a configuratlon.

The magnet yoke is fabrlcated from Armco Magnetlc Ingot Iron,
Western Electrlc Permendur was used for the pole pleces. All pleces.were
plated with .OOl" nickel to minimize corros1on,_ The curnent to |
energiee;the meénet- is cartied oy onefhundted-sementeen.windings of 1/8"
0.d. soft copper tublng capable of carrylng lOO amps with an IR drop
of.approx1mately 27 volts. Coollng is prov1ded in the vacuum by runnlng
Weter'tnrongh”the tubing;‘ the water is warmed durlng 1ts passage through
nthe coils, but no overheatlng;problems nave beenvencountered whenever
the operetor_has nemembered to_turnvon the,water.v;Insulation is provided
for the coils by inserting tne coppei‘tubing dn:fiberglaSS sleeving before
winding the coils. A Universal Electronics_'transistoriZed dc pOWer |
snpply capablevof delimering;O-IB amps at O-iO'volts provided the eneréi-
'zing curfent dufing the_Li atom experimentsﬂ |

vThe windings’were.designed to allom'the achievement of a magnetic
field of-15 kiloganss at 100 amps.'.No exhaustiye calibration wes attempted
but crnde measurements showed 3.8 kiloguass at 25 amps energizing current

when only balf the Windings were used. Measurements taken immediately



22-

outSide\the gap indicated less than 2oo gauss-ffinging field. The'maesv
spectrometer has_proven itself capablepof eelecting down to at least
atomic mass 65 lithium 6vand 7_are‘clearly separated at maximum
resolution. IThehighestvmass.eelected'has heenrthalliun; nO’attenpt was
made to eeparate‘Tl éOijrom’Tl'205.i. |

Outside the exit slit (O.chm %_o,6heh) is mounted a resistance
strip electron multiplier (Model M-306, Bendix Corporation, Cincinnati;
Ohlo) for detectlon of the ions. This multlpller showed no deterloratlon
after repeated low-pressure exposures to the alkali metal and halogen
vapors employed in these experiment31 The»gain of the multiplier was.v
changed, vhowever, when the deflecting magnet was energized; in‘order to
avoid this, a magnetlc shield was fabricated from 062" thick Mu-Metal
This shield had the added beneflt of prov1d1ng electrlcal shlelding whx:h
prevented the detection of background 1onS'produced on the heating elements
of the.ovens. The lead from the anode of the;electron multipler is fed
through a_kovar-glase seal and the current is measured‘With a Cary Model
31 vibrating reed electrometer and recorded on aAheedsiand Northruvapeedo_
max. G recording potentiometer. |

This assembly of the'surface ionization filament, mass spectrometer
and electron multiplier as well as surrounding electrOnical shieldingr
are insulated from ground so‘that the whole system nay be biased up to
5 kiloVolts from ground. This feature is necess1tated by the des1re to
use this detector for negative surface 1onization, in order for the anode
of the electron multiplier to be held at ground, as is required
by the Cary electrcmeter,‘the cathode nust be held at voltages as much

as two kilovolts negative. In'order to accelerate the negative ions



into this'cathode, the surface ionization fllament;_the mass spectro-
meter, and.Surrounding electrical shielding must:herheld'at roughly 2
kilouoltS»morelnegative.' This insulation.is proylded simply by mounting
the complete system on.a plex1glass plate One isvlimited to .003 or
smaller dlameter surface 1on1zatlon fllaments, though because larger
filaments radlate enough_heat to eventually melt the pleXlglass. Teflon
sheet between the,mass spectrometer yoke and. the energlaing coils allow
the magnet's.power‘supply to be operated at ground. However, the.power
Supply producing the‘potentials_for-the mass spectrometer elements and“
the power supply;for thehfilament current must of course, be insulated
- from ground by means of 5 kllovoltlsolatlon transformers A John Fluke
Mfg. Co. Inc ., Model hOBB hlgh VOltage dc power supply (0 to 6 kV, O to
20 ma) in con3unct10n-w1th a voltage'd1v1der system prov1de the potentlals
. for the electron multlpller anu the potentlals for floatlng the various
power supplles and. apparatus components
| The plex1glass plate is mounted on a slldlng flange that may be
moved 1n_a_hor1zontal directlon from outslde ‘the vacuum chamber. The
position of the flange is monitored'to within .001" by a Lufkin dial.
indicator-(l" full-range, 10 cycles.of.the dial). ‘This feature is
necessary S0 that the detector aSSembly may- be scanned across the gap
of the deflectlng magnet allow1ng beam proflles and deflectlon patterns.
to be measured. In order to ellmlnate errors due to backlash, the flange

is always scanned in the same direction.

2. Deflecting Magnet -
Since positive surface ionization produces the singly charged positive

metal lon from both the reactant metal atoms and the product halides, a
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means of:distinéuishing‘hetWeen the"signal due_to_eachiof the two‘species
must be 1ncluded in the exper1ment Two filament differential surface
1onlzat10n takes advantage of the fact that whlle tungsten and.most other
filament materials ionize the alkali atoms and their halides with equal
eff1c1ences, an alloy of platlnum w1th 8% tungsten which has been treated
by heating in the presence of methane w1ll 1onlze only the metal, re-~
maining 1nsens1t1ve to the hallde even in the presence of halogens 7
A.previous surface ionization'stud'y18 has 1nd1cated that dlfferentlal
surface 1onlzat10n mlght also be used to dlstlngulsh L1 from L1X However,
the dlfferentlal surface 1onlzatlon detectlon technlque proved 1mpract1cal
in thls study due to the‘extremely poor 1onlzat10n efflclency of Li atoms
on a methanated" Pt-8% W surface |

An alternatlve means of dlfferentlatlng between the reactant and
the product is to avalltxeself of -the dlfferent behavior of the two spe01es
in an. inhomogeneous magnetlc fleldf In_the alkali atom_systems‘the
ground state of the alhali’atoms is_QSi}e; nonerof the excited;states
of the alkali halides is energetically accessihle,’sovall of the product
molecules must be in the_;2+ ground:state; Thus, if-the scattered specles
arevpassed thrbugh'an inhomogeneous magnetic field before,reachlng the |
) detector;,the halide willvhe unaffected, but the spin of the atom will
intereact with the field, causing a.deflection of the atoms away from the
ionizlng filament;l In practice in this apparatus the deflection is not
complete,‘but the fraction deflected is known.v_Figure 5a shous the un-
deflected.beam profile and the correspondingvdeflection pattern.v The
detector is held at a displacement equal to zero during an experiment;

Thus, the maximum fraction deflected is as high as 99%. Figure 3b indicates
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that'the'transmission:throﬁgh'the magnet decreasesirapidly'mith increasing
energizlng'current until it:almost reachesbzero at the marimum current.

.The alkallne earth reactions with halogen containing compounds present
- a somewhathdifferent plcture The ground. states of the atom and the
halide are lSO and Z respectlvely, therefore the elastlcally scattered-
atoms are unaffected by the fleld but the product hallde would be de-
'flected. Slnce the(iistance of deflectlon ;s proport;onal to the square
-of‘thejtime.thatvthe molecule_spendsrin theﬁfield,which in turn ls in-
-verselyvproportional to.the velocity of the molecule, it should be
pos31ble not only to measure the angular dlstrlbutlons of the elastlcally
scattered atoms and the reactlvely scattered halldes separately, but
- also to extract the velocity dlstrlbutlon of the.product,by measurlng the
deflectlon patterns. Unfortunately,rthese experiments havevnot yet been
. attempted - “

fAn additional.advantage of‘magnetic'deflectlon analysis over two-
filament differential surfacevionization-has become‘apparent-in a recent
inyestigatlonl9 which showed thatithe detection efficlency‘of the
"methanated” surface is not.zero_for internally:eXCited alkali halides,
and in fact; appears to‘approach lﬁ%vfor-Kl:with 1.9 eV internal excita-
tion. Such residual detectlon would yleld anomalously low values for the
intens1ty of the reactlve scatterlng.; In the method presented here the

21,18

single W filament has been shown to ionize Li ande1X with essentlally

equal efficiencies. Thus, the above ambiguity is avoided.
SN | 20, 21
The. inhomogeneous electromagnet 0,21 used in the apparatus was de-

signed so that the poles conform to the ‘traditional "o wire" form;

'the advantage of,this configuration is that the mathematical treatment



.Flgure B(a) Beam proflieratfaero fleldAcalcniatea from nomlnal.elat

“'pgeometry (dashed trape201d) eompared w1thvmeasured beam proflleég

”'from parent L1 beam (open 01rc1es) and scattered 51gnal at 20 8

: a(trlangles) The peaks of the beam proflles were normallzed to o
'l.O; The parent beam Stern—Gerlach deflectlon pattern (multlplledv

'»by a factor of 5 26) obtalned w1th an energlzlng current of 96A
is also shown (solld c1rcles)

”(b); Slgnal reachlng detector at ‘Zero. detector dlsplacement‘as.

Tal functlon of the magnet energ1z1ng current

SN
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of the magnitude,and gfadienttof the_fiéld'(whicheis relativelyﬁtraCtahle)
shows that these two:field characteiistics;are_almostfuniform QVer the .
" beam height.‘ RamSey.(Ref. 6):givesha fnli discussicn'of these maénetic
fields. The appi«oximate; magnitude of the fiel.d is 15 kG with s gradient
of about 90 kG/cm at.maximumvenergizing curfent (iOO amps)

The constructlon of thls magnet 1s very similar to, that of the mass
spectrometer magnet,_ Armco Magnetlc Ingot Iron is used in the fabrica-
‘tion cf the yoke, whlle.the,pole pleces are constructed_from Western.
Electric'Permendur. _Each plece has recelved a .oo1l" nickel plating.

The current ccils_are”also 31m11ar:_ 56 turns of l/h' copper tubing
carry.up tc:lOO amps:dc cu}rent and cooling water; electrical. insulation

is proﬁided by fibefélass sleeming.d Ten'vclts-are reQuired’tovsnpply the |
max imum current;'this power is supﬁlied by Kepco'Mcdel KQ lE-lOQM_
regulated dc power supply capahle cf‘delimening 0-100 amp'at O-l2hvolts.

'The.entire'magnet assembly is shielded in such a way‘that_cnly species
scattered out of the collls1on volume deflned by the two 1ntersect1ng
beams can reach the detector In front of the magnet are placed two
. slits (each O. oeh em wide and g 2h cm hlgh), these two slits are spaced
10.2 cm apart and thereforevlnsure a very narrowly colllmated beam of
scattered species'entering thevmagnet. It is essentialvthat; with the
magnet off, the profile of the beam transmitted“though the magnet be
independent of the viewing angle'@; marked Changes.in the effectiven
deflecting pOWer of the_magnet Would,occur'if:the beam profiles change.
Fignpe 3(a) shows a typical check of this requifement;  The profile
of the parent beam exhibits wings on either side which.are of undetermined

origin; they were later greatly reduced. by improved shielding. The



Stern-Gerlach deflectlon pattern also shown 1n.F1g B(a) as Well as the
plot of the magnet transm1ss1on as a functlon of the magnet current in.
Fig. B(b) 1nd1cates the effect of these wings was negllglble Ultlmately,
99% deflectlon of the parent beam has been achleved 7 These w1ngs are |
absent 1n the scattered 81gnal proflles, and only a negllglble broadenlng
of the w1ngs of the proflle produced by collls1ons w1th the ambient
‘background gas‘after passage_through the first colllmatlng sllt-(due
to the'eontinuous.oxygenation of the Wdfilament and outgassing of the
high'temperature oven the apparatus préssure was typically ~1.5x10"
. Torr) is_observed,f For'angles_within_the profile of the gas beam,‘a
higher background pressuredls produced within.the defleeting magnet
vcolliméting slit assembly; This produees a pressure broadening”of the
undeflected beam profile'of the soattered signals for this range of ©
thereby producing an.angle'denendent transmission funetion.ée This
transmission function ishdetermined_periodically byfneasuring‘the trans—
misslon versus 6 of a-LiAatom beamdwhieh(has been scattered from.the
nonereactire'gas;dcyclohexane; Onejother'feature of'Fig; 3(a) deserues
comment: the center'of_the undeflected'beam is at a slightly negative
detectorkdisplacement'uhile theicenter‘of the deflection patternvis at
a'slightly positive_displacement,- This phenomenon'is caused by a.small
shlft of the slit assembly Whenvthe magnet is energized; the magnitude '
:of this shift is so small {~,010") that it's effect is negligible.
A‘further'complicatlng factor of'this magnetio deflection analysis
technique is that the‘detector sees only a small_part‘of the collision
zone and-thus detects.only a fraction of the scattered products._ Since

the collision zone is not cylindrically symmetric, this fraction varies
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with observatlon angle. Conseduentl&; it is necessary to measure»the
total scatterlng with the magnet removed from the path of the scattered
spec1es and then with the’magnet 1n place, to determlne the tractlon_of
the scattered s1gnal due to dlamagnetlc product When the apparatus ;
was orlglnally de31gned 1t was 1ntended to have the magnet mounted so
that it could be raised 1nto the lowered out of the beam path. Due to
lack of reproduc1b111ty of the magnet pos1tlon, this de31gn feature

- had to be abandoned therefore, two separate experlments (w1th and
without the magnet) must be_run. In practice,.the date analysis.is.
carried out-by multiplying_the_angular distributdonsimeasuredbwlthvthe
magnet in place b&ban anéle dependent viewingbfactor defined as

. Total‘SCattering volume

“effective scattering volume
seen by the detector

"v.(‘@)?;

Theoretlcal values of V(@) calculated from Sllt geometrles and from experl—
mentallj determlned beam proflles are 1nd1cated in Flg. ks - these calcu-
lated values of V are- almost symmetrlc about @ = 0° and 0 = 900' These
data 1nd1cate the 1mportance of thlS correctlon, since V varies over a
factorvof 5 to'lO as 8 goes from 0% to 90 However, these ‘theoretical
values of V(@) are not used for the data analy31s, rather,'values are
determlned 1nd1v1dually for each reactlon system- from the two- separate
experlments mentloned abOVea In thls case V@;) is given by the ratio

of the signal without the magnet to the s1gnal W1th the magnet in place
but not energlzed. Flgure h 1nd1cates that the average of these measured
values:of v (Q).does agree”rOughlvaith the theoretical value. The lack
of symmetry about © = 90° as well as the large standard deViation in the

measured V (@) curve are thought to arise from small, random, and incon-
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sequentidl’misslignmentskof ﬁﬁe deflecring magﬁer colllmating-slits with
respectAto the center of'the rotation of the‘oveniassembly (COR). The
departure of the experimental and calculated V.(Q) ourves at small LAB
anglesdis.thought‘to beré resolution effect which‘arises because remOVal_
of the @agnet.slits reduoes'fhe_effeotive angularlresolution of thesparent
Li beam.cohsiderably, and fhus'altérs'the‘form of the small angle elastic
scatterlng 1nten31ty |

Phys1cally, the magnet is mounted on a platform whose helght may be
adJusted_tO'allow proper allgnment-of the»magnet. The_detector system

ag well as the oven assembly is aligned by means of an optical'cathetometer.

4.

" E. ' Preliminary Experiments

As a check of the techniques employed in this stddy against the
more.convehtional two-filamept differehtial surface ionization studies,
the angular distribution of NaBrdformed in the SCattering of Na,from
Br2 was measured: Comparlson wifh the data of Ref. 3 is shown in Fig. 5
the overall shape of the curve as Well as the peak position is well repro-
duced. Th1s callbratlon experiment was run before certain modifications
were incorporated to 1mprove-the.s1gnel to noise ratlo in the apparatus;
for this reason;-the'daté.in Fig. 5 are noisier and restricted to a.narrower
range of @ values than are the data reported for the Li reactions. .

Figure 6 shows the primary data for Li + Br collected during three
different experiments, atrdifferent absolute signal_levels. The égree-
ment invthe small angle regioh beiween results of differentvexperiments,'
the agreement'between calculated éﬁd experimental viewing factors shown
in Fig. h, the calibration data shown in Fig. 5 apd comparisons of the

experimental and theoretical small angle elastic scattering angular
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Figure L. Piot_6f§§iéwiﬁg faéth‘(ratiov6fvtotalic§llision‘§§iume to
| that seen by.the'detécﬁor)_agaihsps1@ . The circlés'give calcﬁ_

léted_&aluesrof'VQB) ﬁgSéa'upon the”Li beam profile predicted
by slit.géometry and Ewd.gés Beam.piofiles: (1) thg profile
céléulatéd,from slit geometries (open circles) and (2) a typical
.measuréd profile (13é|FWﬁM; aark éiréles). The squaresiaré.
expefiﬁental v;lﬁes of V() détérmined.by averéging V(®) values
meagured during‘about twenty-fivé'separafe studies of the scatter-
ihg §f Li from varibus gasesj the error barsvgiQevthe standard
deviations of thgsé:éverage values.. The cifcies.arebnormalized

' £o the squares to give the best overall fit;
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Flgure 5 Comparlson of the angular dlstrlbutlon of NaBr from Na + Br2 Lo
:'measured 1n thls Work by magnetlc deflectlon analysm (open c1rcles)
”normallzed to the more conventlonal two-fllament dlfferentlal sur-_

'face 1onlzatlon resuits reported in- Ref 3 (dark c1rcles)

Fi_gure 6 Prlmary data for Ll + Br cor-recﬂt»'ed -for ‘the :viewing f‘a-’ctlor{_
The x's show the total 1ntens:.ty at Zero magnetlc fleld. Als;o_? o
‘”shown are data for the transmltted 1ntens1ty at hlgh fleld

(Q V, ‘) for three separate experlments and the derlved non-

' 'reactlve Li 31gnal (L_;] A, O connected by the SOlld curve)
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distribution giﬁen in Ref;:26vail indioa£e an absenee of any”appreciable
non-linear.detector response. The lack of prec131on in the w1de angle
non—reactlve scatterlng data shown in Fig. 6 1llustrates one-of the
.handlcaps of the-magnetlc deflectlon ana1y51s teéhnlquev' In the study

of scatterlng partners with large reactive cross sectlons, the wide angle
elastlc scatterlng 1s severely attenuated by reactlon and is much smaller
than the reactlve scatterlng at these-large angles;-consequently, the
"slgnal with the magnet on dlffers only sllghtly from when the magnet is
off. In thls ca se small errors in 1nd1v1dual determlnatlons of deflec-
ted and undeflected 31gnals can result in a very large uncertalnty in

o the_derlved non-reactlvefseanterlng 1ntens1ty. For this reason, the
derived_non~reaetive'scattering distrinution‘shown in Fig. 6 is of
limitedrquantitative use, but does indicate_that the predominant scattered
species at:nidevlaboratory'angles-is LiBr rather than’Li. The comnleﬁe
results for Li + Br2 as>Well»as Li with Ci ICl SnClh and PCl5 have
been given in Ref. 2. The reactlons of L1 with NO CHBNOE’ CHBI’ SF6,
and CCih:are discussed in the next chapter.- '



10.
11.
12.

15.

1k,

7.

-38-

. REFERENCES,
See, for example, the fo110wlng“reviews: (a) D.R;'Herschbaoh;
Adv. Chem. Phys. 10, 319 (1966); (b) E.F. 'Greene'and J. Ross,

Science 15 R 587 (1968), (c) J P. Toennles, Ber. Bunsenges. Physik.

_ Chem. 72 927 (1968)

Preliminary resnlts of the first five Li atom.reactiOns have been

reported in: (a) D. D. Parrlsh and R.R. Herm, J. Chem. Phys h9,

5544 (1968), and a complete dlscuss1on has appeared in: (b) D. D.
Parrish- and R, R, Herm, J. Chem Phys. 51 5&67 (1969) The remaining
five reactlons will be dlscussed in a later chapter

J. H. Blrely, E. A Entemann, R R. Herm, and K. R. Wllson, J. Chem.

Phys. 5L, 5&61 (1969)

. R. J Gordon, R. R. Herm, and D. R Herschbach J. Chem Phys. H9,

2684 (1968)

A. Guthrie and R. K;'Wakerling; ed., Vacuum Equipment _and Technigues

(McGraw-Hlll New York, 19&9) p. 51.

N. F. Ramsey, Molecular Beams (Oxford Un1vers1ty Press, London, 1963) p.11.

R. C.Mlller and P. Kusch, Phys. Rev. 99, 151& (1955).

R. C. Miller and P. Kusch, J. Chen. Phys. 25, 860 (1956).

H. Pauly and J. P Toennles, Advan At Mol. Phys 1, 195 (1965).
S. Datz and E. H. Taylor, J. Chem. Phys. 25, 389 (1956). |
S. Datz and E. H. Taylor;'J, Chem, Phys. 25, 395 (1956).

S. G. Andresen and C. A. Shipley, Rev. Sci. Instr. 36, 858 (1965).

J. R. Pierce, Theory and Design of Electron Beams '(D. Van‘NOStrand Co.,

Inc., Princeton, N.J. 1954) p. 17k.
This mass spectrometer is patterned after that described by: C. F.

Giese and W. B. Maier, II, J. Chem. Phys. 39, 739 (1963).



15.
16.

17.

18.

19.

- 20.

21.

oo,

f39-ff.'

M. E. Rose, Phys. Rev. 2_, 715 (1958)

H. Hlntenberger, Rev. 801 Instr 20 748 (l9h9)

F. R. Touw and J. W. Trlschka, J.. Appl Phys . 3 3655 (1963)

K. R. Wllson and R. J Ivanetlch UCRL Rept 11606 Lawrence Radiation
Laboratory, Berkeley, l96h

K. T. Glllen and R B Bernsteln, Theoretlcal Chemlstry Institute,
Un1vers1ty of wlscons1n, Report Ne WIS—TCI—577X (1970) J. CHem.

Phys. (to be publlshed)

‘This. magnet w s almost 1dent1cal to that described in: M.A.D.

Fluendy, R. M. Martln, E. E. Muschlltz, Jr., and D. R. Herschbach
J. Chem. Phys. L6, 2172 (1967)

Details: of the magnet of Ref 12 as well as a full calibration have
been givern in: R. R. Herm and D. R. Herschbach, UCRL Rept. 10526,

Lawrence Radiation Laboratory, Berkeley, 1962.

 Even in the absence of thlS pressure broadenlng effect the trans-

m1831on .would be expected to vary sllghtly w1th ® because the labora-

tory energy of elastlcally scattered L1 varies with 0; thls effect

1s analyzed in Ref h
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APPENDIX A

LIST OF APPARATUS:DRAWINGS AND UCRL NUMBERS

Vacuum Chamber .

- Main Chamber

Rotating Lid :
Large Front FlangeJ

Large Front Flange (w1th mountlng holes drllled

and tapped)
Small Side Flanges

Small Side Flange (with-5-5/u"'port)
Small Slde Flange (w1th slldlng flange port)

Medium Back Flange

Medium Back Flange (w1th 3= 1/2" port)_

Ton Guage Flange

- High Temperature-Oven Flange

Pixed-Length Oven Mouﬁt-‘

Liquid Nltrogen Traps and Cold Shlelds

.Large quuld Nltrogen Trap Stand

Large quuld Nitrogen Trap

JTarge Liquid Nltrogen Shleld Cha851s

Large Flange Liquid Nltrogen Shleldv

| 0il Diffusion Pump Baffles
Small Flanges L1qu1d Nltrogen Shlelds,
Medium Flange Liquid Nltrogen Sh;eld '

Large Trap Fill Tube
Targe Tfap Support- Straps
Rotating Lid Liquid Nitrogen Trap

Ovens
High Temperature Oven-Lower Chamber

"High Temperature Oven-Upper Chamber

Upper Chamber Clamp

_ 12M'9hé6'
12M ghik
12M 939k

12N 3653
lQM'958h

- 12N 3673

12N 3663
12M 937h-
12N 1hk2
12M 9342
12M 9353
10J° 6893

12M Qlol
1M 9kl
12M 96l

'pleM U7k
12M 9453

12M 9LL3

| 12N 1452 '

12M 9363

12M 9432
12M 9Lok

1M 92h1

12M 9251

12M 9261



3. Ovense(continued)vi

- Laval st . o 12N 1411
ngh Temperature ‘Oven Clamp : v_ | ‘-. -ﬁpleM 9181
Gas Oven . L _ L : t_ 12M 3552
Gas Oven Support Tube R ”_t., L - 12M 3811
High Temperature Oven Sllt Jaws ' . C12M ol

u.” Oven Cold Shlelds

High Temperature ‘Oven Cold Shleld - 12N 0303

High Temperature Oven Cold Shleld Supports o :12N10252
Gas Oven Upper Cold Shield _ 12N 0293

Gas Oven Lower Cold Shield .~ .. - o 12N 0221

5. Mass Spectrometer'and Surface Tonizétion ASSembly: _

Ion Lens L ' _ S " 12N 0191

' Ion Focus1ng Element A o ' 12N 0201
Surface Tonization Detector Support and
- Mass Spectrometer: Shleld o : o ‘12N o2ke
Mass .Spectrometer Magnet Yoke Base. | - o 12M. 9282
Mass Spectrometer,Magnet’Yoke Sides - : 12M 9292
Mass Spectroueter Magnet Poles o - 12M 9271
Mass Spectrometer Magnet Lift Plates S 12N 0211
Electron Multiplier Mount . , e 12N 1331
Mass-Spectrometer Magnet Mount 12N 0273
 Mass Spectrometer Support Plate oo 12N 0283
‘Rotating Lid Mass Spectrometer Mount . 12N 1321
Rotatlng le Surface Ionlzatlon Assembly Mount .'512N 1311
,Rotatlng ‘Lid Mass Spectrometer Ex1t Sllt Mount . = 12N 1301
_Rotatlng Lid Detector Mount Plate =~ - 12N 1473

6. Slidinnglange

Siiding Flange R N 12N 0263
-Sliding Flange Mount Bars ; 12N 0181
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7. Deflecting Magnet

Deflecting Magnet Yoke - Base
Deflecting Magnet Yoke - Sides

Deflecting Magnet - Yoke to Pole Adapters

Deflectihg Magnet Poles _
Deflecting Magnet Pole Clamps
" Primary Slit Mount '
Primary Slits =
“'Secondary Slit Mount
Deflecting Magnet Support
Deflecting Magnet.Suppoft Rods
Defleqting Magnet Support Bafs
-Deflecting Magnet Thruét Bar
Deflecting Magnet Forward Guide
Deflecting Magnet Support Shelf
- Deflecting Mégﬁef Flahge | |
Magnet’Mount ' ‘

8. Miscellaneous -

High Temperature Oven Collimating Slit_ ‘
High Temperature Oven Beam'Flag

' Gas Beam Flag | '
Gas Beam Flag Slldlng Seal

- Rotating Gas Line Seal

Modified UCRL Fitting for Electrlcally
Insulated 1/4" Vacuum Seal .

Inner Sleeve for 1/4" Seal
Outer Sleeve for 1/4" Seall

Vernier Scale for Rotatlng Lid
*

12n
1M
1M
- 12M
1M

12M

- 12M

12M
12N
12N
12N

12N

12N
12N
12N
12N

12N
12N

128

12N

12N -

12M

1oM
12M

‘10J

Coples of UCRL draw1ngs whose numbers are cited here and

12
9%02
9322
9332
9221
9171

9231

9211

0161

01k1
0151
1361
02%2
0323
1h62 .
3643

1431
1341
1&21
i551
1371

L4681

L4671

L661

6632

throughout

this thesis ‘may be obtalned (for a nomlnal fee) by writing to: Lawrence

Radiation Laboratory, Technical Information, Building 90 Room 1046,

Berkeley, California, 94720.
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~ APPENDIX B
“LIST OF APPARATUS ELECTRONICS
" DIAGRAMS "AND “UCRL NUMBERS

System Wiring. Dlagram

quuld Nltrogen Level Control

Slngle Vacuum Inteflock _
HastihgslGuagevDuélbvacuum-Ihterlock '
Dual:Vacuum Controi Power interlock

11 Posiﬁion Hastings Guage Panel

Ton Guage Switch Pa@el o

Voltage Divider - |

_Model 30/31 Electrometer Output Control
‘Model 31 Electrometerv(Applled Physlcs‘Corp.)

83
83
=

67

8s
6z
8s
8s

8s

6475
4362
2803-1
Le6h
5T5HA
360k4C
7392
6193
6325
3430
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III.‘VMOLECULAR BEAM KINETICs"ii}'-MAGNETic'bEFLECTION ANALYSTS
OF REACTTONS OF Li WITH NO,, CH,NO,, SFg, CCl),and CH;T.
| A.:'Abstract | |
Thermaivenergy crossed-ﬁoiéé@iér bean studiés have béén made of‘the
reactions of Li with Noé, CH?NOE;”SF6, CCl&;anﬁ CH?I, Anvinhomogenébus
'deflectihg magnet betﬁeen the_collision zbnefand detector waé‘used to
distinguish.eléstic scéttering of Li from reéctive SCatfefing éf LiX. The
'tétal reaction cross secéions and the'reéctivelattenugtions of thevwide~'
angle Li eiasﬁic scatfering'for_éll of thesé gases aré‘¢onsiderably
smaller than are the cbrféspénding featﬁfes'previously:répoftéd_for thé

reactions of Li + XY (XY,=10122‘Br and ClI). However, interesting

2
differendes are observed in the ILiX center-omeaés_(CM)’angular distri-
butions forvthe fivevgaSés Studied here.  The LiO product of.thé NO2 reac-
tion is more shérply peaked in thevdireCtion of thé‘Li atom than are the
_corresponding LixX products.of thevLibf XY reaction. bThe LiNO2 and LiF
products of the CHBNOQ-and,SF6 rééctionsvexhibitbvery broad, almosﬁ
isotropic CM angular distfibutions._'The LiCl and'LiI products'of the
CClu anq CHBI reaétiohs ar¢ ﬁredqminaﬁtly scattéréd intovthe backward
hemisphere in the CM coordinate sYstem{ ‘Thé featureé of the NO2 reaction
are discussed in terms of theveléctfoh‘trénéfer.mechanism which has been
advancéd to account for the features of the reactiéns,of the alkali

atoms with the,halogen.molecules..

B. Introduction

. - - sao 1 ' - .
This paper describes our continuing crossed molecular beam studies

of Li atom reactions. and presents results obtained from angular distribution

* v -
Preliminary version of paper to be submitted to Journal of Chemical
Physics. '
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.measuremenﬁs fof_thélreactious of Li witu N02 CHBNO 6’ CCiu and

CHBI' “These(five reactante have been'fouud to span a w1de range of chemical
behavior.. As a consequence of the hlgh electron afflnlty of NO and the -
resultant formatlon of NO 5y & stable negatlve 1on,2 the reactlon with NO
promised-to be especially'lnterestlug. This sltuation should.provide a
fufther:test of the electroh*ffansfer.mechanism which ﬁas been advauced

to explaln the featufes of the alkall atom-halogen molecule reactlons

These reactlons are characterlzed by scatterlng of the product predomlnately
into theforwardfhemlsphere with respect to the approach of the attacking
alkali atom; this.behavior has\been'ohehomenOIOgicaliy labeled."etripping,”
A fecént.investigation3 has yielded‘a'limifed.emount of information con-
cerniﬁg'the‘characterietics,efcfhe_feactiue scétteriﬁg of tﬁe four heavier
alkéii.atomslfrom'ﬁoee‘buf the.presentvworkvrepresents the first measure-

: menf of'a‘product_anguier'distribution;e Studies of the'K, Rb, and Cs+CH3I'
reactions yielded the_fifsteﬁeaeurements_of product angularvdistributions

L,25

from crossed molecular beams, and indeed, proved to be prototype examples

of a so-called "rebound"_feaction where the product MX rebounds opposite
| 5

to the direction of the incoming M reactant. A later study” indicated

similaf characteristics for,thecNa+CH5I reaction.v_The Cs+CC1u reaction
was the first chemical reaction of neutrél'species.to be observed in a
molecular beam expefiment.éyHCrossednbeém'product:éngular diStribution
meesuremente of the K; Rbé,ehd CeiCCiu‘;eactions7oihdicated thetuthese
reactions are intermediate iu:beheuiof between fhe rebound and‘stripping '
reactions; also velocity'analysislg.indicétesrfhat‘theée are.the first

. neutral systems to'exhibit significant coupling between the product

angular snd translational energy distributions. A.serieé of investigations
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of the Cs+’SF6 rea_ction’8 has vrecently -shoWn that the product translationa_l,
rotational, and vibrational energy-distributions as=well as.the angular
distribution are all cons1stent w1th a collision complex reaction model
the diversity of the methods employed and the. quality of the results obtained
perhaps establishes thls system.as the most,completely 1nvest1gated chemical
reaction mechanism. . A previous crossed beam study of the K+CH5 reaction5

yielded the only reported‘case of a neutral reaction produ01ng a practically

isotropic product angular distribution.

C. Experimental Conditions
Onlyua brief description of the apparatus and experimental procedures

9

will be givenihere; details-are includedvin Part I. The.two beams were
crossed at an angle of 90 w1th their: full thermal veloc1ty distributions.
The Li beam was prepared by thermal effusion from a conventional two-
chamber oven source*w1th standard_knife-edée,slits; the L12 concentration
in the beam was negligible. Thevreactant gas was prepared on an external
line at the desired pressureiand emerged;fromia variable temperature,
"crinkly foil" many channel source. |

Thevangular.distributions of scattered Li and Linwerelmeasured by -
surface ionization on,a continuously’okygenated W:filament; only scatter-
ing in the plane of the reactant beamSIWas measured Arguments presented
in Part I 1nd1cate that this W surface 1onized Li and LiX Wlth very nearly
equal effec1en01es. ‘When energized3.an inhomogenous electromagnet placed
between the collision zone and detector deflected aside a known fraction

of the Li atoms, thereby providing a measure of thehscattered Li and LiX

‘separately.
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Correctlon was made for the fact that the measured angular dlstrlbue
tlons were dlstorted by the angle dependeuf fractlon of the collls1on
zone seen by the detector‘phrough the,colllmatlng;sllts-of the magnet
(the viewing factor correction discussed in Part'I); the experimentally
determined correction'facfor was iu all cases iudsatisfactory agreement
with that calculated from the slit geometry 7Eachdscattered-slgnal was
olotted as a relative 1nten31ty, a dlmens1onles° quautity whiéh is defined
as the measured scattered 1ntens1ty d1v1ded by the attenuaflon of the 12
~ beam produced by the cross beam. Experlmenfs were always'run“at a relative
Ii beam attenuation of 1ésé than'lo%} The measured laboratory (LAB)

angular dlstrlbutlons are shown in Flg 1.

D.' Results and Klnematlc Analysls

1. Elastic Scatterl_g

Figure 2 shOWS the ceutereof-mass](CM).elastic,scatteringkof Li'atomsv
obtaineddby transformiugﬁfhelLAB angular‘distrlbutions by the conventional
procedurelO of assigniug to'the;twouscattering parfners tueir.most‘prob;
able source velocitiesdaud:assuming.that allvnon-reactive scatteriug_was
due to elastic collisions;. As Fig._Qliudicates, the two CM brauches do
give.theisame intensity{le#cept at poiuts:obtaiued by fransforming'wlde
negatiVe.LAB angiesvwhere the approxiﬁate trahsformation procedure emoloyed
is known to be especially bad.” With the exceptlon of the NO case, the
w1de—angle L1 ‘elastic scatterlng produced by the reactlve gases is less
than that produced by cyclohexane. Th1s attenuatlon of the elastlc scatter—
ing is a well known pheuomenon and;is-generallyliuterprefed'as a depletion
~of the Li scattering due to reactionl¥; however, the reactive attenuatiOns

shown in Fig. 2 are appreciably less than those reported in Part I for the.



| Figufe'i—?
| Measured LAB angular dlstrlbutlohs derlhed hy magnehdc deflechion
analyslsland corrected for the v1ew1ng factor. The X’s show the total
-scattered 1nten31ty (Ll + L1X), the clrcles show the. derlved Ll; N

'1ntenelty.i The solld llnes 1ndlcate the smoothed Ll angular dlstrl-

butions.
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Flgure’é' B

Plot of CM angular dlstrlbutlons (plotted as I(e) sin 9) for the
elastic scatterlng, derlved by transformlng the" smooth SOlld curve fits
to theiLAB data for Li scatterlng shownnln Flg.-l; data_taken from the LAB.
curves at 5° interVals_were transfotmed, The open'cifcles were ohtained
from’LAB data with @ > Op' the dark circles fron_LAB data with @ > 0%.
»The data were llnearly extrapolated to 9 18O°5(d0tted lines) Data
for the scatterlng from L1+ cyclohexane not shown in Flg 1 were also
transfonmed' the derlved CM'angular dlstrlbutlon is shown as the dashed
'lines The L1+ cyclohexane data were normallzed to the L1 scatterlng.
produced by each of the reactlve gaseslat narrow angles (O <6 <10 )
by normallz;ng each curvekto the small‘angle form factor given in Eg. (l6)

. of Part I.
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reaction of Li with halogen.mOIecules.-‘A'particularly interesting - -
featune is that N02 apparently produces more wide angle Li scattering
than does cyclohexane.

2. Reactlve Scatter1~g

Flgures 3 7 show the LAB angular dlstrlbutlons of the hallde, ox1de,
and nitrite products @rguments rconcernlng product ;dentltlesvw1ll-be
presented laterf) The‘error bars_indicatetonlyvthe uncertainty,introduced
by errors in the deteruination of the tranSmissioh of the.Li atoms
through the maghetic fieid;’thisbis the‘priuaryvsource of'error near the
primary.beam3but other inaccuracies certainly'dominate at wide angles. |
Also shown are kihematic diagrams indicatihg‘LiXsrecoii'Veiocities for
some of'the possible final’relative-translational/product,recoil'energies,
E'.. The total energy'available to the.oroducts mUst‘be partitioned'between
E' and ihternal excitatioh W"ahdiis given'hy E

B W - B W+
where B = v V2/2'isbthe”iuitial-relative‘kinetic energy;lw'iS’the initial’
thermal. internal eXcitatioh of the reactantvgas; and‘ADoiis the difference
in LiX and R-X bond dissociation energiesr )

Figures 3-7 also showvthe calculated12fdistrihutions5in cehtroid
angles,dfor an energy.independent collision;cross section,‘resuiting from
the thermal velocity'distributiohs'in both-heams; TheSevfigures indicate
that for NO most of the product appears in the IAB to the left of the
centroid dlstrlbutlon, for CHBI and CClu the product is scattered predomi-
nantly into angles to the rlght-of the centr01d dlstrlbutlons; whereas for

372

the centroid distributons. -These gualitative observations indicate that

CH,NO, and SF there are appreciable product intensities on both sides of
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the Li+N623product;predominantlyvscatters into the.forward}hemisphere'in'the
CM system (i.e.uin the same direction as tnat of'attackingkthe Li'atoms)g
Li+CH3l anduCClu predomlnantly scatter products 1nto the backward M -
hemisphere; whlle L1+SF6 and CHBNO must produce very broad CM product
angular- dlstrlbutlons.: ' | _ o

The ‘IAB product angular dlstrlbutlons were transformed to the CM
coordlnate system by the ‘same- flxed veloc1ty approx1matlon (FVA) proce-
dure used to transform the elastlc scatterlng -Here agaln the reactants
‘were assumed to have thelr most probable source veloc1t1es, however, owing
to “the dlstrlbutlon of flnal translatlonal energy as well as scatterlng
angle for the reaction:produCts,'two additional,approximations are reguired
to utili;e thevFVA transformation'procedure:.,lt is initially -assumed that
the.angular and E' distributions are indeoendent;fthen it is further
assumed that the E' distributiontmay:be approximated by‘a delta function.
- The Value of E' is varied anbil positiveeand.negatiVe CM:scattering
angles glves a cons1stent CM angular dlstrlbutlon.. Extensive computer'
‘studleslj have 1nd1cated'that,the CM angular dlstr1nutions obtained fron
the.FVA'procedure are usually reliable; although somewhat‘broader than
the true distributions;'thevvaluestof E"I derived may,beﬁrelatively.in-
accurate (somewhattco'ﬂbmﬁ” although‘they do brovideva qualitatiVe indi-
cation of thevenergy_nartitioning; | |

| Table Iilists the values of the product recoil~energies which..f
provided the best FVAeQM product'angularVdiStributions; s1so listed sre
tne ranges of‘E' values for each reaction“which'provided'satisfactorily
consistent FVA-CM productnangular.distributions; Table II gives the

coefficients of an expansion of the derived LiX CM product angular dis-
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Figure 3.

IAB angular distribution of LlO product derived from data p01ntq shown
in Fig. 1; the solid curve through the data p01nts 1ndicate< the "best
distribution based on analy51s of_the‘errore in the‘data»p01nts. The
dotted curve gives the celeulated,diétributionvin'centroid englesifor an
energy'independent collision.Cross section.,vThe dashed curve is back-
vcalculatedifromvthe derived'CM anguier distributibnushown in_Eig.*8;

Also shown is_a kinematicvdiagram indiceting the most pfobable reactant
gource velocities, the'corresponding'eentfoid veetor C, and the relative
velocity vector V the 01rcles 1ndlcate the lengths of the L10 rec01l
veloc1t1es for four of the poseible product rec01l energies, E' (kcal/
mole). ,The tWOle temperatures,refer respectlveiybto runs without_and with
the deflecting mégnetiand indicate.the'fangeiof uncert&int& in the Li

temperatures.
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Figure L.

Calculated centr01d dlstrlbutlon,kdwematlc dldgram, and LAB angular ’
dlstrlbutlon of- LlNO2 derlved from the data of Flgo-l. The solld curve M
1ndlcates the 'best flt" to the data, the dashed curve was back calcu— .

lated from thevCM;angular dlstr;butlonjshown;;n‘Flg‘ 9.
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Fivure 3.

| Calculafed centr01d dletrlbutlon,.klnematlc.ulagram,.aud LAB angular’
dlstrlbutlon of LlF derlved from data of Flg l The SOlld curve 1nd1cate;
the "best flf" to the data.‘ The other two curves (da<hed and dauh dof—l - -
dash whlch c01nc1de for 9 < 70 ) were back calculated from the LlF CM

angular dlstrlbutlons-ehown inuFlgéagg(solld and»dashfdot-dash_respecplvely)
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Figure 6
Calculated centr01d dlqtrlbutlon, klnematlc dlagram, and LAB LlCl
~: angular dlstrlbutlon derlved from the data of Flg.-l. The SOlld curve

1ndlcates the "best flt" to the data The other two curves (dashed and

vdash dot—dash) were back calculated from the LlCl CM angular dlstrlbutlons:

shown in Flg 9. (SOlld and dash-dot dash respectlvely), these latter

two curves c01n01de for 9 < lOO
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.-Figure‘7

| Calculated centrold dlstrlbutloh, klnemahlc dlagram, and LAB Lll‘angu-'
lar dlstrlbutlon derlved ffom the data of Flg.‘”e The solld curue 1nd1cates
the."best fit" to the data The other two curues (dashed and dashed plus - 'L;
'dash dot dash) were back calculated from the L1I CM dlstrlbutlons shown |

in Pig. 9 (solld and solld plus dash dot dash curves respectlvely )
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tributbions..given in Figs. 8 and 9 in terms of the Legendre polynomials.

As a partial check of‘theSe‘derlved CM'LiX disfributions, they were'used
to back—calculate the,LAB diStriButicns bj hclding E';fixed and'averaginé
over assumedAMaxwellian.Velecify distributions:lnfbpth'beams} Tnis'pro_

~ cedure 1is less‘than ideallbecause“at the high scurcebbressures employed
here the velocity diStribution from_fhe'many-cﬁannel“array56 and thatvfrom

37

tne knife edge sourcevslit ; are expected’to deriate from the tneoretical
Maxwell distribuﬁlon..:lhese effec#s are expecfed to be minimal however.

A large‘change in the Ll'velOCity has enly a”very slight effect on the

' centroid'ﬁelccity.vector (seevthe"uector.diagraMS in Figs. 3- 7) A Shlft
toward higher velocities of less fhan three,percent3§ lSlexpected in the
non-alkali nean velocity‘dlstribution. Even a significantly larger shifﬁ
than that- predlcted in Ref. 56 would have llttle effect because the veloc1fy
that corresponds.to the nomlnal E' is large w1th respect to the centr01d '
ve1001ty vector for all systems w1th the p0351ble exceptlon of L1+CH3I

Thus the averaglng does glve added credence to the FVA procedure results

It should be stressed that the prlmary Justlflcatlon for applylng the.

FVA method is that the results are in qualltatlve agreement w1th the more

15

‘extensive computor calculatlons and are in accord with the only published

cross sections that have been derived from velocity analysis of resctive
.3 | |

scattering.

Owing to the different,chemical behaviors of the five gases studied =
here, separate discussidns_of the FVA_derired CM'distributions and back- -
calculated LAB distributions musﬁ,be-given,-ﬁ'

a. Li + NO; The reactloneochl and NO2 almost certainly produces
LiO0 product, i.e,
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TABIE I. Estimates of Recoil Energies

Reaction - . E ADdb . E' Best 'E' Range
Li + NO, »Li0 + NO 1.88  10sk 2.k 2-3
Li + CH5N02 _;L1NO2 ,cH5 ‘1.9u3 ) | 1ofu | 9-11
Li + SFg - LiF + SF, - 2.02. - 56£7 1.6 1-2
Li + 0C1, - LiC1 + ccl; . 2.03 W35 17 1-b3
Li + CH;T - Lil + CHy . 1.99 3042 - 15 12-20

b

vaAll enefgies are given in kcal/mole. “Thé initial relative trans-

lational kinetic energy of'the reactants corresponding to the most probable

source velocities is denoted by E; E' is the product recoil energy esti-

mated from the FVA transformation»prdcédure.'-ADO = D, (Lix) - DO(RX)

is the reaction exoergiciiy. ’Bond:dissbciétion data were taken from:
for LiF, LiCl, and LiF, L. Brewer and E. Brackett, Chem. Rev. 61, 425 (1961);

for LiO, Ref. 3; for Nog)and CH I, G. Herzberg, Molecﬁlar~8pectra and

5

Molecular Structure III. Eléctronic Spéctra and Electronic Structure

- of Polyatomic Molecules (D. Van Nostrand Cb.; Inc.; Princeton, N.J.,

l966)§ for SFg, Ref. 8; for ccL),, T.‘L.‘Cbttrell,'The Strengths .of Chemical

Bonds  (Butterworth Scientific Publications, TLondon, 1958).




TABLE II. LiX CM Distribution Expansion in Legendre Polynomials® .

e | - ST . o
CH,NO, -+ 0.721 . 0.246 0.031 ~0.025 ~=0.027. . 0.006

sF,  0.70h . 0.186 -0.087 0.131 ~0.012 - 0.05k

No, OQh§9fvf'0ﬁ379,.;'0;114 f»o;686,ff 0.006 - ' fO:Oi61

- CClh ‘_' 17;658’ “+7.239 *.19;9525 *6.886;   g;ougrvv"‘t1.66h”;

aThesé goefficiénts:are_defihed}byﬂliix7(9)'=;u2h

and are normalizgd_sﬁéh tha£‘2%vah,:.l;.’
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3F1gure 8

" Br and I C1l all lle w1f

Comparlson of CM p ;TTheftib:ﬁrodUCt“

angular dlstrlbutlon from L1+NO was obtalned by transformlng the solld

' curve of - Flg 3 at 5 1ntervals by the FVA procedure the open c1role<

i‘glve data for p031t;veaCM anglea (rotatlons of the re001l veloc1ty vector_v_f

counter clockw1se from the orlglnal L1 dlrectlon) the dark c1rcleq refer

‘uto negatlve values of 9 the data was extrapolated to 9 180 from the :

last open 01rcle data p01nt The K Rb, and Cs+Cl data were taken from

:'Ref 2h The L1X angular dlstrlbutlons reported in Part I for L1+Cl

5 :1n the shaded reglon denoted L1+XY All dlstrl—f‘

butlonsuwere'nOrmallzedv¢dfirf‘
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Flgure 9

e'(dash dot dash curves)

: Comparlsons of CM product angular dlstr:butlonS"all dlsfrlbutlon

fnormallzed to unlt peak helght The L1 data were obtalned from Flgs. .
vh -Ts the traanormatlon procedure was the same as for Flg 8 The K Rb
-and Cs’ + CClu curves were taken from Ref 7, the Na+CH3I curve from Ref

-:5 and K+CH I curve from Ref 25 For L1+CClu and CH I back calculatlons

27 S5

'(for comparlson w1th the orlglnal LAB dlstrlbutlons) were oerformed for Ho»hrf
‘_the derlved CM dlstrlbutlons (solld curves) and for dlstrlbutlonq ascumed ,

, to be 1evel from the peak 1n the derlved dlstrlbutlons out to 8 180

P
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: ;TIl

Bi + NO, —Li0 + M0;

thermochemical arguments advanced.in Ref. 3 eliminate theeposeibility’.

. of LiN or LiNo as-the.product of the reaction. The possibility of e

LiNO2

condltlons 1n the reactant beam such that only a negllglble amount of -

product which could be formed from 1\T20LL was ‘precluded by malntalnlng

the dlmer could be present

The use ofAmagnetlc deflection analyeis to.derive the-Li+N02.elasticv
and reactive angular dlstrlbutlons shown in Figs. 1, 2, 3 and.8-required
the assumptlon that LiO is dlamagnetlc. In_v1ew of the fact»that Li0
has an unpalred electron, this assumptlon deserves close,scrutiny.v The
Lio molecnle is-knoWn'to-have a 2ﬂ ground state ;5 Since the interaction
of the electron sp1n w1th the external field would be ~0.7 cm_ (forvai

field of ~15 kG), the~sp1n—orb1t Intramolecular interaction is probably

~considerably greater than the interaction of eitherrspin_or.orbital:angular

momentum with the external field. Under these'conditions, the ‘spin angular

momentum would be coupled to the internuclear axis via the orbital‘angular
momentum provided that the rotational ex01tatlon was 1nsuff1c1ent to

16
uncouple the spin; Hund's coupllng case ( ) would then be appllcable

5
The state would have no magnetlc dlpole moment Whlle the 2 state

1/2 T3 /o

would have a magnetlc dlpole that would be rotatlonally averaged to near

zero._ This averaging 1s notvcomplete however; for example, for.a total

angular momentum. ~15H, the absolute value'of the'time averaged component

of'the magnetic moment in the field direction, averaged over all M states,
is approximately 10% of the Bohr magneton, Has and some M states would

have effective magnetic dipoles of up to 0.05 po for total angular
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momentum up to 60h. Sincefrotationalfexcitation of 2 kcal/mole (the approxi-
. , 17,1

s ) corresponds to approx1mately

mate value foundbfor-KBr fron K + Br
23h and an upper llmlt of about 56ﬁ is 1mposed by energy conservatlon,

at least a small fraction of the L10 product is expected to be deflected

in thlsvexperlment. Two poss1ble further compllcatlonsvmust also be
considered hOWever Flrst the spln may become uncoupled from the -
1nternuclear axis at‘hlgh rotatlonal ex01tatlon Under complete uncoupllng,
Hund's coupllng case (b) 16 | ‘would apply, 1nd1cat1ng‘a dlstrlbutlon of time
averaged effectlve magnetlcvmoments from -uo~to+u for both the ?Tl/?

2
.

3/2

2
~to have a T ground state, KO and CsO apparently have 2 ‘ground states

states. The second con31derat10n is that although L10 is known

5 .
this suggests that perhaps L10 has a low. lylng Z eX01ted statelga that
.could ‘be apprec1ably populated in- the reactlon.v Both of these effects )
would, of course, increase the fractlon of product deflected by the

magnet and thus be lnterpreted.as elastlc Llsscatterlng rather-thanleO B
scattering. The rotational ercitationlof;reactively SCattered’products-has
been investigated for many systems,jl aﬁd:in‘nb-césé has there.been o
any observable coupllng between the angle of deflectlon and the rotational
'energy dlstrlbutlon, therefore one may reasonably expect ‘that there

- would be no very strong coupllng in thls system elther Slnce.any %Ev
product would be v1rtually completely deflected and, unless there = .

is an unexpected, very strong coupllng_of thetrotatlonal_exc1tat;on'to:
the product deflection.angle,vthevfractional.deflection”of.thezgnlprol
duct is independent of scattering_angle,-Fig. 3.shows the angular-dis-
tribution of only the 2‘Trvground state'product and excludeskany product

' 2 . ' . . i .
in the 2 excited state. An apparatus is currently being assembled which



w1ll allow, Veloc1ty analy31s and perhaps electrlc deflectlon as well as
magnetlc deflectlon of the reactlon products in order to more fully
characterlze all features of this system |

The L10 IAB dlstrlbutlon shown in F1g 3 was transformed 1nto the -
CM systen by the FVA procedures.r Cons1stent CM angular dlstrlbutlons '
.were obtalned for E' in the range of 2.to 5 kcal/mole; the angular dis-
.trlbutlon shown in Fig. 8 refers to B = 2.& kcal/mole, but_the Shape of
“the angular dlstrlbutlon changed only.slightly'as.E'WBs“varied from
2 to 5vkcal/mole. The LAB angular distributlon baek~caloulated by averaging
‘over the thermal velocity distribution.s in both beams with E' = 2.k kecal/
mole is shown in Figl 33 here again, back-ealculations for E' ln the
ranges 2-3 kCal/mole-gave;similar agreements With_the originaleAB
distribution | | | v

‘b. Li#t C§5NO | The magnetic‘deflection analysis presented ln .
Ref. 3 and an electric deflection investigationl8 indicate that the proé
ducts fnom the reactions.of'Na, K and Cs+CH3N02 are the correspondlng
alkali nitnites; by extrapolation we expect the produet for the present
reaction to'bevLiNoe. 'However, for all these reaotlons_the-fofmation.of
the alkali oxide is also an exoergiclreaction_path, and for Li it is‘
expeeted'to”be more exoergic} Future electric deflection'experiments'
should be able to determine if;there'is any Lio.eontribution'to the
reactive scattering; all analysisland discussion here assumes.only LiNO2
product. The CM distributioneShown ingFlg. 9 obtained. by EVA transforma-
tion with E' = 10.4 kcal/mole is very similar to the consistent_CM angularv
distributions provided by FVA for E' in the fange 9-11 kcal/mole. Figure

4 shows the back calculated LAB distribution with E' = 10.4 kcal/mole.
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c. Li+SF5 lhe derlvation of the CM angular distrlbution and
back- calculatlon were performed w1th B = 1. 6 kcal/mole, oncevagain,
consistent CM angular distrlbutions were‘obtained for.a-range of E'4 1-2
kcal/mole, and these angular distributions were very simllar to that
shown in Flg 9. In addltlon a- symmetric dlstribution (dash dot dash
curve in Fig. 9) was obtained by reflecting 9 < 9O through 6 - 90°;
baok-calculation w1th thls curve- for Ef = l,6-1s also shown_in Fig.'i.

d:v'hit+'CCll Recent_product_velocity'analysis experiments on the

19 that

reactions of the heavier alkali 'rnetal's with CCIL; have indicated
the E' distribution varies markedly w1th scattering angle for these reac-
tions. vConsequently, the'FVA transformation proéedure-is expected»to be
an especially bad techilme in _the_ case of Li+CLy; br_;e"verthele‘sls, the FVA
derived @M'angular distribution for E"= 17 kcal/mole'is shown in Fig. 9
to give a qualitative 1ndlcat1on of the product angular distribution.

The FVA transformatlon of the data of Fig 6 yields con51stent CM angular
distributions for a range of E'ivalues fromvl to Lo kcal/mole.' The
qualitative‘shape of the CM'angular distribution obtained is independent-
of the E' value taken, although the locatlon of the peak does vary from .
6 = 120° to 110° to 100° as B is varied from 1 to 2 to 25 kcal/mole
respectively Flgure 6 shows the back calculation at E' = 17 kcal/mole
for the solid curve of Fig. 9, the dash- dot-dash curve: extended flat to
l8O from the peak of the solld curve of" Fig 9 was. used w1th E' = 2
kcal/mole to back~-calculate the dash~-dot-dash curve of Fig. 6. _These

two curves demonstrate the lack'ofvsensitivity of the IAB distribution to
the assuned value of E'. vHowever,.back-calculations with a CM angular

distribution symmetric about 6 = 90 (1 e. ‘translate the solid curve of
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Fig. 9f5y -10° and refleet 0 < 90° thorough 6 = 90°) do uet”repuoduce_the
LAB dlstrlbutlon for any value of E'. |
'e.v L1 + CH5£ Flgure 9 ShOWS the FVA derlved CM dlstrlbutlon for
B = 15‘kcal/mole.v The FVA transformatlon prov1ded con31stent CM dis-
trlbutlons (s1mllar to that shown in Flg 9) for E' in the range 12-20
kcal/mole. The FVA transformatlon also prov1ded a cons1stent CM dlstrl-
bution for a secend,vlower ‘range to B' values;vln this energy range,
the TAB - CM transformatien was doubled valued and the fit was rejected
beeause_back—calculations failed to'feproduce the_LABvdistribution at
negative ualuesvoffe._ Figure T Shows baék—calculations for E' = 15 kcal/.
mole of beth'of the'LiI‘CM angulaf distributioﬁs shown in Fig. 9. | The
FVA derived CM dlstrlbutlon prov1ded an adequate fit. to the measured IAB
dlstrlbutlon for E' in the range 15—20 kcal/mole, back calculatlons w1th v

the CM dlstrlbutlon flat from 6 = 120' to 180 adequately fit the LAB

dlstrlbutlon for E' in the range 10~ 15 kcal/mole. .

3. Total Reactlon Crcss Sectlons~

Table ITT glves values of’ the total reactlon cress reactlons calcu—
lated by the two ‘methods described in Part I (QR(A and Qp (B) calculated
by Methods A and B reSpectlvely), also llsted are the van der Waal s
coefflclents, C, for the 1nteractlon of the two gases, the total collisien

~cross sections, Q

eff
t,abs® -

t, bs’ and the resolutlon corrected total colllslon Cross=-

ectlons Q The react1ve Ccross sectlons were calculated assumlng
equal Li and LiX 1onlzatlon‘efficiencies; the geometric parameters re-
quired for the calculations were the same as those_feported-in Part I,

The force constants, C, were calculated from the Sléter—Kirkwdod approxi-

mation with 1, 17, 24, 48, 32 and 14 effective numbers of electrons for



TABLE III. Total and Reactive Cross Segtions™ = .

.‘System -:. (E-l/B) -3 ;CI' ié ef'Qifibé__'i~Qﬁ(A)ﬁ j;,fQRCB).

i+ CH5N02 ‘2;53l .”CJ:YﬁQEZQ-!550eiffs‘f€2805ft?1'ft5§;7*.iof':55 .
Tits 2760 oo 20 a7 18
| i + CClh"' é{7§rr ‘“:iiipff f7655ﬁ‘}f1_;~320eiff f*‘?fﬁ ';fﬂ'“vg§::

Li+ cﬁ31 j‘e‘2.67v T80 :566.’}{1fy_280e 7_;fs;27;ff;3 ;7'27,“'

The mean. elastlc collls1on energles, (E 1/5) l 56 (u/%ﬂ)
-12

k'TLl are glven in kcal/mole,‘the van ‘der. Waals force constants 1n lO

96 2 : : .
erg - A s amd the cross sectlons 1n A -The total cross-sectlons Were_,"

/5>

-calculated for relatlve ve1001t1es correspondlng to (E




1d, Noe,'CHjNOé, SF,, CCL,, and CH,I. The polarizability*Values-used
°ozx . .20 . _ 9] o2
were {in A5) 20 for Li; Q 3.1 for N02' 7 2 for CH5 6
S S 22 .
11.1 for'CClu;22 and 8.0 for CH,T. The in@uotion terms were'calculated

, >
using dipole moments of 0.29, 3.1, and 1.65_Debyes25

6 2 for SF

CH,NO,, and

for NO,, CH,NO,

CHEI’respeotiﬁely, _?robable sourceS of errorin the calculated total

cross sections are'discuseed in Part Ij‘in:éenerai; the “qﬁOted ﬁotal

“vreactionroroSsIEectiooseare estimated to be cloger thah a factof of two

to the true values. . Moréo&ér;'the ratio ofvderived QR<velues for any

two gaséS»is expected‘tofbeveomewhat more accurate thanfére the individual

bvalﬁes. | | o , | |
o Ae may be seeﬁ from.fig,’é'ﬁhe sﬁape of the CM eléstic.soaﬁtering for

-these five_reactions showed signifioent deviations from eaoh,othef’and : |

from the-eiaetic ecattering from_oycloheiane. ‘TheSe deviations ceueed

the normelization of the elastic scattering fo'the form factor‘employed

in Method_A‘tovbe iess'ﬁnambiguousfthan iﬁ Part I; but in view of the

good agreement achieved with Method B, evidently ﬁoAlafée.errors were

. introduced.

. E. 'Discussion
. ‘. - + ’
1. Li NOE

ThlS reactlon appeared likely to be of Qpe01al interest for comperlson
with the alkali atom-halogen molecule reactions whlch are Qtrongly eXOGrglC
.and are believed to proceed by a-long-rangevelectron transfer followed :
by almost immediate Separetion of the pfoducts, | | |

o ’ 26

. . -+ - + -
M+ X, o M +X7 > MX +X.
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The electron transfer occurs at the distance of separation whefe,the _'
Coulomb potential energy co@penSates forvthe difference between the ionif'

zation potential of M and the-eiectron affinity of XE' The éleqtron

affinity of NO, is high,” probably higher than that of the diatomic halo-
gen molecules, but the electron affinity of O is much less than that of a

halogen atom. - Thus, the Li + NO _reacti@n is»much less exoergic; whereas . -

2
the eleétron transfer can.takelpléce,at}largé sepafation'of the reéctanté,

the Li+ Ndé ion pair formedvmusf_aéﬁrqach:to Qithin much closer»diStanCés
before the LiO and NO products can begiﬂ_to separate.  The pOtentigl

energy surface fof this.feactibn is, ﬁherefofe, expeétéd tb exhibit rélatively
restriétéd entrance aﬁd‘exit,ghénnels_With a déep chemical well cprreSpond-
intermediate. On the

ing to the formation of the strongly‘bound LiN02

other hand, the expeciéd potential energy Sufféces for alkali'atom—halogén
molecule reactions_exhibit no éépfeciﬁble“ﬁéll and a wide exit chaﬁﬁel.27
Thesé features'bf‘fhevpotential'éhergy~surféce of the Li +5N02
system might have béen éxpectéd,ﬁo févof a'reactién‘which proceeded via
fbrmationvof an:intermédiéﬁé; long-livéd éompiex. However, the Qbéérved
sharp foward peaking of the.iio produg£ is‘charaéteristic'of.the uitra;
direct mechanism fouﬁd_fbr the MﬁXé»réaétions éna indicéﬁes that the |
reactionvis complete in a time Shorter fﬁah ﬁhe rétatioﬁal period of_fhev
complex. The observation of such_similar'product'distfibutioné fér;Eoth
the Lil0, reaction and the alkali metal-diatomic molecule reactions

which have such qualitatively'different pofenﬁial'éﬁrféceé pdeides furfher’

evidence that the_mechanism of the M#X reactions is more general than

2

a "spectator stripping" behavior because the Li+NO, potential surface

2

implies appreciable interaction'during the separation of the NO and LiO

products.



-T9-

The sharp fbfward;prdduct peakiné obséf?ed here~has:previously been -
characteriétic‘of reaqfions with very 1arge't§tal reaétiqn crOSS séctibné
so that most of the reactive é?enté qorreéponded'to‘collisioﬁs with
relativéiy large impaéf pérameters. The Li.+ Noe_total reaction'cfoss
séctionbobserved>here'(1522) ié'in sﬁfiking contrést to the much larger
feactioﬁ cross sectioﬂs:réporﬁed in Part i‘for the Li f.XY_reﬁcﬁions_
(eg- Q,R; 854° for Li + C1,). The nigh electron affinity of NO, would
_leéd oné;to predict a crbssing of‘thé cp&alent.and iqnic potential curves
at.larg.elL:'L-NO2 separafiéns;.the giectron transfér meéhanism should,
therefore @rodﬁce feactive colliéions.at very large impéct parameter.
Owing to the unpaired épihs:of.both Li-ana NO,, however, the total spin
of the_collision.partnefs'may be.l_or O; fﬁeielectron transfer mechanism
is appliééble oniy_to the>spin Sihglet potential energy surface because
the triﬁlgt covalent cﬁrve is hbt“pertdrbed by.the ionic curve. _Assuming.
only nén;reaétive scéttéring frém thé‘triplet potential enefgy surface at
these enérgies, the measﬁred totél reaction croés séction_mﬁst be 25%lof
that apéropriate to ﬁhe spiﬁ_singléf_botential energy cﬁrve. The measured
cross‘séction thuséorresﬁonds to a crqu section éf 6OX2.for the siﬁglet

collisions; however, in view.of the high NO, electron affinity, an even

2
bigger éross section would be expeéted.‘ As'suggested.in Ref. 26, the
covalenf;ionic curve érossing for‘this system may occur-at to0o largé‘a
separétion to allow én efficiént electron transfer, thereby reducing the .
‘mégnitude of the reébtionAcross secfion.‘ Alternétively, some of the
-collision events tﬁat.crpss'to'the ibhic éurfacebmay bréduce non-reactive
scattering.  The observétion'that the Li + NO2 produces mofe Wide—anglé

elastic scattering than does cyclohexane, may indicate that the wide-angle



Li scattering proceeds:via formationdoffanIintermediate:thOE:loné-llved
complex, studles of the elastlc scatterlng of X and Cs from NO and -
related.compounds28 have been 1nterpreted in terms of formatlon of euch
complexes.” Finally, one.must also reallze that any Z electronlcalLy
excited product produced is not measured and if s fractlon of the 2W
ground state is deflected by the magnet .1t would,not.be’detected either;
both of these factors would reduce the.magnitude.ofithe'derired reaction
cross séction. These»amblguities ulll.be minimizedehen relOCity and

rotational analysis becomes available.‘

o. Ti + CH.T

The LiI is scattered predominately backward in the CM system in
agreement with the prev1ously reported behav1ors for the Cs and Rb52
as well as the K25'and Na5

reactlons w1th CHBI;'hoWever the present
results leave little doubt that the LiI CM product‘angular'distribution
is con51derably broader than that of the correspondlng Nal and KI. The
high translatlonal product rec01l energy of LlI is also in approx1mate
accord with the values found_for NaI and KI; FVA results are not avail-
able for the Cs and vareactions. . | |

The‘total reaction croes section reported forrLi + CH l_in Table

3

. Q N . .
ITITI is comparable to the value of 55A2 reported for K+CH3I_in Ref, 21;

‘the total reaction cross sections evaluated from the attenuation of the

elastic scattering of K +.CH3

4 o v 0D
The behavior of Na + CH,I appears somewhat anomalous; a value of 5A was

3

I also lie in the-same.range_(QS - h7ﬁg).29

reported in Ref.20.
‘There are extensive trajectory calculations on several potential

surfaces for the M + CH3I reactions;30 these calculations predict the
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obserVéd.ﬁackward scattering of tﬁe pfoducts,-buf_fail'to‘répfédﬁqé.the
high prodﬁct translatioﬁal.enérgies;observéd, presumably begauée the N
éurfaces_do not héve eﬁough repulSive character-betﬁeen the products.
Further calcdlations onvimproved suffé@eé would Eg desirablé tb_determine_;“
if the broader Lil CM angular distribution is due to the effect of the
small ma5530f Li.on ﬁhé'regctiOn d&namicé;gsucﬁ a mass effectfwés suggested
in Part I aé the feagon that the‘LiX peruct distributions from reéctions
with'diafomic halogensfwére broéder than.the chrespondihg diétributions
of.the heavier alkali mefals. - |
3. Li + cel,

Qﬁa1"1’5::1’05:11:i\‘/e"cor'npé\'risohsvv'o'f‘t’he.M+CClLL distributionévshdwn invFig,"
9 cqgld bevmisleadingabwing téjfhe réported:strdhg couplingvof.thé‘E' and
e distributioné for'thése‘reactiOns;.l9 however the present résulté clearly
indicaththat thé Li+CClubreaction prodﬁces appreciablylessﬂproduéty.
scattefingvinto theffdrwamiCM heﬁispheré than do the cOrresponding-K; Rb,
‘and Cs + CCl& feéétions; Thé total_réaction cross:sectioﬁ_listéd in
Table III correlates well with the values of 150, 100 é_n‘d 60A° for Cs,
Rb and K+CC1A respec£ivgly reported,in Ref. 7. .The'two trends, decrease.
in feactiqn yield.andxshift Qf'preférréiCMifecoil angle to larger values
as the. atomic number bethe'alkali méﬁal is deéreésed,vthat ﬁere.observed
~in Ref. 7 hold for the-Li+CClh reactionlgs Well. These systems present

‘another opportunity for’theoreticél baiculations to elucidate_evidént'

tfends,
k. LitsF
Li+SF

An intermediate long-lived LiSF6 complex would be'expectéd to be

an approximateiprdlate top with three similar rotation constants. Forma-



tion of such an - 1ntermedlate complex would 'accordlng to the statlstlcal
complex m_odel,53 produce a symmetrlc CM L1F product dlstrlbutlon w1th |
peaking‘at 8.; 0° and 180° ; @ LAB d1Str1butlon back~calculated*from such
a curve fit the experdmentalAdata except'at'wide.positive aﬁglesv(see
Fig. 5). - The signal to noise ratlo is partlcularly bad at these angles,
but if the scatterlng 1s less than that expected from the statlstlcal
complex model, 1t could 1nd1cate that a LlSF6 complex with a llfetlme
comparahlevto a rotatlonal perlod is formed Such osculatlng complexesﬁ

3L

have been observed The complex model would predlct only a small amount
of energy 1n translatlon of the products because‘the total energy must
be divided among many degrees of freedom; the crude value of E'pfound for
this reaction conforms,with this prediction. | |
iThe_reactionvof Cs+SF6 has been'extenslvely investlgated8iand.all.
features of'the reactiOﬁ’dynamicsfcorrespond to:the predictions.of the
statistical complex model thus the two members at the extremes of the
~alkali famlly both apparently react with. SF6 by the same. mechanlsm :It:
.1s also‘of interest to note that the L1+P013:react1on also produces a.
nearlyfsymmetricvCM.product.distrihution;:but in:this case-peaking at
= 90° is observed; it has been suggested that_this might be.understood
in terms of the formation of.an intermediate oblate top complex.l
The total reaction cross sectlon glven in Table III correlates

nicely w1th the values derlved from the elastlc scatterlng of K from SF6

reported in Ref. 29 (Q,R(K) ~ 21-_5OA_V ).
5. Li + CH5y92

ThlS reaction bears many resemblances to the Li+CH, I reactlon In

3

both cases, a reactive group is ‘abstracted from a methyl radical by the
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" attacking Li atom and the product is formed with a high translational

energy. queover, the strengths of the'CHs-I.and ﬂhe CHﬁ-N0235

bond strength is unknown, it

bonds tre
virtually;idéntical;‘é;thoggh th§ Li-NO,
~ seems likely that it is comparable to that of an-alkali'halide_so,that
the readtion exoergicitieé.are Similaf for these reactioﬁs. vMoreover,'
Table IIT 1ndlcates that the.long range §an der Waals 1nteractlons between

32

the - reactants are quite 51mllar for the two cases. The enhanced CH NO
'.reactlon‘croSs section shownlln Table IITI might s1mp1y be_a conseguence

of the-larger geometric size of the NO group'relative_to that of an I.

2 -
atom. :Trajectdry_calculatiOn studié55o have shown that,the”product aﬁgular.
distributiai should change from a §trong anisotrbpic backward.peaking to
an isétropichM distributibn as ﬁhé total reaction érdss séction is
increased; this.predicfionvis invqualitative éccord_wifh thé trends
observéd here.: |

These five reactiéné deﬁéhstrate‘the‘wide'diveréity_of the.réact}ons
of Li atoms; furtﬁér‘étudieS tb extfact broduct veloéity and_rofational
.énergy distributions are planned which‘shdula more cleariy elucidate the f

~dynamics of these reactions.
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. HARMONIC FORCES NORMAL MODES MODEL FOR' INVESTIGATION
B OF CHEMICAL REACTION DYNAMICS '

A. TIntroduction

A mide variety cf'detadled experimental features:of éas'nhase bi-:
molecular exchange'reactidns.have'been‘obtained from mcleCular beam and‘
chemlluminescence studies in'the:last'flve or.ten years.. This rapld growth
in our experlmental knowledge of these reactlons has been paralleled by
an 1ncreas1ng number of three-dlmens1onal,vexact.class1cal traJectory”'
studies,”employing extensive‘nUmerical integrations‘on a digital compdter,

- which have reprcduced many'of the experimentally observed reacticn features. .
In this way, these class1cal tragectory studles have already been instru-
mental in: elucidating the 1mportant features of the 1nteratom1c forces in
a number of these reactlons and w1ll, no.doubt, contlnue to extend our
knoWledge of these forces for some time to ccme. Nevertheless, concomi -
tant with thls growing body of exact numerlcal tragectory calculatlons,-
it seems worthwhile to contlnue to examine s1mple models of the reactlon
dynamics in order to (l) prov1de greater phys1cal 1ns1ght 1nt0’the p0531ble‘
range of values assumable by a glven reactlon feature, (2) posslbly attempt
to correlate dlfferent phys1cal phenomena; as, for example, the energy
partition ;n blmolecular exchange reactlons‘and photodlss001atlon, and
(3) provide a starting/noint for estim?ﬁes_.of the magnitude of the
interatcmic'forces which. could serve as lnputlinformation.fer the more
sophisticated, exact trajectery calculations;v' |

One such model will be described here. Basically five;gross Simpli—
fications are made. The dynamics are.treated‘completely classically; this

enhances the achievement of physical insight into the features of the
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-dynami¢s and simplifieS'thé maﬁheméticéiaﬁréatment. iSecondly all."
interatoﬁic énd_intérmdiéculéf foiées are ﬁreated,és if thevaere harﬁohicz.
i.e. conéider:éli partiClés at:tﬁeir équiiibriuﬁ position.except for the'
one pérticle of.inﬁerest;’the force on.this.Qartiéle céh;bé‘expréssed as

a sum of ﬁérms, each.of;ﬁﬁich'is direcﬁl& proportional>to'the displqcé—

ment of.thé particle from its_équiiibfium éosition. TﬂuS*the completé

_ feactioﬁ system is treatéa5a3:oné.lafge3moléégle.v.The presen¢e éf only_'
harmonic fqr§es élléWs.an_approximétaté Solﬁtion of the dynamics pf the .
reaction to be fouﬁd by‘ekpfeséihg thefoverall‘motioﬁ of7the particles as
aFSuperpésitionvof normal~modeé of ésciliation,.thereby facilitéting thé
integrafiéh along fhe cléséicélftrajeétofies. _Thirdly, the éeometry of
thévsystem is greafly"simplifiedj in ali'épblicatiéﬁs'of this model so.

far attempted by thisfwfiter3 a11 partiqlés‘ﬁgyé'been consfréined to a f

' linear cbnfigurafién. Thﬁs; the:ﬁumber of normal modés that must be:
handled” 1s greatiy reduéed§ ﬁhis'of ébﬁrsé; further reduces the mathe-‘
matical complexity. A fﬁrthér advaﬁfagévbf the linear configurgtion is”
that the normal modes analysis isivaii@(within the_harmdnic-fqrceé»assﬁmp-:
tion,) eyenufdr'large‘particlé displaceméﬁts becauéevthe magnitude bfvthe
internuclear distangés dO'no£ énterithe_caiéulation} phé'solution is
depéndent only upon the displacément pf tﬁe inﬁérnuclgar diéténces from
‘their éQuilibrium'vaiues; 'Thié mbdel_couid certéiniyfbe extended to two-

or three dimensibhs if tﬁe_investigétion of a(suitable systém warréntéd

the additional éomple%iﬁy.' ASsuming‘that onlyvadjacent particles interact
constitutesVth¢ fourth“simpiificatioﬁ; Thig.abpréﬁimation»allowg mégtgf;the l
force constants of the harmopic oscillator potentials to be set équai tov
values determined by spectroscopic techniques. _Fiﬁally_the distfibutién

of initial states which exists
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in any experimentél_syStém is-igno?ed;:a.fepfeséhtafi?e, sim?lified_initial'
state is taken and the single'resulting_final:stafg_is assumed fo be_
reasonably indicative of the:m03£~probabie,final éxperimeﬁtal state; This
fifth assumpfion is éonvehient.buﬁ not necessary; aﬁy distribution of
initial conditions couid'be-integfated-bver'ﬁyia éysfematicvérva~Monte‘
Carlo féchnique." | “

This model is Cérfainly not new tbvtﬁé éhémical literature and was
employed extensively by N. B. Slafér to discusé;the‘dynamics of-uﬁimble-
cular decomposition. VMbre recenfly,.it hés been applied to'thé problem
of the vibrational excitation of a,diatbmic molecﬁle'by-collision With an
atoml and to the prbblem'Of-the'énergy'partitioning‘in reactiéhs bf the
alkalivatoﬁé with the halogen-mdlecules;2 The erk'in Ref. 2b will be
more extensiyely discﬁssed in_SecﬁicmiC of this chapter. A recent’ '
application of this.model'to fhe energy partitioﬁingvin the reactions of
Cs witﬂ the alkyl iodides has been pﬁbliShed;5 this wdrk is incorporated
with somé extensions-£o gonétitutevChapteer of this thésis. A very
similar model has béen applied to the interactién éf a gaé atom_witﬁ a
crystal lattice.21L |

The formulation and appliCatién of the,simpleS£ such MOdelfwill bev_
discussed here; thisvis the three ﬁartiﬁle,'bné—dimeﬁsidﬁal model. The
following chapter will discﬁss the extension of fhe lineér model to four
particlgs. |

B. Formulation of the Linear, Three Particle
Normal Modes Model

The system is treated as three particles which are constrained to a-

linear, one-dimensional collision with the notation as shown in Fig. 1.
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.Thé mQSSES of the.papticies-<déﬁoted bynml,HMQ; mj) éfé set eqﬁal £0

the afomicvmaéses appropriate to.the atomS éf the éystém undef study,i
vOr‘torthé'sum of thé”atomic_maSSés of a radical,if:a:multiatom-group is
being reprééented by a sinélg parficle.‘ Therfofce ébnstanté.of the hafmbnié
oscillaﬁgr bonds are»symbéliéed_by kl  and.k2,,and eaéh is either‘giﬁen

its empiricél vélue ifuit is known; 6r-if unknowﬁ;.ﬁaried as a parametef
of the modél; there is aésumed to be no infefactipn between particles

1l and 3.

The dynamics of any pérticulér problem are Solved’iﬁ essénfialiy three .
stebs}: First the_initiéi'gqnditions are described in a convenient
COordinate’syétem andvthén fransfofmed_ﬁo the initial vélues of‘the normél
COondinateé of thé sysfem.' Secondly;Jthe_mdiioq of the system is treated
by a normal modeé énalysis5 and followed until:ﬁhé time that a critical
configgfatibn is firét feachéd. This time is considefed'to be the termi-
nation. of thé interaction-of the System; Finally; tﬁe instantaneous
values of the normal-cbqrdiﬁatés ahd their velbcities‘at the termination
time are tfansformed to an abproﬁriate coordina£evéyStem to defiﬁe the
final state of the system. | |

The.initial conditions are'mbét eésily f6£mg1atéd in terms‘of'v 
Carteéian‘éoofdinates;,for fhe present éysteﬁ thé X coordinate (i.e. the
~position on the single_dimension)_of eaéh pérti¢ie is'appropriate. |
Howevérgfrather thaﬁ ﬁéing the normai Cartesian system, the-ufilizaﬁion
of maésjweighted coordinates simplifies the bbnversipn‘from Cartisian

coordinates to normal coordinates; this mass weighted system is definedv

by: . - . «
: - g, /2 ax, i=1, 2,3
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where AXi is the displaqement of_fhe ith_partidlé'frdm_its:equiiibriqm
poéitidn as indicated in Fig. 1. The initial conditions cen now be
formulated. The initial values of the position and velocity of ﬁhe

center -of mass may be set equal to zero without loss of generality; thus,

b m.l/Qtio = Oand. % mil/2 qu = O.

(Here and élsewhére:thg dqt:above'éfcoérdinate repfesenfs-tﬁe-time rate.
§f changé of that coordipaté,.énq theASuperscfibtléérd detheé.the

initial value.) To épecify compiefely'the initial ¢ondition$ of the fhree
coordinates, sinihdépendént'equations:afe1necessafy; th of them are
given above. The initial_magnitudesiofvthé tofal”potential.energy (V) _.

and kinetic energy (T) yield two more equations: |

3 42
2T =3 ég -
N =3 g a3 o

where the fij'S'are cbnstants giVén by

.f . - agv o
ij_ - oa, .oa, [

1 J

For this model their values are given by“ .

k) : - Ry

Ay Ty

-k,  ' _kl+k2 k,
f = § . - . - . X R
- (m, m2)172_ my | (my m)™/*
Ky ke




In an appliéation of this model to a chemi¢a1vreactioﬁ the total potential

energy wiil be set equal to AJDO, the difference between the prbduct and

reactanﬁ bo@d disséciation énefgies. Now only two othér equations are
..necesséry; _one.must'specify thévcoérdihate valﬁes,'e.g. Ey.giviﬁg;the
Partitiéning of V betﬁéen the two_bondéz'and'the_othér must felate the
particle velocities, c.g. by indicating the_inisionr6f_Tvbé£weeh'rélativé
'transiaﬁidnal and vibrgtional”ehergy. It should be noted that the initial
éondiﬁibns may be speCified by many different.sets Qf-sixvequations; A
the above set is the easiest to define because it is the nost closely
related to the.physically intefesting'péfameters of the system under
inveStigatién} Ffdm ali such'sets;ithé initial values ofveaqh of the three
coordinates and their‘velqcities méy be defived§ this final_set'isvthe
| most conveniént one for ﬁranéformatioﬁ to the intiél conditions éf the. -
normal modes. |
Thevstandard methodéwofxnofmal»médés analysié as préseﬂted by Wilson,
Decids'and'Cross5 afe uSedjﬁo folibwvthe dynamics of the'SYStem; these
methods{Wiil‘now be quickly skétchedkas they apply to this particular
| model. The problem is most'eaéily formulated in tefmsvbf the two intérnal
' | : eq —eq

where. r. 5 and r

7 29 E’ are =
12 23

. . - B _ = _—eq
coordinates, S; = Tip s and o = r25 FEB
the equilibrium distances between atoms 1 énd 2 and between atoms 2 and

3 respectively (see Fig. l;). Since no bond angles need be considefedj:
in'thé'linéar model the G maﬁrix'is a function only of the atomic masses

and is given simply by

1 . 1
Hip M

G = ' ’
1 1
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., and u25,are the‘reduced-maésés of atoms 1 ahd'2 and amesu2 and 3

12
respectively. The aésumption of harmonic forces only between adjacent
atoms requirés that the.potenﬁial_energy,IV,_béfgiven by

v =  k1‘Sl' +1k2 sz”f

The F matrix is thus diagonal'and is given by
Fo= |
and.itsfinverse is simply
. Eflf = - DRI
. ‘ 1o - , l/k i
One form of the secular eqﬁation given in Ref._5fis’
g - 1A= o
‘ 2 2 . s . v e v Lo
where A = 7 v and v is the vibration frequency of the normal coordinate.
The solutioh of this secular equation.yields two .values of K'correspbnd—
ing to the two Vibrational_nofmal modes. ' Thus the solution to the equations
of motion for these normal modes are simply

L 1/2 . | o
Qe = K cos Oy t+e) k=12

where.K and €, are arbitrary constants giving the amplitude and chsse

k- k

of the normal coqrdinate,_Qk, motion. »Sinée this normal mode; analysis
has been formulated in terms of the internal coordinates only the twé
normal coordinates corresponding to thé two vibrational degrees of freedom
have beénvobtained. The réquired third aegree of freedom is the motion

of the center of mass of the syspem, énd this corresponds to a third
normal mOdé with A = O. As'discussed earlier thé initial conditions

are défined so that the amplitude of this nor@al‘modé is intiaily'zero_

and therefore it must remain at zero for all time,



Equation (13) of.Seétioh'E-H‘bf Ref. 5 gives the linéar-trénsformation

from mass weighted Cartesian coordinates to normal coordinates, i.e.

G = 3 otyo9 @
.>where .,_z: - 7" Aik_ o
Uik T3 "'-2‘ 1/2
DA
i=1 1 :
~and the.Aik's ére:any»sblution for-the set bf algebfaic equations
5 o o - ’ .

=1
(Sij iﬁdicates the Kfénéékér déita)}_'Theré.arg,'éf coufse, fhree sets of
lik;s, one for'each hk;j’Ndw;.b&fthé linéar'transformafion given_in Eqg.
(l)vtheiinitiai @agnitudes_ahd Qelocities of fhé‘Cartesian coordinates
yield_thé initial maghitudes ahd vglocities'of thé”ﬁormal ﬁodes. Simple
algebrgic'manipu;atioh thén allows the dérivation of the values of K,

and ek

fér‘eaéh normaL»coordinate{

The next steﬁvis.toldefermiﬁé the-timé that the interaction bétwaen

~ the products is assUmed.fb téfﬁinate;_ Siﬁ¢e_harﬁonicwoscillator potentiais
have been.taken to ap?f@xiﬁate the true intefaéti&n potentials,‘the system
cannot, of dourse,‘complétel& sépérate, but‘would-continue to oscillate
indefinitély;  Thefef6fé,”a critical configuration must be chosen, and

at the time that theJSysﬂem first'féaches Ehis-configuratiohifhe_inﬁeraction
is cénsideréd terminétéd.  The.instanﬁaﬁeous ﬁagnitude_andbvélocity of

each Qk»éan then bébcalcqlated and the inyerse transformation badk‘ﬁo the

qi's may‘be made by
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These Cartesian coordinates and their velocities completely define the
final state. Any desired parameters of'this final state such a& relative:
velocity-of‘separatiOnIof_thevpafticles'Or amplitude and phase of vibration

of a possible product diatomic may befeasily extracted.

C. Application to "Harpooning Mechanism

1. Introduction and Formulation “

Center of mass angular distributions“andfnominal relatiVe_translational‘
energies of the products have now been measured for many of the alkali

atom—halogen molecule reactions.6 The foward peaking of the M product

the large total reactive cross section, and the relatively low translational'

energy of the products are all con31stent w1th an electron transfer model.
Due to the. high electron affinity of the halogen molecule and the low
1onization potential of the alkali metal the valence electron_of the
alkali metal may»be transfered to the_molecule at relatively large inter-
nuclear distances (5 to‘loz);ithis transfer.occursnat the distance of
separation where,,neglecting secono.onder effects,:the Coulomb potentialj
energyvcomnensates foi the differencevbetueen.the ionization potential
and the electron affinlty The reactionvthenvCOntinues as an.ion recombi-
nation collision The approaching alkali ion plcks.up the nearest halogen
atom which, because of the electrostatic attraction,vmust have_the extra
electron. The_product MX then sepafates from;the‘othervX>aton_ without
vinteracting with it to = great extent.i Howeven; the angular;distnibution
is wider and the product tfanslationalveneréy.isflargen than wouldvbe
predicted for no interaction; these effects areuvery likely caused by
repulsion between the X and X which are separating under the influence

of the approaching M ion.
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The measured nominal product,reccilveaergies, altﬁoagh—in all cases’
only a small fractlon of the large (typlcally 50 kcal/mole) exoerglcltles
of these reactlons, exhlblt a general decrease with 1ncreas1ng alkali
mass, e.g, the results for the Bre.reactlons are 6 6 5. l 3 7, 2 8 and
1.8 kcal/mole for L1,.Na,.K5 Rb and.Cs.respectlvely. Thevgreat degree
of similarity'found‘for'all ﬁhese reaction-dynamlcs‘suggests that rery .
similar forces contrcl fcevdynamics of all these reactions, apd that the
small, observed differences’may be due to.the effect of she variation cf
the alkali mass. | |

The normal modes mbdel‘brOVides a very. simple‘vehicle for investi-
gating this posSible'mass effect. 'Partlcle*l is assigned to 55 she.attack-
ing alkali atom and particles_é and 3 represent.the halogen molecule. The
,reactaﬁts'arevintially approaching eachrofher(in avlinear‘configuration)'
with a‘prescribed ﬁﬁrlalftranslaﬁional’energy, Ei. The halogen molecule
is assumed to be nonVibrating;.tﬁus the zero point vibrational energy
is'ignored. The initial positions“of,fhe‘three partlcles are set so
that the exoergicify_of the reacticn_islpresent‘as an extension cf
the MX bond and a compressloh of the X2 bcnd; the_fraction‘in each bond
may be‘varied aS'desired.. This configuraticn is intended to approximate
the state of the reacticn partners at the momenf that fhe'elecfrbn.is
transfered.. These spec1f1catlons in conaunctlon with the constralnts men-
tioned in the preceedlng section’ completely determlne the 1n1tlal posltlon
and ve1001ty<ﬁ'each partlcle It should be mentloned here that k2 nd
rgg.are not expected to be ‘the values found for the X molecule, when fhe

electron is transferred, it is very likely that the resultant X2 ion will

have considerably different bonding characteristics from the neutral X2
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eq
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enter the calculation, but the magnitude of k, which does require an

molecule. The abéolute Value_bf”r .(as-Wellwas thaﬂ of rig).does_not

explicit walue will beyvaﬁied;as_a'pafémeter of thévmodel.v
v : : , . o . e _ .
23 reaches Tog - At this

The reaction is now allowed to proceed until r
time patrticle three is assumed no. longer to-interéct with the MX molecule.

Expansion. of r into normal coordinates and solution for the termination

23
time results in a transcendéntal.equétiOn. If Ei = 0, analytical express-
ion for the upper and lower bounds on the first solution may be determined;

then this solution may be calculated to as high a degree of accuracy as

‘desired. However, for nonzero Ei an iterative process is necessary. The

25

passes through rod, then,vas in the former case, the time may be found to

value of r is calculated at each incremental time spacing until it

q
23’ , ,
any degree df'aécuraCy; The time spacing used in the iterative process
is 1 to 4 percent of the period of the'normal mode with'the'largest
vibratidnal frequency. Once this'terminatidn time has been'evaluated,
the relative ﬁranslatibnalnﬁnergy of the products and the vibrational

excitation of the MX moleculé:are'easily calculated.-'

2. Results and Discussions

Figure 2 shows the resultsvof the’daléulafions_of the.prodgct_ﬁfansf  
lational .energles for these systems. Thé abcissa of this.graph~iS'the"
ratio of the a2lkali mass to the halogen mass. Aihis ié appropriatevbe-
cause, for a given pptenﬁiai energy suffaée; thé élassiéal trajectOriés 
are not altered if the masses of all thé paftiéles bf the syétem are
changed by the same factor;8 thevspeed at.Which these trajectories are
traversed, however, varies as the inverse cof tﬁe square root of thét.

factor. Each of the calculatéa'curves of Fig. 2 are labeled with a



Figure 2.. Prediéti&ﬁ1bfjgﬁefgyfpa?titicﬁiné~és{§'fuﬁction%of;particlé;”‘

‘“mass'ratiq;1>Th¢1dééimél,énd;percéhtagéfnumbers_Iabeling the. ‘t
curves giVé«thgwyalue Qf ﬁhe'fﬁtiO.ké/klgénd'thé'percentfofithe
]réactionfexoepgi¢i£y7iﬁ¢iudédias‘X;erepulsioni iespectiyely..
The data;pbintngivé'théiéxpérimentél'méaSurements of-thé

' ;nominalnenéré&fpértifiohingZofhvthe'indicétéd”reaétions.
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decimal numher indicetihgdthe retiofof ké/kl'and.é-pefcentage givihg R'.
which denotes the fractioh of the_reaction exoergicity included_as-repul-
sion hetween the.two helogen»atcms. 'Chahging hoth-force consténts by

the same factor is eQuivelent to muitiplyingdeach of the coordinates of
the potential energy surfece'byvthe‘SQuareuroot of'that‘factor-(for an .
‘example of such a potentiel>energyisurféce'See Fig. 1 of the'foilowing
chapter') Such a coordlnate scale change does not affect the.energy
partioning whlch is a functlon of the ratlo of the force constants,
‘however,_the trajectory transVersal time5'for:a given forcevconstanturatio,
is‘directly proportiohel to the ih#erse'of the souare rootjof the magni-
tude of the force constents‘v As one would expect from the harmonlc
_os01llator characterlstlcs of th1s model the fractlonal energy partltlon-
ing and the tlme to traverse‘the trajectory are coustant if both V and T
are multiplied'by theusame:factor.{‘This'muitiplication‘sihply increases
the auplitude of eech”normél coordihatevby e proportionéi auount.‘butjit

does not affect the frequenc1es nor the phases of the normal modes

Consequently, for Ei = 0 the curves of Fig. 2 are 1ndependent of the totdl .

reaction exoergicity. The percent of reactlon exoerg1c1ty that appears
in product translation may be.calculated for the reectlons of the.alkall
atoms Qith the homonucleer'haiogeh holecules from experimehtally measured_
quantities. Thus, the avallable experlmental results may be - dlrectly |
compared with the predlctlons of the model on the s1ng1e graph presented
in Flg. 2. |

All of the calculated curvesvfor the_reasonable'range:of parameters'
have several‘features:in'common. If the ettackingvalkali’has a very'light

mass, one hundred percent of R enters the translational energy of product
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separation. This feature ariées'because the,relatiVély'SioW separation

2

vibration of.the MX molecule} This limit is closély approached on the .

of the'X molecule takes.place‘essentialiy indebeﬁdently'of ﬁhé rapid'
left side of.Fig. 2 by all bf the célculatedbcurfes. ‘This effecﬁ-of.ﬁhe
light mass has beenbnotedgpfeviously,8 and>has.Béén labeled the "light-
atom anomaiy". As thé alkali mass ﬁecémeé épmparable to the mass of the
halogen étom, the transléticnal.énefgy decreases rapldly due fovthe_heaVier
mass of fhe alkali afom élléwing it t§ act as an anchof ahdmtheréby
pulling the nearest haiogen towara itéelf;._Since éhetransferrédhaiogén
ion is depafting frqm'the spectat§r hélbgen atom at an incréased fate, the
repulsive force is less éffec£ivé.in imparting £ranslatiohal enefgy to
the:depaiting afom. 'This can 5e expiained by #he faéﬁ thét the repuléive
fdrce acts on ﬁhevépegtatbr atomythfough.a sméller distance than it would
if the massive élkali,atomeeré not'presentJ .Thqs; all of R does not
appear as producﬁ ﬁransiation;va significanf fraction iéréonvértéd info
MX vibration. This efféct has.been:iabéled‘"mixed energy release"

aﬁd has been discussed previo@ély.8 VAs-theAmassvof the'alkéli‘atom is
increased still further, the tianélétionalfenergy contiﬁues to decréase
but approach a non;zero limit for iﬁfinite méés;,,Sec§nd ofder effects
due to the varying number of.osciliatiohs of»the MX bond during the
period of X-X interactioﬁ are respdnsiblevfof~the $mail undulations
superimposed on the general décréase. The élopevdf:this general decreaéé
is not constaht héwever; a precipitous drop is common fo all of thé cal-
culated curves. This drop occurs when the magﬁitude of thevibration of
the MX molecule during the X-X separafion approaches one-half of a vibra-

tional oscillation. If the MX bond is contracting during the complete
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ﬁime thatithe halogensuefe separeting, thé nixed'enefgy.release is gfeatly‘
enhanced. éince_as r'(thene1kali to haiogen'maés ratio)eisbincreased this
'nalf period criterion is appreecned first Ey'ﬁhe lérgeet.kg/ki ratie,
the_resuitant ﬁranslatiOnei.energy_is sﬁailest fof this largeet kg/ki
vratio at»small'r} : | N
It isvnsefnl teICQneider'tneiresnits*pfesenﬁed in_Fig; 2 with referenee

to the impulsi\;re limit. At this liﬁiit a1l of,R is ‘inij:ially _rel‘ea_sed as
translational energy of-felative motion_ef»the:twovhalogens. Thus the

X-X seperation takesvplaee Witnout any influenee_frem the presence of the
M+.ion.' The free'Xf ion then combines with the.M+ ion'to form the MX
molecule. . This llmlt is approached when k2 >> kl At-this 1imit'the
final partltlonlng of R between relative product translatlonal klnetlc
energy and 1nternal exc1taflon of-the’MX molecule may be-ea311y deter-
mined from conservetlon of momentum cons1deratlons (thls determination

is fully dlscussed in the follow1ng chapier) Alternatlvely, the fm
factor which is deflngd-ln,Eq. 12 of Ref. 2a gives the‘fraction ofeR that
appears as:vibrationaiigxcitation of ﬁhe'product diatomic at the impulsive.
limit. If r.is allowea fo'repreeentvfhe ratio Qfethe alkali mass to the
halogen_naes, Eq. 12 qf Ref.:Ea reducee_to
‘Thus, st the impulsive vi‘irr;'it, light M(r << 1) gives £ = 0 and all of R
'appears'asvproduct:tfanéiation, but for heevy'M(f %}ll) fme=vl/2 and fifty
percent of R is channeled'into nreducn.trenslation; 'As r isaincreased.*

£ monotonically increases.;_on the{right of Fig 2, it is-evident that
‘less product translatlonal energy is present than would be predicted at

the 1mpuls1ve limit. For a larger value of ke/k the system is closer

1}
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to the impulSiVe limitéf thié is thé;reaSQn'that_théfprodqct‘traﬁslatidn  )
is greatest fqr the largestvkg/ki fétié aﬁ Large r.

As may bé seen in Fig. é;_tﬁe experiméﬁtai datayéxhibit a rough
correlation with thé-modélvresulté,for 20 percent repuléi§e.éneréy_ref | » ‘;
lease and a force coﬁstantiratié of approximételygo.275 to 0.55;' This
corfelation:is by nO'means.ekact, bﬁt in view ofthe Qery appro#imate
nature 6f the nominai fécoil’energy'@easuréments, it is certainly és‘
good as could have beeﬁ hoéed; ‘In shortiﬁhe éxperimental results'aré
certainly consistent with‘a ﬁaéé éffect~Qf'thetmagnituae.predicted by -
this ﬁodel. Furtﬁérﬁbfe the depaftures from_an exaéf corrélation cannot
Ee due completely to a failure bfvthis-model to account'adééuately for
. all important facets of the’reaé£ion_dynaﬁi¢s; iflis evidént that the
same pbténtial energy surface cénnot reproduce thelexperimenﬁalvresulté_
for all these s&stems.  Thé reaction pgir; N_a+Br2 and K+Ig, énd.fhe thréé
reacfions,.K+ClE, Rb+Br,, and'Cs+Ié,'fofm-two séﬁs of systéms suchfthét
each member of a given set has neafiy the samefalkali to halogen mass
ratio. As mentiohed.previouslylfhe_éhergy partiti6ning is independent 3
of the magnitude of the maés of the reéctaﬁts, and,therefore observéd_
expefimeﬁtél differencesvwithin each settcan only beaﬁtributed.to
differenées in the systems' potential energy suffaqes or to a failure of
the‘measured, nominal product'uanShiﬁoﬁal energy té_reflect adequately
the true energy partitioning. | |

It should be emphasized that fhe’linear configurafion does-not limit - -
this model to treatment of solely collisions occuffing with'zero.impact
parameter. Reactive events may occur with M and Xé in a linear configuration

but traveling (in the center of mass system) in parallel but non-coincident



paths; these collisions would be much morelprobablelthan:"heed-on"
collisions. hFor this reason all thevcalculations presented here are for
- zero initial klnetic energy 31nce.the.k1net1c energy dppropriute to this
model ig that due to the component of relative veloc1ty of approach that
lies along the line defined by the oolinear conflguration.' The magnltude
of this'energy would uary between:the:total'initialvrelative'translational
kineticvenergy_and zero;lthe lOWer Values uould have a higher probability.
‘Calculations have been@argicd outuwitthi = l?.E,IM and 6 percent'of ADO
for k2/kl = .55.and'20% repulsion; theuresultant curves uerevvery similar.
in shape to that for E = O shown in F1g 1 but at large mass ratio

much lOWer limitvere approached | |

Onevother 1nterest1ng feature of thesevcalculations'deserVes comment.

The reaction lifetime (i.e. the time for '_t.he.X_—X'distance to reach its
equilibrium ua]ue) generally-decreases_as:the mass ratio increases. Thus
", cne must'reach the”strikingvconclusion that'the_lifetime:of a reaction of
Li must be longér than the lifetime ofnthe‘same reaction with Csi .This
effect is‘present because the'alkali atom-pulls‘the nearest halogen atom
to itself; when the mass ratio 1s large, this tug is‘relatiyely_efficientv
and the halogen atomslquickly separate;_but-whenvthe alhali atom is very
light relative to the halogen,-the force»rapidly_acceleratesJthe alkali
atom but ‘only . sllghtly affects the halogens. 'Concomitant with the longer
,reaction lifetime at low mass ratlos is a greater complex1ty.of 1nteraction :
betWeen the alkali and the nearest halogen. The llght alkall more rapidly
v.approaches the separating halogen molecule, but before it can completely
separate, the M atom reaches its equilibrium position and then begins to

repel the halogen atom. This retards the separation‘of the halogens and
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enhances the likelihood.ofrsééondaryVéﬁcogntérs; This effect would‘bé,
expected to correlate roughly with ﬁhe widih of thé énguiar distribﬁtipn
of the products, ahd thé reactibns.with the smallést’mass_ratibs-haveb
indeed exhibited the broadést'diStribufions.6. Anfextended discqssién of
these more compiex interactionsvhas been givenbtovexplaiﬁ some fesults
observéd in thiee dimenSiaial:traje¢tofy studies of;theée experimental
syStems;9c | | |
Pélanyi and'COfWQrkeréga have Qtiliééd~é modéi_very Simiiaf to that
presented here fovinveéfigate,thé depehdencé of the‘energy partitioning:
on the percent,repulsive'enérgy ieiease and on ﬁhe rétioiOf the ihitial
attracfive M-X force to ﬁheifepﬁlsiVe:XfX force. The parameters of their
model were not intended to répfesént'diréctly anyvphysigél system; but
were selécted'to in#esﬁigate cﬁn?eniéhtiy‘thé effect-of mixéd energy_.
release. Withoutvrepeatingvthgir éalculations our results cannot be
quantiiatively compéredzwithitheirs; Quf dualitatiVe'Compgrisons indicate
that thebconclusionsiéfe mutﬁaliy,cdnéistent. Sinée théirimodel éséumes‘
' threebpérticles of equal'mass,icoﬁpariéoné éhould be'madé tp'our calcu-
latioﬁé.for the_massjratioieQualxto éne. Several common conclusions
vappear in fhe tﬁo studieé: if the fraéﬁioh 6f:repﬁlsive energyirelease
is sméll (< 30%), very little energy is phannéled into. product translation
and ﬁhgs.the repulsion must be efficient for exciting vibrational motion

in the MX bond;'the‘principal effect of increaSing Ei is the reduction of

»

© the resultant product'tfanslétionél energy; an increase of the force
constant ratio generally yields an increase of product.translational
energy, but for low force constant ratio values singularities in the

calculated results are observed (see Fig. 2y . ’
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In summary it appears that a Significant mass effect may be a large
factor in the cause of the observed differences in the energy partitioning _
observed for this set of reactions From the parameters necessary to fit

the data a prediction may be made:for.the general features of the potential

“energy surface that vould be required for exact classical trajectory

calculations The energy releaSed as product repulSion should be near
20% and the force between the halogen atoms during the initial part of -
the separation when the. maJority of R is released, and the magnitude of
the 1n1tial attractive force between M and X must reflect the relative
Values of the initial forces that correspond to the range of force con—-'
stant ratios that was»found to be appropriate here. Three traJectory
calculation studies have been‘report'ed;9 each used.a different'surface to .
approximately fit the experimental results. - Surface.III—A of Ref. 9(b)
is the best surface found in that study, a qualitative glance indicates
that it does indeed approx1mctely conform to the predictions made above.
When detailed product velOCity analySis becomes available, for these
reactionslO much more reliable values of the enexrgy partitioning'can then“

be compared with the results of this model. It may then be of value to

investigate these systems in,greater detail. In particular it would seen

likely that the repulsive'energy'release'would be'primarily'a.functioni.

of the.halogen molecule and relatively.independent.of-the'alkali atom}

If this is the case, comparison of the reactions of all-the alkali'atoms_y
with & given halogen molecule would perhaps yield Significant information’_
concerning the amount of repulSive energy release and the magnitude of the

repulsive force for each halogen diatomic negative ion.
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V. ' APPLICATION OF LINEAR NORMAL MODES MODEL TO THE
REACTIONS OF THE ALKALI METALS WITH ALKYL TODIDES

Al Introduction-

The feactions of thefalkaii_metais‘with ﬁhe'alk&l iodidee have beeﬁ
the subject of extensive inveSfigationsiin croseed moleoularvbeems.l
Product Velocity ehalysis'of the'reactive soettering;of theeebsyétems was
not included in the studiee of Ref. l(é)?(d); but these additional data
have now been colleoted fo?Ethe_reacﬁiohé of fhe-ﬁeayie?zalkaii metels.2
The fuilfresults‘of these:later ekperihental.sthdies have ﬁot yet been

published; bﬁt two strikiﬁg:quelitatiVe:fesults have_beenvreﬁéeled.E In
‘the reactions of the Seriee Cs+I}Rf - cér+§', where'Rf islmethyl, ethyi,
n-propyl, of n-butyl radical, the CsI is observed“to be.fofmed.with
roughly the same centef—of-mass‘(CM) Speed.irfespective of the:Rf group.5
Since the exoergicity of these. four feectdons are:very nearly.equal, energy
conservation requires that in order for the above observétioﬁ to be trde,
the 1nternal excitation of the products must 1ncrease as R' is varled 3

from methyl to butyl Secondly, in the Qerles of reactlons M+I-CH3-+ MI+CH5
where M is Cs, Rb or K, the MI product is observed to be formed with
approximately the same CM momentumnregardless of‘the mass of the alkali.
atom.LL The-model developed in the preceeding chapﬁer is here extended

and applied to these two series of reactions.

The M¥’ICH3 reaetions heve been extensivelyrinveetigated by exact,
classical trajectory studies.5 Unfortunately,.thevpotentiél ehergy_surfaoes
chosen for these studies were selected to yield product translafional

energies in agreement with the experimental results that were indicated

at the time the theoretical investigations were initiated. Improved
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kinematic‘analysis techn_iques]_‘a have ahown that these earlyAexperimental :
results were significantly lower thah“thetpreséntly,acCepted.values.
Consequehtly, the:theoretical ihvestigations:can no longer be- taken as
indicative of the dyhamics ofvtheqe particular reaction< Much iess
attentlon has been glven to the reactlons of the heavier alkyl 1od1des,.'
although Raff6 did report exact three-dlmen51onal traJectory study comparla
~sons of the K+~I02H5 and’ ICH5 reactlons.- In addltlon, Ottlnger5 has reported
exact computer solutions of the energy partltlonlng in the Cs + methyl ethyl
‘n-propyl, and n-butyl 1od1de reactlons for a one;dlmens1onal llnear collision;
his model treated each‘CHe_or_CH3‘groupAas a separate particle and his .
potential energy of interactiOnvhetween'thenparticles is.more sophisti- -
cated than that considered here. Nevertheiees,‘his calculation failed
to it the observed constancyTOf the'CsI.product CM speed with:chahging
R' group. | | | |

The following application'of the harmonic_oscillator model to the.
CS+IR'Vreactions.will (1) show that'the.observed'approximateVCOnstancy
of the CsI CM Qpeed can be accounted for in the 1mpuls1ve 11m1t where
the R'-I repu151on is the domlnant force 1h the collision, (2) argue that
the model should, in fact,.proylde falrly reilable estimates of the actual
energy partitionihg beCause the obéerved reaction featuree are SO near the
impulsive limit, (3) indicate that one shouid‘observe substahtial'internal'
excitatioh in the R' product;,With the poesible exception of»thevmethyi
group, and (4) provide a qualitative.inddcation of the importaht forces,
which should help to provide'guidelines for the selection of.an appropriate
potential energy surface for any future exact trajectory calculations.for.'

these reactions. In addition, the model parameters that prove most successful
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in reproddciag the cbnetaﬁtfCsI-Veldéity;wwilivbe-takeh Qithbdt-further
adjustment to account for the‘approx1mate equallty of the product CM
momentum for the reactlons_oij? Rb_and-Cs w1th_methyl iodide. This trend
will be predicted to continue for tﬁe two,iightestamembers'of the"alkali.
family, Li_and'Na, but.thevpredicted»teaetien dynamics are.significantly
different for these two_alkalis aad:obaertable,differences in the prodact
energy distributiohs ma& result. :Experimehtai etudies_iatended_to deteff
. mine these as yet’uninvestigated features are currently planned in this
1aboratofy. | | | -

| B. Formulatlon

The methyl iocdide reactlons may be treated dlrectly by the model’
formulated in the precedlng chapter, but the reactlals of the heavier
alkyl 1od1des with Cs are more reasonably treated by an extended model.

The reactlon of Cs+I-CH3 has been treated by both models to allow comparl-
son of results. The extended model will now be discussed.

The reaction is treated as that of fodr particies, with R' = CHQ—R,_
which arebconstrained»to.a linear, 6ne-dimeﬁaionai collision with the bonds
labeled as shown in Fig. i. The partielee arevgiven the atomic masses of
Cs and I for the firstvtwo particles and the sam_of'the atomic masses}Of

CH, and R for the second two particles, where R is H, CHB’ 2 57 or C5H7'

2
Thus, this model treats the hydrocarbon radical;_CngR, as a diatomic
molecule and so predicts the samedbehavior for Cs'+ n-butyl and i;butyl.
iodide,IWhereas Cs + i-prbpyl, s;butyl,,andlt-butyl iodides are_not con~
sidered’ The potentlal energy is given in terms of A AQ’ aad AB’ the.

displacement of each bond length from its equlllbrlum value, rie (i.e.

e
A, = r,-r, ), as
i 174 ‘



Figﬁre l.('

g

Effectlve potentlal energy surface, w1th energles glven in

L kcal/mole, for r3 held at 1ts equlllbrlum conflguratlon The
o mark denotes the qtartlng p01nt of a reactlve trcgectory

,for 19 O kcal/mole repu181on,, A&_equals:the_d1Splq¢ement_of

S rl from 1ts equlllbrlum value. J'

3
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: 0 '
B AB) = 1/2 klA + 1/2 k2A2_ + 1/2 k3A3 » by €0

=1/ klAl +1/e k3A5 A2_>_ o_.._

V(A
(1)

The force constants k. ‘and k5 are taken as equal to those in a conventional

1
Cs-I and C-C bond respectively, whereas,rirand r3 do not enter 1nto the
calculations; thus,:kl‘and k3 are 5.hhxlohldynes/cm8 and 4.35x105

dynes/cmj respectively. The I-CH, force constant,ke,is varied as a
parametervof the model.

At the start of the reactlon all four partlcles are stationary, i.e.,

(O) '(O), o) _ 0, Aé‘O')< 0 and Ag 0) > 0

bond dlssoc1atlon energles,

= ﬁﬁ} ) = O. Further, Aé
such that ADO, the dlfference 1n CsI and I- CH2
O
1s~equal to V(Aj' , Aé ) )7> ?husé » :V(Al A. AB) has the correct
limit of zero as A, -+ oo for A1_= AB== 03 however, the limiting be-
havior for separated reactants Aj‘—>+ oo) ig wrong and this model effec-
tively assumes that the very slowly approachlng Cs and I—CH -R feel no
force until a critical 8 is reached whereupon Eq; (1) applles and
reaction is certain to take_place. The energy 1nt1ally present in

compress1on of the I-CH bond 1/2 k (0)2.—

P, is.referred to as the
repuls1on and. can be eas1ly varled as a second parameter of the model

constant by simultaneously

while malntalnlng the totalvexotherm1c1ty, ADd,
changing:the value of £§O). 'Theﬁexothermicitiesfof‘all these reactions
are approx1mately the same and were taken as AD = 28.7 kcal/mole.9

Hav1ng fixed these initial condltlons, the subsequent class1cal
motion of the system is followed by a normal coordinates analysis; the
reaction i1s assumed to be completed when.AQ'goes»through zero. At this

point the products are assumed to stop interacting and the partitioning of
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the reaction exothermicity is.determinéd by decom§¢éing'£he instantaneous-
vales'of the normal coordihaﬁes:and their time deri&éfives intolviﬁféfional
energy in each éf the fwo pfodﬁétfdiétomicé and relative ﬁranslational
kinetic energy.éf sepa;afioh;.Ef. -Figufe 1 shows an:effectiQe'potential
energy surface for a k

2

_ . _ o e ‘
observations. The initial r2 distance is 2.18A, the equilibrium C-I

value which is found to best fit the experimental.

distance in ethyl iodide,lolrépreéenting é ;562 gompression from the C-IT
distance where the I;CHé repulsion d?bpé to zéro; the initial_rl distance
is 5.822; the résultént Qf a:.50; exténéion;of the 3.52& equilibrium Cs-I
distance reported in Ref. 8; | |

It is very artifiéial to'tfegf'ﬁhe'ﬁethyl_group §§ CHE-H Wheré‘the
force cdnstant 1s set equal to théKC-Cnbond forée éonstant.’ Cbnééduently'
the calculations for the méthyi”iodide:reaétions have been carried out
using.the three particle médel ofithe pfeceding:chapter; 'Partiéle three
represenfg the methyl rédical and‘its maszis,set equal to the sﬁm of:the
atomic m55ses of CHB. ' ' - .“ | |
' C. Resu}ts

The solid curves of Fig.2 give the best results of the*foﬁr'pafticle
model. .The 19.0 kcal/mole'in'repulsioﬁ ié'dictatéd‘b& the necessity of
' I reaction;

5

this velocity varies, approximately, as the square root of the repulsion

matching the observed CsI CM produét'speed-frOm the Cs+CH

ovér the whole range of I-CH, force constants. Figure 2 also presents

2
the results for Cs~l~-I-CH_5 whén the more realistic three particlé model 1is
used for this reaction; over most of the range in kg the two calculations
agree, and the slight difference at very high ké values is simply due to

the greater velocity imparted to the I atom upon recoiling off of the

heavier CH, group.

5
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Plot of prbduct'CéIvCM speed.Vérsus the’I-CHQ force constant

for 19.0 kcal/mole repulsion. The solid curves give the results

- of the.fourvparticle Cs-1-CH,-R calculations. The dashed curve

deviating frdmvthe Cs-I-CHQ-H solid'curveifor high force constant

values presents the results of the three particle calculation

~ for Cs—I-CH3;vét'lower force'constahts,vthis.is indistinguishable

from the four particlé;calculation;” The dashed lines give the
'experimentally obServed CsI CM speeds cited in Ref. 3. The

dotted lines on the left give the adiabatic limits, where the

repulsion is released so slowly that it mus£ all appear as

" product transiational enérgy.’ The dottéd lines in_the‘middle

of the forcevconétant range give the three particle impulsive .

' 1limit (never reached) in which the I impulsively kicks off

of the "CH,-R particle."



CsI Product cm Velocity (10%cm/sec)

o]

o -122n

T *'_.'lg'VA_|’".__|'-:'|'_ 1 |' —
Exothermicity = 28.7 kcal /mole
3.2

n Mo
» o

Mo
o

sy
0y

~ Repulsion=19.0 kcal/mole—|

 |. J | -.'l“ml. |'"' |' |  |

o

5 10t2 5 1002 5 102
I-CH, Repulsive Force Constant (dynes/cm)

Figure 2

5 10

" XBL 703-492



~123%

‘For the results presented in'Fié. 2;‘i£-is”possible to examine three
limitingjeases in which the dynamics may be'undefstopd as two particle
interactions.v The_firstiof these, thevadiabatie limiﬁ, is.approached on
'tﬁe far_left:of the drawing where the I-CH2 force cons£ant is so wesk

relative to those of Cs-T end CH,-R that'these two dietomics separate as

if they were single particles. Thus, the full repulsion must appear as
kinetic energy_of separation, E', so that the CsI CM product speed is given

in terms of M T_on R CsI CHQR/M (M = mcsI+mCH2R)'by v

}1/2;' | 2)

g -1
u0sI = Moer {EP“CSI-CHER s

Ungp C@N never exceed this limiting value. The striking aspect of Fig.

2, with respect to this iimit, is the large deviation of the actual’
calculetionbfrom the limit eveﬁ for:the smallest value of k2 examined.
In the secord limit?va three pa;ticie impulsive limit, the I-CH, force-
constant would greatly exeeedvthatref CsI.but be_less than that of CHQ-R

so that the I atom would recoil from the rigid CH.R group and thus

2
e (3)
SIS |

where Hi mI H R/(mI CH R) Although this 1limit is never reached

—CH R

for the values of k and k chosen here, it indicates the physical origin

1 3
of the rapld rise shown in Fig. 2 of the ethyl, propyl, and butyl iodide

curves as k2 is decreased from its hlgh llmlu

The third limit, the two particle 1mpuls1ve limit,voccurs'when k2

becomes much greater than either kl or k, so thét the entire repulsion

>

appears as recoil of I from CH23 in this case,

} -1 ,1/2 |
Yost = MosT [QP“I-CHQ} ()
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~ Where M. dH # mImCH /(m +mCH .. Tﬁe results of Fig/.E'show thaflfhis
llmlt is reached for ky > lO6 dynes/cm where the curves for all four :
reactions coalesce to the value glven by Eq. (h) The qualltatlve shapes
of the curves shown in Fig. 2 are s1mllar over a w1de range of repulsions
from 5 to 25 kcal/mole, although of course, the magnltude of the CsI
speed varies with the repuls:Lon, in partlcular s the n_mpulswe llmlt is

reached . for k 2,106 dynes/cm OVeEr: thls entlre range of repulslons.

2

The near equxvalence of the experlmental CsI CM speeds 1nd1cate that
the reaction dynamics must be near thlsAlmpuls1ve two:partlcle llmlt.ll
This is of added interest to a model.suchlas that preseated here, which
no doﬁbtvgreatly'oversimplifies,the aCtaal'forces, becausevaf the im;
pulsive.limit the energy partitioning.is:solely depeﬁdent on the fraction
of the reaction exothermicity released as:I-CH impﬁlsive repulsion;
thus, the use of such a simple force model to explain small departures
from the 1mpu151ve limit mlght ‘be ass1gned a good deal of credence,

whereas application of the same model to another reactlon system far re-

moved from this limit might be of much more questionable usefulness.

Figure 2 indicates that the slightvdiffereﬁces in the experimental CsI €M

speeds for these four reactions are best Fit by'a.'k2 somewhat'below the
impulsive limit, i.e.; k2 = 2><]_O5 dyneS/cm;'Table I indicates the quan-
titative extent of agreement of the experimental data and the model for

20

is interesting to note that this value of k2_is close to the C-I force’

constant in the alkyl iodides, where kC_I=2.6><lO5 dymes /cm.

this value of k Although there is no a priori reason to expect it, it

L]
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TABLE I.  Product Enérg& Paftit3oning‘fbr'the Cg. + Alkyl Todide Reactions(a)
. - | o | . )
Reaction Experimental(b)' : , Calculated
' CsI CM Velocity ~ CsI CM Velocity CsI Vibration CH,-R Vibration
' » Energy “  Fnergy
Cs + ICH, SR 1.7h 0 11:k9 .03
Cs +_,J:02H~5 2,05 196 o 12.03 b.77
Cs + IC;H, . .2.09 . 2.10 120 6.71
Cs + IOHy 2.00 - 232 13.15 6.%2

(a)ViErational energies‘aré given in kcal/mole, CsI CM velocities in units of
10 cm/sec. ' . '

(b)
(e)

Experimental results cited in Ref. 3.

Results for exothermicity = 28.7 kcal/mole, repulsion = 19.0 keal/mole, and

I-CHQvforce constant = 2{Oxlo5 dynes/cm.
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It is also of intcréct to examiﬁe thé partiﬁichingpcffﬁhg ﬁroduct
vibrational excitation between CsFi‘ahd CHé—R. Théce}dété?aféfpfesentea'
in Fig; 3 and the particular‘values shown in'Fig;.B fcr‘ké_%_2x105'
dyheé/cm afe‘presented in Table I as well. Iﬁ the édiébaﬁic‘iiﬁif CHéeR
is unex01ted and CsI appears w1th the v1brat10nal energy 1n1t1ally put-

(o)2
into Cs-I stretch l/2k .

In the £Wo partlcle (I-CH ) 1mpu151ve limit,
the vibrational excitation‘in Ce-I and CHng may once'again.be calculated
from conservation of energy_and lineaf mcmcntqm;‘the curycériﬁ Fig._} BTE
near these limits for k, % iOévdynés/cm. Figcre 3 illgctrgtesvthat the
Cs-I vibfational excitation is well.above the,adiabapic iimit ovcr_the

2 ‘ -
Fig. 3 is the very sharp rise in the Vibraticnal.excitaticnhof CHQ;R as

k2 is increased from 1 to 5><lO5

whole range of k. values studied. chever, the’most'stfiking’féature of

dynes/cm. Since this:range‘includes the
k2 value necessary to best fit thc‘CsI'CM'speed; itlsuggests that the
CHE-R iﬁternal excifaficn'is probably the.experimentally measﬁreablé
energy cartitioning parameter which is most‘censitive tokfhe-fofm and
strength of the I_CHQ-repulsion; unfor#pnafely;'thié is the énergy
partitioning parameter which is crobably most difficult to‘dcfermineﬂ
experimentally. .

The CM momentuﬁ of the MI products from the.alkali‘metal-methyl iodide

: , _ v

reactions may now be calculated from the three particle model by ;etting'

5

the repulsive energy release equal to l9_kcal/mole ahd k., equal to 2%10

2

*

dynes/cm; these values best fit the former results and thus sre not adjusted

further. The results of these caleulations are included in Table II; also

0 . 1

were used to derive the results shown except for the Na+CH,I reaction where

shown are the empirical values of AD_ and k.. These experimental values

3
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'Figdref3 Vlbratlonal exc1tatlon of the product dlatomlcs soiid'chfvesa'
for Cs-I and long dashed curves for CH —R The short dashed
llnes at the llmltlng low and hlgh I-CH2 force constants glve

the adlabatlc and two partlcle 1mpuls1ve llmlts for the Cs I

,ex01tatlong‘*
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TABLE TI. Product CM Momentum for the Alkali Metal + Methyl Todide Reactions'®)

Reactions ADO(b)' R kl(c) Qélculated.(é)MI  : Experimental(ej MI
| : - CM Momentum CM Momentum

Ii + CHBI' | 3og3i2  _ 9.38 o #50.0' | | o .-

Na +HCH31V 18.kz2 \ ‘" _7,7@ :  1:‘ U626 ,.  - _i ‘5;;f

K+ CHBI 2.5t 46,11 _; 156,71 v 7 o e

R + CH,I  22.hs2 Css o bs6lk o o

Cs +CHT 282 53 k28 . kg

(a)ADO giveniin kcal/mole; Momentumvgivén in lOu gm-cm/sec/mole. 'kl

| 4
given in 10 dynes/cm.:. :

(b)ADO = p, (M) - DO'(CHB-I) is the reaction exeergicity. Bond dissociation

data were takeh from‘Ref.‘9, For the Na + CH T feaction it was necessary

5
to carry out the'calculation for ADO :_19.0 kcal/mole in ‘order to allow
19.0 kcal/mole to be included as product repulsion.

(c)
(a)

Calculated from data given'in'Ref; 8.

Results for repulsion = 19.0 kcéal/mole and I-CH, force constant =

- 2.0x10
(e)

dynes/cm.

Calculdated from the results presented in Ref. 3.

e,
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ADO was sct_equal to 19.0 kcai/holé:in order to aliow thé rénuléive cnefgyv
release to equal 19.0 kcal/mole. The fesults,agree Well with themone
expérimentél Vélue that is:availablé and with‘the near.constancy of the
product MI CM momentum'obscrved for the three heévie£ alkeli netals.
This constancy is a direct result of thevfact that all three systems are
very near. the I--CH5 two partlcle meu151ve limit where the momentum is given
by R - ’

vM}MP - <2PMI-CH3)' o

For P = 19.0 kcal/mole,.ﬁ" = h62.5

where Fr-cn, T M1 Yen /(g CHB)’ ™P

(in units of_]_OLL g-cm?sec/mole). Figqne L presents the energy pértitioning
as a function of ké overiatVéry éxtcnoed range in.order to fully demon-' |
strate the impulsive and.adiabétic limits_with the intermédiate region
where tne MI'osciliator absorbs significént amounts of:energy.. The
impuisive‘limits are indicated on tne right by thevdotted lines an& weré:
caiculated from HEMP' ‘At:the adianétic limitIWhich is closely anproached
at the left of Fig. 4, the fnll P = 19.0 kcal/mole enters.the product
translational kinetic energy. The secondaryiunduiations.apoarent in

the curves are due to tne'vafying'number offMI.vibrational oscillétions

that take place during I-CH separation. The vibrational excitation of

3
the MX molecule may be simply obtained by subtracting the product trans-
lational kinetic energy from ADO.

D. Discussion

1. Cs + IR' Reaction Series

The model presented here is very simplified in -many respects: 1inéar,
four-particle configuration, no initisl tranélational energy or reactant

excitation, and very idealized forces. Ottinger5 presents arguments to



~ Figure L.

ke

Energy partltloning 1n the M + I-CH reactlons as a functlon of

3

o The dotted llnes on the rlght 1ndlcate the 1mpuls1ve

'~:11m1t for each reactlon, for Na + I-CH5 thls llmlt c01n01des N

'diu_w1th the solld curve . The L1 + I-CH3 results are presenbed

) _The vertlcal dashed llne 1nd1cates k 2XlO

:has - dashed curve only to dlfferentlate it from curves 1t crosses.'-f;l

> dynes/cm Whlch

'.'.was used 1n the calculatlons presented 1n Table II
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. justify a linear model. A more'important reallaation_is that these‘reac-
tions are near the I-CH2 impulsive limit whereathe energy.partitioning
should be independent of_the actual'intermedlatevconflguration'and detailed
force laws, and should_depend only on the I4CH2 impulsive.energy.released.
In Ref. 3, the effect of an initial reactant.translationallkinetic energy
was studied.and found to be relatively small; 'Thebeffect'of'reactant
kinetic.energy on the present_calculations'isbalso readily estimated at
the I-CH2 imoulsive limit;tan initial relative;velocity’charaCteristic of
the thermal energy in therexperiments causes a decrease in thevpredicted
CsT impulsive limit CM 'speéd,' from ~Fb for CHjI ta ~i7% for cuH9I; Thus,
1ncorporat1on of 1n1tlal reactant kinetic energy into the calculatlons

- would probably allow better agreement w1th the experlments than is shoWn
in Table I. ‘

Ottlnger s 5.vcalculat:ionsforthese reactions;ibased:onfa‘similar,
but somewhat more sophlstlcated one-dimen51onal llnear model represented

: the alkyl radical as a chaln of CH partlcles w1th-harmon1c binding forces;
lln addltlon, a more complex potentlal functlon was used to represent the
Cs~ I-CH2 1nteract10n These calculatlons were unable'tOumatch the

'experlmental observatlons, almost certalnly because of’the potentlal
energy functlon employed For the potentlal surface of Flg 1, Ottlnger s
P parameter (ratlo of - initial I-CH repu131on to Cs-I attractlon) has a |

~value of 2.68, which, by h1s cr1terlon, represents conslderably more
repnls1on than any case examlned in Ref. 3. HoweVer,rln-contrast to the
results:oeref..B, the-present Calculations indicate_tnatbtne fraction of
the exothermicity appearing astproduct recoil»increases‘monotonically

with increasing repulsion P. This characteristic is due to the lack of
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.any "kink in the walls of Our.poténtial vélley" shoﬁn in Fig. i.” Thus; -
the open exit channel of.our_surfacé_éllows:thé CsI‘épeéd t§ increase
monotonically with the’pfogreés.ofgihe reéction‘raﬁﬁer than eﬁhibi£ing_
the undulations apparent in Fig. 5 of Ref.>5.v;oﬁ our surface,_the energy
in repulsion ié released.oVer a shért period of time; béfofe thg Cs étOm
or R group has mqved appfeéiably; coﬁsequénfly, thé.I;CHQ impulsi§e iimit
is approached. 1In contraSt? the>trajectories shown iﬁ'Fig. 6 of Ref. 3
indicate that the "kink" in the poteﬁtial‘sufface émplbyed‘there prevented
a similar behavior and the CsI bond ﬁndergoes one half to one full oscilia—
tion before reacfiéﬁ isvcomplété..' | |

Another S£riking difference is thévabSeﬁée of any,appréciable élkyl
group éxciﬁation repbrted fofbthe ééléulatidﬂsféf Reff'Bvih cohtrast to
the appreciable alkyl ‘g‘roup’ ei'citaﬁén predic‘tealhere'. Although the
representétion of the alkyl group as'a_diatomig:tﬁaf is.emplbyed hére
is a rather crude model, the exitafioh appearing‘iﬁ it éhould, névertheless,
be indicative of the internal éfcitatiqn-(botﬁ rotation and vibretion) of
the radical in the actﬁal>reéétion becausevthe reactibh is so near»the
Zt-CH2 impulsive Limit where,conservatioﬁblaWS dictéte fhat the internal
excitation in the'pfodqcts.cah dependlbnly on'ﬁhé impulsivé I-CHg-energy
released. - Actuallyl these reactions dbbdefiate somewhatjffém thié'impul—
sive limit and the diatomic representatioh of the alkyl gfoup employed
here should underestiméfe somewhét-the‘excitétion trahsferréd'into this
radicgl for a given I-CH2 eﬁergy réleése; this effect should be more

important for the larger radicals.
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Raff'56 three-dimeésiopgl trajgctory caléﬁlations for K + ICHQCHg
treated as_a'four parficle reactibﬁ syétem empl@yed é poténtiél energyv
function:Cthen to matéhvthe eafly erroneous expefihéntql.feports of
slow separation of‘highlyveQCited prbducts;ig Sihde most of the energy
was réieaséd as ﬁhe réactahfsaépproached; Raff obser&ed that'thé direct-
interactioﬁvtrajectorieS'pfbduced lérgé.K;I excitation and little energy
in éitherbproduct‘recoil.or intefnal EXqit5fion of the éthyl-radicél; a
éimilar.beﬁavior is observed in thevpreéent_model éé'both P and_kglare
decréaéed. Raff did however also observe a second mode of reaction, via
formatioh of a.long-lived cémplex, in which ﬁhé ethyl radicai was con-
siderably excited; the éresent calculétidn_fails'to feproduce this $econd
reéctioh mbdé for any values of P ‘a.nd'k2 considergd,vundoubtedly due to

the lack of any attractive interaction in'the r, coordinate.

2. M + I-CH3 Reaction Series

Treaﬁment of these reactioné by~a thrée_parﬁicle,'linear model with
no-iniﬁiai'enérgy‘of'éppfogghfand:ﬁith-VeryLsim@lified,forces ié‘very crude,
but should yield reasonablé'resulfs dﬁé to the foftuitous imﬁulsivé

nature of the reactim dynamics. The threé parﬁicle treatment is partially

>
due to the light mass of the hydrbgen atoms. In particular it is expected

Justified because it iS'iikely that the CH, group behaves as a single particle
that the CH5 group will adiabatically relax to a planar,béSSentiallyinon- v
vibrating configuration as the I atom departs at a relativelyFSIOW velocify.
If the I atom were removed very rapidly with respect to the vibrational
speed of the H atoms, the CH5 radical would be expected to be left in a

highly excited Vibratidnal‘state due to the initial pyramidal distortion

from its planar, equilibrium configuration. Because the cross:section of
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e A S R ST o
these reactions 1s relatively small, the product is scattered predom;—:
nately into‘the:backward hemisphere,l and only the 1od1ne end of the'

5 1 1t is very llkely that the reac—

methyl iodide molecule is reactlve
'tlon does 1ndeed occur for only approx1mately llnear conflguratlons w1th
the 1odine atom in the cehterr In the. 1mpuls1ve llmlt the effect of |
incldding a charecteristic dhit;al_reactant energy is a»small decrease of
Mo : 5.2 for CsI to 2.4% for Lil. Thus, incorporstion of the initial
productvtranslational kinetic_energy into the mcdel would not affectvthev
quelitativebconclusions reached here;_ o |
The'previous three-dimenéiohai,_exact tfajectory:ciecdlaticnsvthat
were mentioned before5treach qdelitativei& different cohclusione'thah.éref
fouhd here duevto the cheice oftpotential energy surféce; For all theee |
reactions 807to 90%vof,the totel energy was channeled ihto internal:excita-
tion of the products,lSAWhile hefe, M‘tcdho% is the hange of values,. The
wide range of values found here is due pfimarily’to the difference of
ADO among‘the reactions and eecondly‘to thebdifferehthfréctionsvcf P
channeled into inteﬁnal excitations It is interestihg tovnote that the
reaction mechanisms on the potential sdrfecevwhich best fit the observed
. i5 :

backward scattering were of the-very.direct type- that is fcund for this

model. However, the average value -of the angle deflned by the three
partlcles in the reactlve collls1ons was only 108 15 the primary reason'
that such a $mall angle was observed is the sine probablllty welghtlng of
. the configuration angle. It should be again empha31zed though, that the

energy partitioning between translational energy ahd interhal excitation

at the impuisive limit is independent of the angular.configuration.'
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ln closing it‘is apbropriate to>speculate on”the‘possible implica-
tions of the models'presented here. By virtue of the light mass of Li and
the relatlvely large force constant of LiI the reaction of Li + I- CH5 ia
expected to deviate from_the 1mpuls1ve llmlt tovthe greatestlextent.
Figure h'(which emphasizes the deviations since.itléhows energy rather
than momentum or velocity) does indeed show significant dev1ation | Care-
ful studles of the velocity distribution of the scattered LlI product
are planned at thls laboratory to determlne if the product translational
energy is indeed less than that found for KI.' If the trend of constant
product CM momentum is strictly'followed the‘LiI translational energy will
be higher than that of KI. The_angular'distribution measured for the
vreactively‘scattered LiT in Chanter III shows:a significantly broader
distribution than that measnred-for the heavier.alkali metals. A possible
explanation is that,the.Li doea indeed interaot in a more complex manner
with the dissOciating I-CH3 than would be the case at the impulsive limit.

The model nredictions for the Na +ICH3 reaction‘also exhibit qualita-
‘tively different behavior.' It is the least exoergic of all the alkali-
methyl.iodide reactions with ADO = 18.54+2 kcal/mole; .Since approximately

19.0 kcal/mole must appear in I-CH repulsion, this reaction may be very

2
restricted in the sense that the Na-T distance may be required to decrease
all the way to its equilibrium value before reaction can begin;din'con_
trast, the other M+lCH5'reaotions may be initiated at considerably larger
M-I distances, conaistent with the larger fraction of the exoergicity
released.as M-I attraction. Thus, within the framework of this model,

one might expect a smaller reactive cross section for Na+ICH5 and indeed,

. . . . 1
experimentally, the Na+ICH, reactive cross section is reported  to be

3
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c'onsiderab»]‘i_y smaller thgn-thatibf Li or K+ICH3. It 1s even ;g’bséibie
that such a.restricted'approaéh Would:iﬁfolve a siénificant'activaﬁion
energy fdr this reactiopj_no indicatibn of énvéctivatioﬁ‘energy has yet
been found_for any of thé feactions-of £he.alkaii'metals with the diatomic
hglogens'or alkyl iodides} _An-investigétiOn‘attempfing to measﬁré thé
dependence of the réactivé'scattering of this'réacfign upon the initial.
translational‘kinefic energy will_also be attempfed. Avfurther_charac_
teristic of this reac?'cior_l. may al_sov .bé'pred-icﬁed . Asv- S_howﬁ' in Fig. b
the product translatidnalikiﬁetic energy is véry‘close to the iﬁpulsive
limit regardless of the.ASSumed vélue éf”ké; éince the'initiél kinetic
eﬁergy-has such‘a smalifeffé¢t,,tﬂe_megsured pfdduét recoil velbcityf
should be siﬁply the siﬁglé impuiéive Veldcityriﬁpdsed upon‘the‘distribu_
tion in center of mass:veldcitiesbin ﬁhe‘crOSSed beams . An'attempt:will
also bé madé to measurekthis velocity distributiéh.<,bevia£ions of the
distribution from that predicted_hére-Should be Very ihdicativebof finer
details of the potential energy éurfade; |

Fiﬁally, the sigﬁificaﬁce of the'tﬁo defivéd ﬁodél parameters.éhOuld
be discussed. The results can only be'consisfent with very close to
19.0 kcal/mole released aé repuléidn between the Ifatom and thevCHé gfoup,
This assertion can now be madevwith thé c0nfidehce Qf hindsight; by con-
_ sidering.sﬁch data as'bond:dissociation energies, vertical electron
affinities and probable shapes 6f potehtial energy'curvés, an.estimate
of the repulsive energy release was obtained by other workers énd'it
was alsé 19 kcal/mole.:.-"6 It should be'emphasiZéd that these two identical
results were reached separately by independent studies. Secondly a

value of k, = 2X10° dynes /cm was found to best fit the available data
A 2 _ .
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for the CsI-ﬁroduct Velocifiés; Not as much credence canibe attééheél
to the ébséluté value of ﬁhis_parameter, howefer;_as:there is no-reasén
to believe that‘the potential‘Surfacé-is adequafelyfrepreéented.by the
parabolic suiface appropriate to this ﬁo&ei. However, it is'beliéved
that.theAreﬁulsive f§f¢e over.the région.oﬁ'the true potential energy
surface Where the majorify'of_P is reléaéed ﬁust'be comparabie'with the
force.found in this:model.‘ These two pérametéfs shouid certainly sérvé
as valuable iﬁput infofmﬁﬁion'in.the:choice of a ﬁoténtial energy sur-

facé for future exact trajectory calculstions.
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VI. APPARATUS FOR STUDY OF THE VELOCITY DEPENDENCE OF |
- ELECTRONIC ENERGY TRANSFER IN ATOMIC COLLISIONS

Processes.of the’
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A. Introduction

type,v v .
SA+B o :',-., o bl(l)-
Sy ey
S +B (3)
e W)
A+ B e o o (5)
e e
_,AB+?fo - }'_ '_.  ",’ _(7) '
; A+ B+‘+ X - 1 o v \ . '(8)

systems to study by the téchniQue of crossed

moleculsr beams. A is an atom in a metastable, excited electronic state

with a lifetime long with respect to the time feQuired to travel from

the'excitatioh regién to the collision zone (approximatély 10~

IS

3

sec).

* % * : AN : L »
B, A ,and AX are species in electronically excited states with

allowed radiative transitions with lifetimes short enocugh (§,10_6 sec)

that the excited species cannot move'appreciaﬁly on a macroscopic scale -

N

in the time between collisional fprmatioﬁ and emission of a photon.

’

Providing that the waveiquth of the ‘emitted photon is_in the proper

range (™~ 1500 & to 8000 K), positioning a photomultiplier with a narrow

bandwidth, interference filter directly below the collision zone pro-

vides a specific detector for the excited product. For processes

(5) - (8), where ions are the products of the collision, an electron

multiplier in place of the photomuitiplier would prbvide an extremely



sensitivevdeﬁéCfor with very littlé:iﬁtérfering background. An:obvious‘
extension woﬁld‘be tbbprOVide for optical excitation of atom A iﬁ the
collision zone; with this excitstion mode the lifetime restriction that
was ﬁlaced onvA*.could be.relaxed and a'mucthider choice of incident
excited species would be availsble. | |

This éhapter describéévan appératus.ﬁhat has beén cohétfﬁcted_to :
investigate the Velééity dependence ofvthe'tdtal.cross sections of the
processes (l) through (@), ,An.invéstigation of a system that is a par-
ticulér example-bf (l), Hg* +'Ti;+ Hg +}Tl*,'has been completed and will
be diécusséd in the.fbllowing chapter;_the.apparatus Wiil bevdescribéd
here as it was construgﬂed and,operated for this pafticular'systém; The:
vacuum system_as well aé mﬁch ofrthe'auxillary equibment'aeécribed'in'
: ChapterZII Waé used in the'assémbly‘of tﬁis appérafﬁs; fdr discussibﬁ of
- these parts see that chapter. The mechanical drawings, together wifh
UCRL numbers; of the apparatus components cénstfucted for.this éfudy are
included in Appendix A, and the>électric§lvdrqwings are given in.Appendix
B. Figﬁre 1 shqws a’séhemAticvof thé‘essential pérts of‘£he aﬁparatus
that are contained in the vacuum chamber. |

B. Beam Sources

1. Ovens.

The th.incident beams afe each,formea gy molecﬁlarvefquion ffom a
double chamber oven very similar in design to the double chamber oveh :
used for the Li atom source in Chaptef II. Onévimportant difference isv
 that each'of theselﬁwo o#ens is constrﬁcted as one unit;kthe two chambers 
are connected by a thin Walled.tube with all weldéd construction. The
charges are placed in‘the lower chambers by means of thimbles inserted

from the bottom of the chamber and held in place by a yoke and screw
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assemblyf The thiﬁbles;ére séaled.ﬁiﬁhﬂéoppér_gasketé.. in'fhe case of
the Eg éven,‘this seal has been found td:give leak free performance, but
TL attacks‘cbpper‘at high_temperatﬁre; necessitating ﬁﬁe_replacemenf éfi ' _ -
the copperugasket in the Tl oven aftef each experiment.’ | |
As iﬁdicated in,Fig; i, the Tllovehvisvéonstructedlwiﬁh the uppér

chamber beside, réthef'thanvaboﬁé, thé i¢wef chambérs. This desigﬁ was_
deemed neceésary iﬁ order to alloﬁ the oven td fit.conveniéntly:behind the
velocity seléctor; hoWeVer; it has been the cause of bothersbﬁevdifficulties.
When the strceislit iS'aligned‘wiﬁh the &eidcitj Selectbr, the>OVen ié;
of coﬁrse, at room temperatufé; during‘operation,,thele oVen‘is at a high.
temperaturé'and-the accomﬁaning thérﬁal expansion results in a.misalign—.
ment of the T1 oven with respect fa the &elocity séléctqf. in order to
correct for this, the améunﬁ of-ekﬁansion ié’approximatelyvéalcuiated'and
the oven is aligned accordihély. Sinée the_alignmentvstrongly affects the
velocity traﬁsmittéd by the.select§r,'calibrati;n.of the alignment is nec-
essary; this calibration‘wiil bé'discusséd later. If the upper o&en were
.above the lower ovén; expans ion would fake place éiong”thé 1ength of:the'_
slit; alighmeﬁt is much,ieés critical iﬁ.this diménsion and'thug'no prob-
lem would arise. Perhaps the best COnfiguraﬁioﬁ would place the upper
oven in frbnt.of the lower so that éxpaﬁsion woﬁld féke place éidng the
bean path; »

As with the Li upper oven, the Hg_uﬁpér chamber has the_cénnéCtion
tube extended above.ﬁhe_level of the goufce slit ﬁoviﬁsure thermal equi- i
"librium of the effusiﬁg gas. In the Tl oven, a rod screﬁs'into_the upper |
chamber so that it blbcks the diréct path frém the connecting tube to the

source slit; this serves the same purpose'as the tube extension in the Hg

oven. This rod is also sealed by s copper gasket; such high temperatures
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Figure 1. . _ . R P . S
v  -Diagram.§f”the’appgfétus as'vieweayfom abéve,:ﬁThe bédms effuéé ;;1"
from dou51e §h§m?e; oveﬁé’ané.érOSé 5£ 90§'ét“thé $Cétteriﬁg égnﬁér.,‘iﬁe'
enﬁire surface ioniZation detectof asséabl&_(ioniéing_filamént;;ion

optics;_analyzihg mégheﬁ;iélectrqnimulﬁipliér; and'electfical»éhield) méyvk

" be scannéd“in the horizontal direction in order to:¢enter‘the‘filamentj .

in the T1 beam_pfofilé;g o
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have been achieved invthls chamber thatvthe>00pper.gasket has melted,d
yleldlng a permanent leakfree seal. . | |
The Hg oven is supported by a thin-walled, stalnless steel tube

welded to the top of the‘upper chamber. The Tl oven is supported by a

tube which is attached by screws to- the lower oven. Prov151on has been
dmade to allow thls oven to be removed and then replaced 1n the same posi-
tion. - This is accompllshed by holdlng the upper end of the oven support
tube in a clamp that has a ridge around the 1ns1de; the“end of the tube is
inserted so that it is dlrectly agalnst the rldge and thustthe vertical
helght of the oven is defined. The 51des of the clamp'enSurevthat the'tuber
is vertlcal.; The other degree of freedom, rotatlon about the ax1c of the
tube, 1s reproduced by a pln Ain the tube and one 1n the clamp, the oven

is properly pos1tloned,when the oven and tube-are rotated to where these
two'pins meet. o |

| Heatlng of each chamber is. accomplished with 020" tantalum w1re’strung
with ceramlc beads and energized w1th a varlable voltaée a.c. powerstat.
No heat shleldlng is requlred for the Hg oven 51nce only 1ow temperatures
are requlred (generally 398 and 490°K in the lower and upper 'chambers, re-
spe ct1vely), but exten31ve shleldlng is requlred by the Tl oven 1n order to
achieve the high operating’temperatures that are requlred (typlcally 1098
and 1173°K in the upper and lower chambers, respectlvely) .The system
vthat has been found to work best is to first wind heatlng fllaments through
the holes in the oven, attach several layers of heat shleldlng (.001" stain-
less steel foil), then.add & second layer of heating COilsvaround the out-
side of'thls heat shielding and finally'addingimore layers of shielding.
This is done to the lower and upper chambers. Additional coils are re-

quired around the tube,connecting the two ovens and the oven support tube
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in order to prevent cold spots in the ovens. -The tenperature7of each 5f,
the four chambers of these ovens is monitored by a chromel alumel thermo-‘
couple.

2. Shields, Colllmating Slits, and Beam Flag

The Hg oven is mounted on the liquid nitrogen trap attached to the
rotating lid (see Chap. II for a discussion of these apparatus features),
the rotating 1id 1is held stationary throughout thls experiment. Sur-
rounding this oven is a nlckel plated cold shield constructed from 0625"
copper plate, the nickel plate is necessary to prevent amalgamatlon of the-
copper, This shleld is attached to. the liquid nitrogen trap, and 'is cooled
by conduction to 1t. The bottom of the shield is constructed in the form o
of a leak—tlght tray in order to collect Hg condensed 1ns1de the shield
and thereby reduce_contamination of the apparatus. Mercury contamination_
has notibeen a great prohlen..‘ﬁponvopening;after‘completionlof an ex-
periment the apparstus is allowed to ventllate for a period of tlme and
then all‘condensed Hg is cleaned up.' Periodic checks for dangerous Hg
vapor levels areymade'and'eXCept for.immediately'after opening, the.chan- |
ber has‘been_below preScribed tolerance levels. o

The Tl oven, its surrounding cold shield and a further cold shield‘t
surrounding the whole velocityselector assembly are mounted on an addi-
tional liquid nitrogen trap located directly above the selector. The
oven shield is constructed of .125" copper whlle the. outer shield is
also copper but of only .0625" thickness, both these shields are cooled.
adequately byvconduction to the LNe‘trap._ The outer Shleld is effec—

tively a cryogenically, differentially pumped chamber.
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Both . the Tl and Hg ovens are equlpped with standard knlfe-edge,'
adjustable width source slits.. Each beam ‘is colllmated with an adgustable
width slit; the.Tl slit istmounted on.the veloc1ty selector hous1ng while
the Hg slit is attacheddtovthe’lens and photomuitiplier mcunt. Onlj the -
Tl beam‘iS'eQuipped;withfa beam,flag; it is simply an aluminum cylinder
that may be moved_intc the beam'path manually‘withjthe same arrangement

used for the gas beamhflag in the Li atom study.

C. - Electron Gﬁn;

In order to excite thejincident:atom'A tO'its metastable-state,.A*;

- (in the ekpefiment'discussedvlater, A*_: Hg:63 PO,Q) anreleCtrOn gun

is installed between the beam sonrce and the scattefing center.. Electron
1mpact readily produces electronlc exc1tat10n of atoms,l and, in parti-
cular,_thecretlcale and expermehtalB’u studles have shown that the total
cfoss section for theyexcitaticn.of'the low ly;ng metastable states qf
Hg hy'ICW-enefgy electfonsv(S;f to lbi)eV) is fairly large (~3 ‘ZB for
'3P2 &t 6lev).2 '_ | | -

»Placement of the electron\gun betweengthe.sourceislit and collimating
slit does not significantly affect thevcoilimation:ofvthe Hg beam. An ‘
upper 1imit for thebdefleCticn of’aLHg atom in theeplane.af the heamimay
be set by.considering.a:lO'eV'electrcn nndergoing an elastic collision' |
with the atom and belng scattered in a‘dlrectlon perpendlcuiar to both
the atom and the electron beams, a deflectlon of 2 5 would result. To
excite the atom an 1nelastlc colllslon must take place, and thus the de-
flection of the metastable atom‘wculd be significantly less than this

value.
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1. Desigﬁ and>C§nstruction

‘It was desired fovconstruct'aﬁ électrdn'gun with three charaétefistics:
. high cﬁrrent density; reasonably narrbw electron_gnergy distribution, and.
tractable mathematical.description. A schematic_of thé~e1ectron:beam
designlsélected.is'shown‘in Fig. 2. The electrons are thermaily emitted
from the>cathode‘and écéelerated by the accelerating_grid; wheh the céthbde
is operating éuch.that the magnitude of'the currént emitted is space
chafge iimited, the accelerating grid allows variablé control of the
magnitude of thé‘current. The electron beam is decelerated by a secoﬁd
gridjand enters the region bounded by the two plates and the two grids
where ifvinteracts with the atomié.beam. Upon léaQing'this region
'through'the second grid;-tﬁe beam is collected by the collector. Through-
out the lehgth of the electron path, divergence of the beam is prevented
by an intense magnetic field'paréilel to the direétioh of the electron

5

flow. Brillouin has shown thaf a -sufficiently strong magnétic‘field
will prevent the beam from diverging under the effect of space charge;
the electrons spiral around‘the "lines of force" rather than acquiring
a perpendicular vglocity’component. Haef'f'6 hés presented a complete -
»mathematical treatment for an electron beam flowing between two infinite
parallel plates;vfhe.design of . this guh approximates thisvsituation. Table
I giVes the physical characteristics of the elecfron guh; Thé width of
the.electfonvbeam is definéd by the 1éngth of the accelérating grid while

the thickness is determined by the width of the opening between the plates;

‘thus, the electron beam completely fills the space between the plates{7



Flgure 2
Schematlc of the electroh gun;; The electron beamrls.emltted from
the cathode, passes through the acceleratlng grld. and enters the reglon
\etween the two plates Where 1t 1nteracts w1th the atomlc beam 7 Flnally,
I1t is. collected at the collector after leav1ng the plates through the grld »
'at-the top A magnetlc fleld,lndlcated by H 1s.parallel to‘thevelectron"i"

flow and conflnes the beam
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TABLE I. Summary of_Characteristiés éf.ElectrOn,Gun

Cathode Emitting Surface
Width o :g_'\ o 0,406 m
Lengthb: 'v' N _‘2;§8 _cm
.Distance.f?oﬁ:Accéiefatiné Grid 'F.O.9 bém,
: Typiéai Operétiﬁg Voltage_v k C;O- vo1ts
Accélératiné Grid.; . | |
wWidth - o 0.8 cn
Length o 7“. v. B 1i:27'ém
-Distance'from Plates" L s 6.159.¢ﬁ g
‘mﬁdPhweWﬂRh  1905 em
Typical Operating Voltage N o 50 to 80 volts
Plates ” o |
Distahce Befween flétes R o 0.238 ém
Thickness of Each o 1- o O.i59.ém~_
Height o  ,' 1905 em
:‘Length R :-. ' 2.222'cm
. Distance from Coliectar . B O.i59iém'
Collector . | -
Length o B o o 11;905'cm‘_ 
Width . ;-_f- ?; 0318 cm
- Thickness o Y R _'_0.0625 cm
'Elécfron Beam (betwéen”Plates) | |
Width - o 1.27 em

_Thickness o " 0.238 cm




Atomic Beam R :
Hevi.gh’t o | ‘ 079 cm
"Thi"c_:vkrll-e"ssv e o : o :;'Q";l.‘j'?’crﬁ".

 Pole Face Wldth R R 2.5k cm
 Pole 'Favce_"L'e.n'gtv_lvl‘ N .: 25hcm

Pole Gap R o 361cm f.

Calculated Field Intensity ~ ~ 1100 gauss . = .
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The acceleratihg'grid‘is conétructedvof nickel metal with fungstéﬁ
wires seriné as a>grid; in Qrdef to miﬁiﬁiig ﬁhéudiverging effect of the
grid, oniy cross wires ére in@iﬁded_in this grid 'and.the grids ‘on the
plates. - The plétes are fébficatéd from stainless steel and spot welded
togeﬁher ﬁith 0.318 X 0;318>cm spaces betwéenvfhe ﬁlatés at each of the
four corners. This aésembly'has 5é§n nickel plated. The collector is
simply a strip of platinum foil. A éopper'ffamé screwed to the lower
magnet pble piece serves as the mouﬁt fér the abbveﬂfhfee pieéés.  Céramic
rods inserted fhrdugh holes ihvfhé grid plate: supﬁorts_and in the plates
(through the SPacers) aﬁdAfésfened with:set_3créws.provide eleéﬁrical
insulation and supﬁortQ The ends of the'platinum fbil’colléctor are.simply
ﬂwrapped aréuﬁd similarvgeramic fodé;'electrical contact_is made by a
0.0076. cm tﬁngsten wire spotvweldea to fhe foil. :Nickel'wire (0.05 cm dia),
iﬁ spring éOntacthith the.elemenf prbvideé eiecfriqal connections for the
fldte aésembLy and accelerating grid. ”

The cathode is of the indirectly heated typé,'similar to those
described‘by ]Rcisebu:r_‘y;‘8 it is_machined from pofoué tungsten and -impreg-
naﬁed wiﬁh barium calcium aluminafes. This cathode was pﬁrchasedvfrom,
Philips Metalonics (Mount Verﬁon;‘New Ydrk)'supplied with Typé A im-
pregnant, “Although this impregnant iélthe most»resistant to poisoning,
the lifetime of the cathodebwas severely'lﬁniﬁed By contéminaﬁion from
pump oil, mercury, 6xygen and ﬁater frbm_fhe air,vand:vafibus substaﬁces
driven from surround ing materials ﬁpdn heating by radiation from the
cathode. .Efforfsvwere made to minimize this;.but they were not completely
effective. Probably the only satisfactoryvsolution is to'enclqse thé

electron:gun in a chamber that mayfbe kept evacuated and separate from
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- the rest‘of-£he apparatus'except during an ekteriment. The cathode‘is
mounted bj spot welding to tantalum supports:mhicn also provideﬁelectrical
contactl | | | | |

. The magnet yoke isifabricated from soft:iron' and_nickel plated'to
prevent corrosion. The energlzlng c01ls.are s1mllar to. the magnet 001lsv
used in the magnetlc deflectlon analys1s experlments, 0. h76 cm oD _copper |
tubing carrles both coollng water and the energlzlng current A magnetic
fielad w1th calculated 1ntens1ty of llOO gauss is created. by lOO amp
'energ171ng current.
‘2. Operation

During the productionbofdan EIeéﬁ?thbeém the'cathode'is'held at
ground'potential while the’collectOrsand plate arelheld:at the same‘volt—
age (the nomlnal energy of the electron beam.) '-Thefaccelerating |
grid is held at the potentlal whlch 1s requlred to give the des1red beam
current; thls is typlcally 50 to 8O volts. .Durlng.operatlon, the beam
is modulated in'order to allow signal detectlonrby frequenc& sensitive'
techniques. This modulation is accompllshed by applylng a square wave to
the cathode, the negatlve half cycle is at ground potentlal whlle the ‘
p051t1ve half is at a potentlal'larger than the plate voltage, typically
LO V. The magnetlc field 1ntens1ty is. of suff1c1ent strength thet the
rate of increase of beam current (as measured at the collector) with .
increasing field 1ntens1ty has dropped‘almost to zero at typlcal beam
currents. o |

Figure 3 shows the measured Hg metastable atom fluxvas.a_function
of electron energy; the Hg beam was bombarded by a 0.30 milliamp beam

. ' 2 . o ' .
(current density = 0.88 ma /cm )._vThislls the electron current that is
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Fkigure 3. |

| Excitatioﬁ-functiops bf’ﬁerqﬁry.v The solid éurvgs are the experi-
mental curves measured;fOr'this electron gun with a.éurrent of'O;3O milli-
amps . Tﬁe_abscissa is the_?oltagé of thé eleqtron gun plate with respect
fo the cathode;,iﬁ Wasléalibraied by requiring_the peak in ﬁhe potassium
surface curve to coincidé_with the peak:in the_burve éaléulated from
Borst's experimental data.' The twé:broken'curves'wefe derived by iﬁteQ
grating the data from the two ihdicatéd references o&er the»calculated
~space charge potential in thé électfon gun. ‘Thevmathematical treafment

to derive thé_spacekchafge'potential is from Ref.‘6.f
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used during all éxperiﬁenﬁs. As diséﬁsséd further,in Section E, the'b
metastablé‘atoms'aré detecﬁed by collecting the electrons ejectédxfrom a
metalvsurface by the impingingvexcitéd atoms; The pétassium surface, with
a work function of 2.2k V,9 detects béthvthe Lower (BPO and 5P2)band-v
upper (BDB)Ba metastable Stétés; the ﬁatassium surface curve shows a peak
near 6V cofresponding to the-lqwer states ahd a peak at higher vbltages,

probably due to not only the-3D metastable state, but also to high.

3
Rydberg‘states that would have'lifetimes-compérable to the time of flight
from thé»excitatién‘region to the détector;, If no potassium is_deposiﬁed
on the detector and if the‘mefcury Beam»is éllowed to hit the surface for
a‘periqd of>time, a signéi is ébéerved wiﬁh.qualitéti§ely_tﬁé same features
at ﬁigﬁ'electron voltages,-bﬁt‘the loﬁér energy peék is no longer ébser—

9

vable., These features_are.expeéted>frbm thevh;53‘V work funétion of Hg.
Thé electron enérgy[has been approxiﬁatélyucalibrated by sdbtractiﬁg

h_volts.from thevnominalvvéltage applied fo-the électron_gun plate. This

~ value was chosen to allow the peak in thé'pofassium surface curve. to céinf

cidefwith.the peek in the curve caléuiated from the excitation fuﬁction _

'@easured by Borst.)+ fhis is the dotted curve éhown in Fig. 3; it was

deri ved by numerically integrating ﬁhe:curve from“BorétfsApaperbéver-the

space-charge voltage distributioﬁ inithe eléctfon gun.. The mathematicai

treatméﬁt used was that QEHaéffé'usiﬁg the infinite_parallél plate abproxié

3

mation. - Borst's data is er,the

3

P2 state only and dees not include the

P state, but since the‘excitatioh cross;secﬁion for 5P

10
O B

is much smaller

3

0

and peaks at lower voltages than the excitation function of Pg, this

should not significantly affect the peak position. For ébmparison,'a

. . : ' ‘ . 2 .,
similar curve calculated from the most recent theoretical results 1is
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included; as is obvious near the threshold voltage, the 5p  state is

PO |
included with correction made for different detection efficiencies. Both

" of these calculated curves‘are arbitrarily nornalized at ﬁhe peak heights,

The fonr'volt difference hetWeen the nomlnal electron plate voltage

and that derlved from the approximate calibratiorn is ascribed to 1) the
contact potentlal between the Vvery low work functlon cathode and the rela-
tively high work functlon nickel surface of the plates, 2)‘poss1ble
surface charge on the plates, and 3) thermal energy of the electrons

"~ when they leave thebcathode. The present experlmental curve extends To-

lower voltages than the curve derived from Borst' s data, this is ascrlbed

3

Po state, presence of higher

energy electrons at the edges of the plates where the space charge potential

to several factors: contrlbutlons from the

1s less and the 1nf1nite plate approx1mat10n breaks down, local diffe-
rences in the surface charge on the plates, and presence of hlgher energv
electrons due to the'modulafion'of fhe electron‘beam (when thevbeam is
turned off or. on, the full space charge potentlal does ‘not change instan-
taneously) |

’ The signal detected on the mercury surface has a taillthat,extends
down'tO'the peak that is agcribed to the lower metastable states. This
‘1s probably due to a re81dual detectlon of these lOWer states on the
mercury. surface since the work functlon of mercury is low enough to allow
a small_detectlon‘eff1c1ency. However, since it is desired to 1nvest1-
gate processes involving the lower states, one must be careful to determine
‘that any measured siggal ascrihed to these lower statesydoes, in fact,
'decreaSe‘proportlonately to the metastable signal as_measured_on the potassinms

.surfacevas the electron energy islincreased above the peak voltage. As

b
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described in Section F ,'the effect of“the‘higher energy electrons due>
to the beam 'rﬁbdulatioh is eliminated in ‘the experime‘ﬁts. by ‘the signal :
detéction technique employed there. | |

For £he.same electron cu}rent; the poeition oflthe excitatioh fuhction
on the ébscissa chahges éiighﬁlyﬂfrom ekperiment'to experiment; This.is_
thought te'be due to chahgee in fhe“wofk function of thevcathede surface
and to chenges.infthe,plete surface change. Consequently, the calibration.
| is cheeked before each:ekperiment in order.tOfsef'the ﬁominal»voltage to

the.optimuﬁ value.

D Velocity Selector

1. Intrbdﬁction

In erder‘ﬁo measurejthevveloeiﬁy'deﬁendehee'qf tﬁe processes mentioned
above, it*muet'be‘poSSible fo systeﬁaﬁically vary the_felati&e velocity of
 the incident‘species. .The'reiative &elecity, V, is given by
| V= (Vlg +V‘22')vl/2~ |
'where.V:L and V, are the:velocities ofxthe inéident3co;1ision partners.

Therefere, if one veloeityvis eonsiderasly:greater‘than ﬁhe other, by
velocity eeleCting_on;y the fasﬁer-beem reasonablybgood-cohtrol of the
relative velocity may be-echieved.even when the slower beam'reteins a full.
Maxwellian distributipn, 'Iﬁ eur prototYpe'system of‘Hg% + T1 the T1 beam
ievselected; the ratio of the'ﬁeloeitj of the Tl to that efvthe'Hg is only
1.5 and the resolution of;the'reiaﬁive Velecity is therefore poor. How-
vever, as discussed in_the_introductien to the next chapter, this system .
: hae been widely studied and ehown to have large cress'Sectiope'for energy
transfer; consequently this system ﬁes chosen fé; the initial investigation.

In other systems of interest the mass of the colliding partner is
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geherally cbnsideréblybémaller_théhifhé.ﬁass‘of’ﬁg, and thus'the velocity
resolution_ip futufé eiperiments'should bevconsidefaﬁly iﬁproved.

Thé mechanical seleétiénvand_franémissioﬁ of'thé molecuies of a
molecular bgam within,a'givén Velocity:rangé méy.be accbhplishéd by passing
the-beaﬁithrough‘tﬁo aperturés whiéh é?ensucces$ivély opened'for a short
period df fimé. In ofder_to prevént trahsmissibn.of harmbnics (seébndary,-
sloﬁer veloéities) the”fime»between two selectibn periods mus£ be iong
compared to the flight time.of the slowest méleculeé; conéequently the
transmission of such a system‘ié low.

An alternative tﬁétvévOids thié'pfoblem_is a selector that not only
transmits t,he aesign veloéity but alsove.‘limﬁ'_'najces high and low velocities
from the beam; when thisiié éécompliéhéd the fepetition réte can be
greatly increased. One design'thaf échjéveéifhis.ahd has.béen used for
velocity sélecﬁion of neﬁtfpns.és.weli as'ﬁéleculés COnsists of a rotating
cylindér with helical'gfobves milled lengthwise élong the'éircumferehce.ll’;g
Molecules having fejéctéd velocitiés are rémoved‘from fhe beam by collisions
w.th the sides of thevgroove, ana thé.repétition rate is limited (up to cer-
tain other design considerations) oniy by the rotational frequency achiev-

- able and thernumber of grooves thab"canvbe machined. However these.groove
are diffiéult to machine and‘the‘solid cy1inder'construction yields a high
' moment of inertia with its accompénying feqﬁiéementiof a lafge motor and
bearings for the acﬁievemént ofvhigh rotational speeds;
These two difficulties have been.overcOme by cqnstruction of rotors
using a series of slotted disks to define the helical paths. By placing

the disks properly all harmonics can be eliminated; the faces of the disk

as well as the sides of the slots become important in the removal of mole-

£
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cules'with'undesired'velocities In order to s1mp11fy machlnlng most
13,14 '

slotted dlsk veloc1ty selectors (SDVS) 5 . have been constructed using

stralght slots-cut parallel to the ax1s of rotatlon to approx1mate hellcal

15 has suggested that stralght slits be cut tangentlal

paths. Recently KlnSey
to the des1red helix; th1s has the advantage of a larger transmission and '
requires fewer dlsks to ellmlnate all harmonlcs. -In the'same reference,

a systematlc method for calculatlng an eff1c1ent dlsk placement 1is presented
Grosserl6 has constructed a SDVS that W1ll transmlt two ve1001ty ranges:

high velocities when rotated in one,direction and low velocities when
operated -in the reverseddlrection; bIn additlon_to the extended velocity
range’-a decided advantaée of this design'ls,that:the alignment of the selec-
tor with the_beam (whlch directly affects the velocity.transmitted)‘may be
confirmed by compariné the velocityianalysis of:the‘bean taken in one |
rotational direction with that tahen in thevopposite direction. Another
) improvement has been effected'by Kfistenééh;'ét al.l7; they have used
electric dlscharge machining to fabrlcate dlSkS w1th slots of closer
tolerence and more complex design. It has also been reported that E. A,
_Greene haS‘successfully fabriCated a SDVS using dlsks of very thin foil;
the slots are created byfphotoetching; Cowley,'et al;¥7a have success-
fully designed‘and operatedua'mechaﬁical velocity.selectorﬂbased'on a
radicallv different»deslgnj two‘concentric'cylindricallshells with slits
cut axially from one'end-are rotated about their common axis at the same
rotational-speed. For molecules’traveling perpendicular to the.axis, the
slits define a tradectory forva selecteddvelocityvand eliminate 2ll side--~
bands, If the beam and selector are properly aligned, rotation in

either direction yields identical transmission characteristics; this



g

a16ha

feature allows easy alignmént. The rotor is a compact unit ‘that mounts
directly on the endAof thé motor shaft, eliminating the requirementsvof

“high speed bearings for the rotor and ¢oupling between two rotors. .

-2; Design _

Decisions on ﬁhe‘aeSigﬁ féatﬁfeé_dfvavSDVS repfeéént avcdmplex tradé
off between several compefing factbrs;» velocity rangé, 5e§m path length,
transmission, velocity fesélutioﬁ,'ease;of fabrication and speed of rota--
tion.  The pafameters of thié seléctéf follow those of Trujillo, et él.lh
"to a large éxtent; it was neceSsary,ﬁhowever, to use thicker disks and
wider slots. The:propei pbsitionihg of'the disks was caiculated by a
method that closely‘pafélléls the suggéstioh of Kinsey;l5 this will be
discussed more fully latéf.. The_resulting rbtof ma& be used in two
modes ; ﬁlécing the oveh bétween thé last and néxt to lastbdisk_yigids
a low resolution, shof£ path length seleétor; while'the complete rotor
gives a cbmparatively high resolﬁtion; but withba_longer bath lengfh
and lower transmissi@n. | | |

The paraméters_which éhéractérize'the,geémefry of the rotor are

.5  _ -d/L?‘? ) .
v o= o /re
and the fractional open time,
1= /0yt L) - » .
where d is the disk thickness,’L_is'the lepgthvof the rétor,-r is the

disk radius, £, is the slit width, 2 is the wall thickness between

1 2
the disks, and ¢ is the angle through which the rotor turns while a

molecule with the desired velocity, v.,travels the length; L. The

0]

performance of the selector is given by



‘R X ‘y - B
T = VG v(’).”I(’\fO),f
and , v » '

wherew 1is the_dngularjffequency,.R‘is the half-width velocity épread,
T is the transmissiqn of the rotor,vI(vO) is the original‘beam intensity

: oL ' ' : 2 Y ,
at velocity v., G = n Y(1-B/y)” and n' is thé effective fractional open

time. Thé above treatment of the principlés of rbtor'deéign was first

13-

presented by Hostettier and Béfnstein . vThéigeometry andvparameters
charactérizing the roﬁor'conStfucted for this étudy are'given innTablé
IT. ) |

_ Wheﬁ.fhe pafameters havé'beenvseﬁ it.is neceséarycto.determine'a place-
mentvof the disks sb-thaﬁ‘all'side ﬁands ére'eliminated. In the early |
15,14 trial'ana errbr methbdé Were'used tb discover suitable

15

designs
poéitions.lKinsey presénfed a systematic method for determining the
most efficient placement of disks with true helical‘slité; he
generéiized this method to étraigﬁf slots of cbn;ﬁant width, cut péralléi
to thé aXis‘of rofation. A corfectedvversioh of this generalizétion is
developed heré.for-use’in plé¢ing the diéké in the preégnt'rotor.'

‘The prinéiple:involved in the.placement of the disks is £hat~a single )
slotﬁed.disk is a veioéity:seleétor, albeit of_poor resolufion. The second

disk is placed so as to pass the design velocity,vOQand to eliminate the

l_respec;

da
lvan v

- . P o . . . +
maximum and minimum velocities pasged by the first disk (v
tively). This placement is shown in Fig. 4. The second disk should be



TABLE II. Summary of- Charateristics -of Velocity Selector Rotor

=

“Low Resolution Mode - High Resolution Mode

Number of disks ' o "_" 6 o . , I -
Diameter of disks =~ - - 152k cm
Number of slits per disk . . l': o ‘  2§0
Radial length of slits ~~ * -~ 0.655cm
1

Wall thickness between slits, 2, . _
- at base of slits R v B - 0.099 cm -7

Slit width, . . 0.084 cm

at top of slits B 0.116 cm

average‘Qalue. _b | v',‘jv‘v" :'v . 0.107 cm
Averége:radius _  . .v ' B o . ' 7.300 cm
‘Disk thickness, d - - S 0;160 cm
Qver-éil length of ;otéf, L+d :'il.hé'cﬁ - o v22.63:cm'
L “ ‘ - | lil26J¢m  - ' vivv -‘22.&7]cm>
¢ .‘;’ 3u1 ‘,,,- 0.0786 raa 01568 rad
7'(averagé). . B _ L 0.146 | , . _gt A : v0.075
8 SR o .  :v_.QfQih2 'J.V:'.::‘ o ‘1: .v' | 0.0671 :_-
7 (average) o I o |
¢« o o.omh : ) e ~ o0.0262
Velocity spread, R - '0’132,  | vi. D - o,o66"
,n'(average) o .>-'v.- | - "_ _x'O}58 o o .
Conversion from rOﬁor.frequency | | - n

v (cps) to velocity vy (em/sec)




#

Figure 4
"Rolled: ‘out 'repr_ésenta{;-ipn of the 'rd‘t:_br' showmgthe : placeﬁxénﬁ ‘of -the

first two disks.
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placed as faf as possiEle frem the firSt,.ip:order ﬁo obﬁain the best
reselutien‘withoutvallowihg'any sidebands to pess.'.Thislproeess is
repeated with succeeding diske until.the-deSired'resolution is thained.

» If the Selector,rotof is given in'cylindrical‘cqordihates, the |
coordinaﬁeAsyetem of Fige._h‘fhrqugh 6’isvobtainediby "uﬁioi1ing”.the
surface R = r where r‘is_the radiue of"thevdisks‘to:the bottom of the slits.
The bettoﬁ\of the slit is used because this is ﬁhe mest.unfaQorable part
of the slit for the elimihation of sidebands (the Wall thickness between
slits is wider at the top than at the bottom of . the sllts)

Tt can ‘be seen from Flg h that the placement of the second disk is

determlned by the conditions that vl 1s_e11m1nated, i.e.

- Z_cot o <« 4+
22 cot ‘72 Z2 cot £ !l_ 12
(where o 1s the angle that the traJectory of vo_makes with the o}

axis) and that Vl is ellminated,>1 e,

22 cet _Ot 3_5_ 22'.

The seemingiy best selution is to adjuet o until'beth'conditionsvcould
be satisfied for the equality; hOWevef; due,ﬁo tﬁe small ¢ required for
the transmission of high veloeities, it is neéeseary to set'a somewhat
iarger'than this optimum falue,“In this,ease only the first. equality
need be satisfied and the second cqndiﬁion will be autematically met;.

Using A ' o _ .
cot @ = rp/L cot Yo = .li/d,

“one finds

oy -1
Z, = a(n ).
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.

As seen from Fig. 5 an'analogoué condition Holds for the elimination

of v, by the third disk, i.e.

2
7. cot Y, - 7. cot Q.= A, + L.
5 GOyt Epcot @e= 4T A,
where ‘ o
‘ ~ = + 7 dot Q); +a).
cot ¥y (2, Zy cot @) /(z, d)..
This yields the results ‘
' h . —— o
= 4+ ! . ’
23 = (Zy+a) ()™

(Here it'has been-assuméd'that all disks have thickneSses equal to d;
the generalization to disks of differing thicknesses is obvious). The

above equation for Z, is valid only if v, is also eliminated. This is true

. > 2’
only if _ _’v
Zpoova s 4y
and _ :
' - Ccot O ..
(25 - 2,) cov @ < 1,

Physically, this means that some of the,ihfinifely fést atoms pass the.
first two disks and that the "earliest" ones (those barely passing the.
second disk, thus composipg v2) are stopped by the third disk. This

discussion for the thirdvdisk is applicable to the ith disk, yielding

: = (z,+ ')
if '
and | | Zi+l cot O ~ Zi cot a< 22.
In the event that -
7. cot @ < £
i %0 = %1

but

(z - Zi)‘cot a >

i+l



Figure 5_'

 Rolled out representatfioh. of thev-'roto_r.” 'show.‘j'.ng the_-plé’cemént of

‘the third disk.
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Figure 5
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Zi+l must - be recalculated using the condition . o : . -
(Z4g = Zg)cot o = L,
T o
in order'to“eliminate_vi,»giving' o
. . TR _ £2L'.
P T BT

In the case that Zi”cot a >v£l the condition for the elimination of
v; is the same as abdve:
= + '
Ziv1 (Zi ‘d) (')
‘ : 5 e o+ e
However, in order to eliminate vi’the condition
) _. - . < .
Zi+l cot o .le , Zi+1' cot Si+l < _12

must be met, as may be seen from Fig. 6.  Substituting
cot Si+l = (Zi_cot a - '21)/(Zi - 4d)

yields . ‘
- | =1 L
- h 2 _ . o _
, Zigg ¥ (Zi -4) (") R (1)
- Of course the smaller result must be used to prevent sidébands.

Kinsey obtains the feéult

Zivp | (Zi ta)ya
. for‘the'placement of fhe third_ahd all sucéeéding disks Wheh helicai-slois_
are used. Hé then makes the evidently erroneous'stAtement that fbf straight
slots one mefely substitutes n"fér n in the above equafion;' This.
positioning would eliminate v;nbut_would aliow transmiésion of.high_
velocity sidebands. Figure 1 in Kinseyfs articie5 suggests that in hié
analysis he was assuming a'vo such that he goulq position his i + 1 disk

at the most favorable distance, i.e. the greatest distance that would allow
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Figure 6. o e

Rolled-.out'i‘epr_es~e1;;té.t‘ion Of .J,G‘heiv?‘_f‘_btbr Showmg bthe..P—]_a‘cemenit . o

disks when Eq.<(1) ofvthe text abplieS.J_‘ |







the elimination of bothvvi.and Vi' This is achieved when both these velo-
cities are Just barely inﬁefcepted. This Wouldibe accomplished if -

- 7 éot' a = f.+ 2

and

it

o
+
~

i+ 1 1t e

' ' cot . - Z
"Zi+l’ ‘ T

0949 '81+

This imposes the con@iﬁionién vd‘thét.
 cot _d ‘ = ll/dt.
which requires thét'd:;vqé.  In’tHié céée fhé franémisgion ofithe rotor
would be.zero at the design velocity;vbeéause 72bis'the angle of the
;.

the placement of the disks according.ﬁb-fhe equdtion.derived above.

' trajectory of.v Theréfbre a gfeatér_a.vgpla hévé to be used, necessitating

A bonus of this‘méthod.éf disk ﬁlgcement is that any number of the
last disks can be removed aﬁd‘the firéf.dnes will»still be a sideband-
free velocity selector. Thié‘will;”Cf course, reduce the fesolution con=-
siderably, but the rotor will beishortér‘alloWing”greater.beam'intensitiéss
due to ieduétion of the inverse sguare léw loss.

In order to allow a tolerance in alignment of the disks, the above
calculations should be made assuming a slit widtﬁ;_zl,larger than the
actual_valué. Then to compensate for disk Qeviations from planar con-
figuration, a suitabie value shbuld.be.Subtraétéd"from.thé-value of 7

calculated for one disk before the position of the next is calculated.

3. Construction

The slotted disks are fabricated from flat, 1/16" thiek alcoa 6061-
T6 aluminum alloy sheet. Eighteen plates of approximate diameter are
clamped between heavy aluminum end plates; a 3/8" hole is drilled and

reamed through the center and the whole assembly is screwed together by
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meane of a 3/8"‘shéftrwhich'is threaded‘at both enﬁs,and inserted

through fhe hoiee After_tﬁrning to the final diameter>in a’lathe, the
disks sre clamped in a dividing head on a ﬁill; The 240 slots are

milled @Kiallyvr around ﬁhe circﬁ@ferenee with a 0.03é"vthick circular
high sﬁeed steel'saw;_’The slots are_cut_in four'groupe_of>equally spaced
cuts; after each set of.slofs is_milled, £hey are filled with black wax
and then the next set.is:cut. .Thisiis the proeedure suggested by Trujillo
et al?')1L except that the bleck_wax was substitﬁted for the epoxy‘resin used
‘ih ﬁhe preceding refereﬁce:in'order to fecilitate removal efter completing
the cuttiﬁg. This procedure is:ﬁecessary in order to prevent bending of
the teeth away from the tool.Wheﬁ fﬁe adjaeent slet'has alreaﬂy been cut.v
‘Before unclamging the finiehed disks, the teeth are marked so that it is
possible'to deterﬁine which slot in each:disk'was ﬁilled by the same cut.
Each disk is mounted oh a spindle.with a_j/B"shaft and claﬁped with a
collar that has the.same'outside.diameter>of the'fiﬁal disk sﬁacers. Each
disk is piacedvin a iaﬁﬁe and a dial.indicator>is used to measure any
deViations:frmlplenar configqratibn; these deviations as well as the
thickness of each disk are recorded. The seven bestﬁdisks are chosen

and the length of the disk épeeers.end the‘phaee angles are caiculated_to
compensate as much as pOSsible'for fhe déviations in each disk. The
residﬁal deviatiens are then WelliWithin the telerahces allowed whee the
spaeings of the diSKS'were caleﬁiated;'These_tolerances were i0.0l9° in
the phase angle of the diske and +0.003" for the spacing between.disks;
deviations of these magnitudes willvallow no sidebands to pass but will
reduce ﬁhe transmission of the selector and therefore shotild be eliminated

to as great an extent as possible.



The rotor is finally assembled on a oé9'525"cm dia. drill rod that
is threaded et one end.énd drilled and‘tapped‘for a 1/4 - 28 WF. éocket'
heaa screw. The disks with the 5.8&‘cn dia. disk,spacers of the proper
length arefplaced on the Shaft§ care'is-teken.to ensure that ail disks
are facing the way that.they Were.when miiled.rpA'collar:and.a‘bearing.
with collars designed to constitute the proper shaft honsing are added
at each’'end; also a waffle lock Washer is,incinded between.the bearing
‘collar and the outer disk.ccllar. A pair of 5/8 - 24 NF lcck.nuts on the
threaded end w1th the socket head screw on the other end allow the whole.
system to be tlghtened together to prevent both’ sllpplng of the disks Wlth
respect to each other and rotation of the inner races of the bearlngs
w1th respect to the shaft |
The bearings selected are Barden SR6 - FFTA5 G6 This bearing has
a phenollc retalner whlch keeps the ball bearlngs separated and is porousv
to guarantee complete lubrlcatlon of the bearing.. Lubrlcatlon 1s‘pro—
vided hy a grease that is included in the bearing at the factory;;the
bearing»has shields which hcld thergreése in:the.bearing, preVent:
contaminants from entering and minimize outgasing. Thehbearings are
stiff when new, but when put in nse,‘the grease "channels"‘end bleéés in
0il slowly. This bearing has.a large radial play:in order to accomodate
"more lubricant. These beerings have giren very gcod perfcrmance, but a
similer bearing using a stainless steel retainer waseless‘successful,
Even with the phenolic retainer after extended use of these bearings the
grease dries out, preventing‘goodvlubrication; This greaseican”he removed
with acetone and the bearing relubrlcated with Aeroshell Fluid 12 (obtained

from Rotor Iab, Lawrence Radlatlon Laboratory, leermore ) These regenerated
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béarings have then been used and ha?e givén sétisfactory performancé. A
major arawéack of the design of this rotor is thaﬁ‘in order to repiéée
the beafings, the rotor musf be disasseﬁbléd, destroying the disk élign-
ment; realignment ané rébaléncing 6f fﬁe rotor is then requiréd.

~ Alignment of the rotor is accompliéhed by the method of Trujillo;
et al{lh, utilizing a vernier héight.gauge. After assembling the rotor
with a light coating of graphite betwéen.the collgrs, bearing and waffle
washer at eacﬁ end; the lock‘nuts are set and iocked at a pbsitio; where
thevtightening of the socket head screw will'loék'the assemblyf The
screw is then bgcked 6ff to alloﬁ‘eaéy but tight movement of thé disks
with respéct to each other; The alignment takes place on a large, flat
assembly surface; the rotor is resting on its bearings in "V" blocks that
have beén carefully aligned with réspeét to each other. The vernier
height géuge is used to measufe‘the-diStance'that the top of the outer
diametef bf the bearing is abové the:-assembly surface. The methdd of
measurement that is theleasiesf and most accﬁrate is to éet'the height
gauge on a piece of paper of uniform thickness to electriéally ihsulaté
it from the assembly surféce; by attaching one'léad of a resistance mete;
to the height gauge and the other tQ thé‘assembly surface, the exact

position Where the gauge makes contact with the bearing may be easily

~seen frbm'the drop of the resistance. From the heights of both béarings

the height of each end of.the center of the shéft is obtained,by subtrac-
ting the radius of the bearing. TFrom these data and the calculated phase
angleg ofveaéh disk and the disk radius, the_pr¢per height of a given
referenées slot above the assembly surface may be calculated for each

disk. (This reference slot is a slot on each disk that was cut on a
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glven pass of the saw biade;bthis is hécéssary B8O that émall inaccuréciés
in the milling cause minimél ﬁnpairmenﬁ of the bperafion of the‘seléctOr).
Starting with the first disk, evéry éecond disk is-set'to the proper
positions by setting the gauge~height énd then rdtaﬁing‘thé disk uhtii
elecﬁriéali;contact is ﬁade aﬁ‘the radius (the‘procedure3is'ekactly the
same as that discussed in Ref. lh;)1 These disks are ﬁﬁen‘héid in
positioﬁ with surface'gauges; care must be tékeﬁ to gnsufe that there

is no'jtension in the disk Which WOﬁld cause tﬁefdisk tov50ve Whep this
surface gauge is removed. Wﬁeh'théée.four disks are préﬁerly-positioned
the three inﬁervenihgudisks are similarly positionéd; however, surface .
gaug¢$ éré_not necéssary to hoid these disks.viWhén_all”§even disks
haVe,Been:broperlyrpiaced, the surfacetgaﬁges_aﬁe’giﬁgéfiyfremoved and
thé ébéket head screwxié tightened véry; very ééféfuli&?t;When the‘;
scféwlis tighténed-to’the full extent possiﬁie; the pb§itipning is
recheékéd. Néedless to séy thié procedure is a very unéatisfactory'one,
consumihg'much time.and nervous'energy, énd oftéh'the diéks move during
tightening, causing the.repetitionbof ﬁhe enfire process,_-A further
vefy:serioué failure of this system'is caused by thé difference in thermalr
expahsion coefficients between the sfeel Shaft and th;laluminum spacers.
If the rdter is allowed to cool ﬁova low enough tempera£ure the spacers
contract enough to relieve the pressure and allow the disks to slip,
destroying the alignment. The.waffle lock Washers are partially success-
ful in pfeventing this catastrophe but it is has occurred once. A
different method of mounting the disks would be desireable; The method
present by Trujillo, et al.lu is attractive but would not bé.possiblé
for,tﬁe first few disks due to the_close spacing required in the disk

placement system used here.
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Since tﬁe_roﬁof Was:infépdéd to.belruh at speeds up to 40,000 rpm,

it is.crucial‘that it bevvery,cafefully.baianééd. vAfter alignment the
rotor was dynamically‘balanéed at the rotor laBoratory at the Lawrence
Radiation Laboratory; Livermqre; |

. The'rotorbis heid'ih its'héuéing in'bearing.sleeves, each of which
" is ‘supported aréund iﬁé outsidé‘diameter by.fwo concentfic natural rubbér_
O-ringélg bf UO'Durel.Hardneés‘ (Thesé Q-rings are obtained from -
R. W. Séctt and Co, 23h5 ;lhth Sfieet, Berkeley, California. Dimensions
and index numbers are: BgeT - 31, '1‘-_-'7/8"'x'2.-1/u'.'x5 /16" and 6227 - 3h,
2-1/_"x-2-5/ "X:E/légj.‘The function ofvthesé Q-rings'is the same as that
of fhe springs describéd in Ref. lh:‘the:fléxibility alloWs the bearings
to.move slightly so that the rotor may’find ité own axis. of rotation.
An additionsl similar O-ring (6227;28, -1-1/2"x1-7/8">é/‘16") is situated
at the outside face dfveach bééring sleeve; provision is made for adjust-
able compression of these O:}ings_to pr§vide the proper axial thrust for
~the bearings.

- The rotor is coupled directly to a IMC Magnetics Corp. BT 29lOVH—l
hysteresis. synchienons:'motbr by.means of a coupling constructed from
two brass caps conﬁected with a 1-5/16" length.of number 15 musiec wire.
The caps fit over thé ends of the r§tor and motor éhafts and are held in
place Wiﬁh set screws. The music wire provides a flexible coupling and
allows the rotbr shaft to move with respect to the motor shaft. The
‘mbtbr 1s positioned with the aid of a dial indicator so that the two shafts
are on the same line.

' The motor has two ranges of dperation utiliziﬁg two sets of windings.

Low speed operation (13 to 1531 H%) uses a four pole, two phase system while.
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the high speed mode (66-to 660 Hz);utilizesra twovpole, two phase winding.
The motor'was specially'deSigned to produce at least 1 oz.‘in. of torgue
throughout the 00 toih0,000:rpm rotationaIZSPeed range; a power input:of
approximately 130 watts is required at‘h0,000 rpm;o'
., -Qperation

' The veloc1ty selector motor 1s drlven by a synchronous motor drlver
de31gned at the Lawrence Radlatlon Laboratory This de31gn 1ncorporates
a N. J E. Corp. Mbdel QR—15-20 de power supply to drlve the osc1llator
system. A very ragged square'wave is produced whlch, nevertheless, drives
' the‘motor very satiSfactorily; hOWeVer,‘it is necessary to use only the
minimum voltage posgible to operate the motor‘in order to prevent over
‘ heating. The power 1nput is monltored on an osc1lllscope, a sllght slow
osc1llatlon of the shape of the 1nput waveform -indicates that the motor
is locked in. Thls os01llatlon is also observable in the output voltage _
guage of the power supply. The frequenCy of rotation is measured with |
a Hewlett - Packard.Model’52éB electronic counter'which is triggered'by
the power supply. iﬁ the low frequency;’four.pole'mode, the imput power
frequency is twice the rot&tibnal freguency of the motor, while invthe
high frequency mode, the two frequencies are equal..

A light sens1t1ve dlode placed on the oppos1te s1de of a disk from a

light bulb so that the slots pass between the’ two prov1des a’ convenient
means for verifying that the velocity selector rotor is turning at the

same speed as the motor.

5. Performance
In Fig. 7 a comparison of a measured velocity distribution with

theory is. presented. At these extremely low source pressures, -
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Figure 7.

Velocityrdistributicnsnof a thermal, effusive beam. The data points
were measured for Tl at a pressure of ixlo-h Torr and at a temperature
of 1150 K. The dashed curve is that expected for a Maxwell—Boltzman
gas effus1ng from a slit and passing through the selector The solid
curve is the result obtained by numerically.integrating the dashed curve
over the geometrically calculated transmission function of the source
sllt, rotor and detector assembly, the angular dlvergence of the parent
beam is taken 1nto account, but a complete lack of slit clogging in
the flrst-dlsk is assumed; The data pclnts,and the solid curve have
been divided by a factor of velccit& to correct for the increase of
transmission with velocity. The intensities,normalized to 1.0 at the
peak heights,are'plotted against reduced velocities. Vmp is the most
probable velocity in each of the distributicns,. For_the experimental
'p01nts V = 3. 79)(10)+ cm/sec assuming perfect alignment of the source

" slit and detector w1th the rotor'shaft. Fcr the dashed curve, Vmp =
JYB/E).Q = 5.75X10h cm/sec where O =‘J12 kT/m), The integration yields

o L '
Vip = 3+ 70X10 cm/sec for the solid curve. . .
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excellent agreement is typical but at higher préssgres, the experimental
distribution narfOWS‘aﬁd moves to higher veloéities due to departure from
effusive flow conditions. A computer pfégram has been writteﬁ that inf
tégfatés ﬁhé parent‘Veloéity distribution‘over the transmission function;
this function depends_not only on the geometry.of thevrotor, but also

on divérgence in the béam,ipartial cloggingﬁofithejfifst disk's slots and
miéalignment of the détector:andvsource slit with respect to the rotor
.shaft. All of these factors are treated in the computor prégram.' A
complete discussionfof thisltransmission function as well as calibration
of the selector ﬁiil be presentéd in the following chapter which describes
experiments carried out uéing this velocity selector. ‘

In.Fig. 7 the,shift of vmp of'thevinﬁegratéd curve with respect to
that df the Maxwell-Boltzmann cﬁrve.isvdue to the lack of symmetfy in the
transmissign'funcfioﬁ; the aeviatiqn of thé.éxperimental Vmp-is ascribed
to a small misalighmént-angle of the beam with the rotor axis. The discern-
able narrowness of the data boints with respect to the soiid theoretical
curve cén be parfly accounted'for by assuming a partial blocking of the
first disk's slots. The distribution was run after the seléctor had been
used for a consideraﬁleitime without cleaning and this clogging was neg-
lected in the_integrafich.

Qloggihg of the siots is a problem when a T1 beam i; beiﬁg selected.
The T1 is Very readilyvremoved by &mglgmating with.Hg; however, this
procedure has-its'dfawbacks-énd a sdlution of Ki is generally used to
dissolve the T1. A graver difficulty is presénted when an alkali metal
beam is being selected; when thevrotof is exposed to moist air, the

alkali hydroxide is prbduced which gradually hydrolyzes the aluminum disks.
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Therefore, care is ﬁ@ﬁ@hito qﬁickly clean the disks aftef'an experiment
with an alkali metal.

'_Thekma@or problém enéountéred'in uéihé this selector is achieving
proper alignment of the béﬁﬁ with.ﬁheISelector rotor.aXis. Thé problem
is exaggerated by thé thermal'expansion of the beam source oven which
was diécussed in an eailier-séctidn; conseqﬁently a calibration procédure
to be discussed'later'must be felied uéén; If this thermal ekpansion
can be eliminated the-alignmenﬁpfpcéaure'suggésted 5y Riéhman and Wharton19
may prove very helpfuilj in'fheir work:é mifrqr”mounted perpendicular to
the shaft axis is_used»fbr_alignment’ﬁy autoreflection along the beam
path. |

The velocity seleétor‘has giVen reésonably‘trouble'free performance
when operated at low spééds. An imprdved éoup&ing between the rotor and
the motor would be.desirablé; the'useFOf‘a speedometer cable with ends
shapedﬂto fit into square holes in the ends of the motor and rotorvshafts 
has been suggested but not. tried. The highest spéed reached was 33,000
rpm. but the bearing changes which have been made will hopefully allow

the achievement of the design fotational frequency in the future.

E. Beam Mohitors

‘The surface ionization detector that is described in Chapter IT is
used to continuously-monitor the Tlvbeam,intensity. The tuﬁgsten_filament
is operéted at 15oofK and‘no oxygenatioﬁ is required. Except for a very
large, unexplaihed background that occasionally appearé it has given
excellent results.

A continuously deposited potassiﬁm surface is used to monitor the

metastable beam intensity by measuring the current due to the electrons



w]8 T= ‘

ejected Ey.the Auger-ﬁé#é%citation'of the excited'atoms. The details of
this detector will be described eiseﬁhere;eo the Current is measured
by a Cary Electrometér,bor éiternatively, for accurate calibration curvesd,
such as shown in Flg 3 by a PTlnceton Applled Research Model HR-8 Lock-
in ampllfler. Durlng an- experlment the signals from the two beam i
monitorsvare>cont1nuonsly recorded by a Leeds and Northrup Speedomax '
G,ctwo nin recording ﬁotentiometer.

| Hagstrum?l,has presented a complete theory‘of Auger ejection of elec-
troné*'from netals.h HlS theory treats atomlcally clean surfaces only,
this situation certainly does not pertaln to-our apparatus, but applying
hlsiresults to a . potassium surface allows upper limits of the :detection
efficiencies to be set: for Hg 3PorandsP2 the,values .057 and .08L
are obtained, respectiVely. These results conpled with the maximum
cufrent measured allOWS'the‘calculation'of a lower limit of 0.0013% for
the fractional excitation of the mercury.bean by_the electron gun. A
c¢rude calculation nsing the excitation cross section from Ref. L suégests
" that the percent excitation should‘be approxinately a factor of 8 times
greater. This is taken to indicate that the detector employed.here has
a detect&on efficiency of only about: 13% of that expected'for a clean
potassium surface.‘_This'efficiency is sufficient’for.our purposes but
could probably be improved greatly. fOr example, achievement of a cleén
“surface and acceleration of the ejected-electrons'into.en electron multi-
plier should increase the detecti:on‘ efficiency by a factor of 108 bo 1094

The above calculations have assnmedtthat the iifetimes of these
two metastable states‘ane long with respect to the time of‘flignt from
| 3

the electron gun to the detector. The Po_state can only radiate to the
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ground lS state, this radlatlon, therefore, is forbidden for all types

of radiation by the selection rule J = O does not combine with J = 0.
=4 y

In view of this cons1deration, the llfetlme of 4.2 10 ' sec given by

2 . . .
Cvetanovic 2 must be held in some susp1c1on. Indeed, in his discussion

of forbidden trans:.t:.ons-Garstangz3 quotes a calculation that gives
'5X10 9 as the value of the 1ntens1ty ratio of the 3PO - SO transition
to the5Pl - Vlso'transition; taking the lifetime of the 5Pl state as
1.1 1077 sec a.lifetime.ofVE.h seciis derivedbfor the BPO state. The

above intensity ratioris.reportedly?3iin”g00d'agreement5w1th-an experimental
measurement. The theory used to'derive the above'intensity ratio assumes
that the,transition_is bronght about»in‘only the”Hg isotopis with odd atomic
welghts due to pertnrbations.of the electronic energy levels by hyperfine”
interactiOns'With'the nuciear spin;‘the‘nuclear spin ig Zero for the isotopes
with eien atomic weights.‘ Grastang also reports that this treatment

was substantiated by an experiment with a Cd resonance lamp using Cd

that had the odd isotopes enriched the analogous intensity ratio was
increased in proportion to the amount of odd isotopes present Thls
diSCdSSion is rather academic since the 3PO accounts for probably somewhat
less than lh%’of the signal. For the 3P state radiation is forbidden to

2

the ground state for electric dipole, electric quadrupole, and magnetic

dipole radiation; radiation to the 5Pl state is forbidden for electric
dipole, but allowed for magnetic dipole and electric quadrupole. A life
time of approximateiy 0.1 sec.Bb.is derived if the principal mode of

5P state.

decay is assumed to be a magnetic dipole transition to the 1

The conclusion from this discussion is that no significant emission
attenuation 6f the metastable intensity occurs between éxcitation and

detection.
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The Auger detector is expected to be sensitive to ultra-violet photons
by means of the photoelect?ic effect. Since Hg 3Pl (which radiates at

>p

_ 2537R) has an excitation cross section comparable to that of -
emiséioq fr§m that state ﬁight be.éXpeéted-ﬁo éroduce a spu¥ioﬁs signél
‘that would be'dependéﬁf'oh tﬁé electron beém. “However, sihcé the iife;
© time of the stété,is éhéfﬁv(ld_7fséc) all theée excited atoms. would
.radiate-before.leaving tﬁé’éXcitationfregionr The Auger detector
subﬁends oni&‘a very sméil solid.aﬁgle-compared to the U steradians

to the'emitted photons., Thus; oniy a negligible effect is
expectéd.' This-prediétibn was verified by moving a sﬁprasil—Q window in
front of the detector; the eleétron'beam dependent signal was completely
quenched. Care was taken té be suie'that the wiﬁdow‘was not coaﬁéd with .
mefcury'before moving into the'ﬁéam; the transparency of the window
vat 25573 was verified in a-Cafy ultraviolet spectrometer immediately

upon opening the apparatus after the experiment.

F. Photon Detection System -

1. Photomuitiplier”System

To detect the radiation from the collisionally formed, electronically
" excited species, an EMI~9558 QB photomuliplier tube is placed directly
below thé scattering center.' This‘tubé was chosen with severalbconsidera-
tions in mird. Tt is fitted with a Spectrosil (fused silica) window |
yielding on extremely1wi&e spectral range (1650 - 85QO)Z. The S-20
type‘trialkaii cathédé piovides a very high (27% atJEOOOZ) quantﬁm effi-
ciency. A very low dark Qurrent (15 counté/sec) can be achieved by ‘
cooling to —hO°C; The relétively low maximum gain (2*166 to 2*107) and

wide distribution of pulse_heightsvreduces the value of the tube for counting;
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no plateau was foundoiﬁfthe:curve of ‘count raté veféus applied voitage;“
but 3afisfacfory coun#ing.berformaﬁoe was achievéd at 1000 voitsvcorre—
sponding'to aAgain of-8X106.v In order to prevent intéffefence of the
perfommance of the photomultiplior by mognéfic fields in the appafatus,
the ﬁube.is'surroundéd By a tubular mu métal shield aﬁd an outer soft
iron shield; thesé'shields aré‘fairly:wéil standardizéd‘dt the
Lawrence Radiation Laooratorj.. | |

A very'nafrow band pass'ihférferenoe filfei?S is located diréctly
aboﬁe‘the photomultiplier tube.  The ﬁeak'transmission and band width
varied widely froﬁ filter.to.filter; typical values ﬁere 10 to 50% and |
26 to 752 FWHM respeotivély. The transmission deciined and the bandwidth
wiaéned as the desire&‘wa§elength.Ofvthe oeakVWas shortened. Outside of
the band pass region,‘the filﬁer ﬁraﬁsmitted less than O.i% at all wave-
lengths where the phopomultiplier was sensitive. Since the peak
wavelength'position is avéritical funetion of temporature, it is necessary
to keep thé filter close fo‘roomotemperatureg in order to do this the
complete photomultiplier;vfilter”ond lens QSSembly was_wfapped.with)
heating wires and the tempefature mohiﬁored with a fhermocoople.
Without this heating;_faAiationlﬁo.the surrounding liquid nitrogen éur—
faces cooled the aséembly. Méintaining the photomultiplier at room
témpefatufé p;eveﬁtséthevachievement.of the minimum :dark current,
but counts from transmission through the_filter of black body rédiation
fromvheatiné elements were Much more oumerous than the dark currentf |
counts.

A system of three lenses and a diaphragm, located above the filter
collects the-emitted.light and renders it parallel. for transmiséion

through the filter. The first two lengses collect and refocus the
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light at the aperture of the dlaphragm, thls refocu51ng is intended to

allow. only llght orlginatlng from the collision zone or ‘passing “through
it to reach_the filter.: The last lens then makes the diverging light paralle;.:.

A spherical mirror:uitn.front surface sil&ering' is suspended. above
the scattering eenter to inorease tne.fraotion of the emitted nhotons
which may be collected}any looating it ét a distanbe equal_to.its focal
length above the collision zone; it'ehould‘reflect most of the upward
directed photons back through theiscattering region to the condensing
lenses.

The_mirror,_lenees.and fiiter_ere_held in a‘tubuler, light tight
mount (eee Fig. 1). »The]beams'enter and exit through ports in the side.
Various arrangements of tubular light snields surroundiné the beams have
. been tried; Fig. 1. shows a tube completely enclosing the Hg beam path
except for a small slot at the colllslon zone This arrangement was used
when investigating'a'state that emitted at a wavelength near 2556z;rthe

3

P2. When one

emission line of HgngO,or 22T71A, the emission line of Hg
of thesé lines was within the tail of the"band’passbof'the filter, a high
photon signal, which depended on the,eleotron beam, was observed, and the

‘indicated light shield minimized this signal.

2. Pulse Amg;ifer and’Discriminator

The electronics_of thetcounting;system are'depicted in a block dia;
gram in Fig. 8. The pulses from the photomultiplier are amplified by
a Lawrence Radiation Laboratory pulse,emplifier with an input impedance
of 50 ohms and a gain of greater'than'zoo; With this amplifier it is very
difficult to prevent echoing and even continuous oscillations in the

transmission cable; a balance between large amplification and reasonable
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Figure 8. =
Schematic diagram ‘of the elerrpnic-componénts'of the counting

system.,
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|
pulse shape had to be éffuck. 'Perfdfﬁéncé:is'adeq%até; bufva better
systemvincorporéting a.discriminétor ﬁoﬁld be desigable.'n

A'pﬁl$e>discriminator'is nédeSSer to elimihate pulses bélow a
Cértaih height and réndef'thé iérgef oneé a qniform éhapé’andlhéigﬁt;.
A La&rence'Radiatién'Labératdryvsﬁrplus iO.megacyéié descriminator iéjv
utilized; hoWevef, puléés néér thé threshold are: transmitted with
reduced aﬁplitude,- Since each pulse is transmitted_thréugh separate
cables to the two channel@ of_the'séalar, small differehgs in the cable
impedance and input'chéfacteristics of the channels cause some
pﬁlses to register on one.scde'but.not the oﬁher. By in¢1uding.a second
identicai discriminatér‘aftér‘the first, the différence bet&een the two
count rateé"is reduced to less thén';OI%{'.. |

The scalar requires a negaﬁiVé pulée, but tﬁé pulsé'amplifiér,pro-f
dices a positive pulse. Consequéntly, a pulse inverted is included

between the discriminator -and scalar.

5; Cduhting‘Syétém

In order to éeparate the emiééidn éignal from the large blaék-body
radiation back ground, itvwa; deemed desirable to use é frequéncy sensitive
detection system. By chépping the electron beam,and‘thusithe beam.of
metastabie atoms;and by counting forva‘period of‘time,while.thé'beam
was off and. tﬁep for an equai pefiod_withrthe beam on, the'differeﬁce
‘in thé'éounting réte,vaparﬁ‘ffém the_stafistical fluctuations,.should
vrepresent fhe signdl.ﬁ For a typicél experimepﬁ.ﬁith aAtotai counting
ﬁime Qf 100 seconds épproximatély_ﬁo,ooo éounts are recorded on each
- channel with a difference of about BOOO;:tﬁis‘would imply a statisﬁicalv

standard deviation of 10.5% in the signal.
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Aé'thevheart'éf the"system’is a Trénsistbf'Specialties, Inc.; Model
1535 Dual Channél; 100 ﬁegacycle pulsé cbﬁntef.’ It is designed so that
each channei_may be'gatéd séﬁafately;thWevér, theﬁrise time of’the gating
system_was slow in fhe desigh_modecf coupling._ Also one pulse was needed
tb starﬁ'aﬁd anothér to éﬁop the gate. A.modification was made to allow
the gate to be open only ﬁhen +2 volfs or greater is applied to the gate
‘input;:the rise ahdhfall ﬁime were decreéséd to BO'and 5 nancseconds
reSpecfivély.. :
As discussed in preVious segtions thé electron beam ié chopped
by applying a Squafe wavevfo‘thé électrbn'gun éathode.. The frequency
j of the séuafe wave may be varied from 7 Hz to 10KHz but all expéfiments
havé been run with.a period of 25'miliiseconds. Thé square wave also
triggers the two gate géheratofé;
| .Eacﬁ'of‘the deléy‘éﬂd gate genérators‘is é Berkeley Nucleonics Co.,
‘ Model CTFl,vDeieA-Gaté. .If is cépable of génerafihg a pulse wilth rise
;nd failvfimes of 10 héhosecoﬁds:and a perilod éf from ;05 microseconds to
10 millisecohds; thé pulse may élso bé.delayed from.;o5 microseconds to
10 miiliséconds aftér triggering. Triggering méy>be accomplished by
either a positiVe or a negative”going'puise.
| ‘During an experiment the'hegative,going leg of the square wave triggers
Del-A-Gate "A" ‘and turns of the electron beam; a‘delayvofsz msec and then
a pulse of 10 msec is generatéd. This pulse gates’chanﬁel "A'" of the
écalar and thus it counts for lO‘msec starting 2 mseé after the:electron
beam ié turned on. This delay allows thekelectron beam to feach its
equilibrium current flow and thevmetaStable beam at the scatteriné center  

to reach its maximum intensity for all atomic velocities before courting
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commences. The gateiends béfdrenfhé electron beam isuturned off.. The
operation of Del;A;Gate "B" and channel "B" is idehtical{'éxcepﬁ thatbthe
positive going leg provides"the triéger; thﬁs channéi "B céunts only
while the electrbn‘beam isidff énd-all metastable atoms have left tﬁe
scattering zone. The.internal.test function of the scalar is-used to
set the tﬁo gate bériods to be equal Within at least 0.1%; this un-
certainty in the relative channel readirigs has always been much less than
the sfatisticél uncertainfy in the recorded éoﬁnts_during an experiment.
For statistical analysis of the data, both channel readings, not simply
the difference between'the'£Wo readings, are recorded. The coﬁntingi
times reqﬁired varieé depeﬁding én fhe*signal to Backgréund ratio and
total counéing rate, but is ﬁypiéally_5o or 100 seconds; hoWevér;’
a countihg period of 500 seconds has been used ﬁith some success.
G. Performanée
The apparatus. is currently, if tenuousiy, ope}afing. .The nekt

chapter describes some experiments which have been ‘carried out.
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APPENDIX A

o _ v M
List of Appartus Drawings-and UCRL Numbers -

Qvens ahd Cold Shields -

Low Temperature Douole.Chember7Oven
OveulThimble

Oven;ThlmblevClamp

Oven-Clamp

Veloc1ty Selector, ngh Temperature Double
Chamber Oven

High Temperature Oven Cold Shield
High Temperature Oven Support Tube
High Temperature Oven Clamp

Higthemperature Oven Clamp Support

Velocity Selector Liquid Nitrogen Trap and Cold Shields

12N

12N

12

12N

12N

12N

12N

12N

12N

Liquid Nitrogen Trap

Veloclty Selector and Trap Supportt
Liquid Nitrogen Trap Insulators
Veloc1ty Selector Support Spacer
Flange Mount

Flange»Attachment

Cold Shield Support Plate

Cold Shield Front Panel

Cold Shield Side Panel

Liquid Nitrogen Fill Tube Flange

12N
12N
12N

12N

1oN

12N
12
12N
12N

12N

1401
1381
1391
1951

0600
2653
2561.'
3621

2601

270L
2694
2571

2021

20U3

2053
2683
26L2
2673
3635
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3. Electron Gun

. Impregnated Cathode o S V- S 15 .

4. Velocity Selector

- Rotor Assembly Diagram | : . K :' N '1053
Rotor Shaft EUTRE . 1w 107
Slotted Disk - 1y 1065
Front Bearing Collar o o 2N 1011

.Inﬁer Bearing.Céllar‘ ‘.~  - | N 1021
End Disk Spacer S  '; o 7.;. | | . 1eN 7';; 10k
Bearing Sleeve P v 1w 2971
Frohﬁ:Mount Plate = "' : . y 1hb - 2092
Front Cover Plate o om0
Baék’Mount P1at¢ . - - : A_f_ R U R 3012
Motor Mount Plate . © 18
Side Mount Plate - . 1N 1613
Motor Plate Support i S : | 12N , 1k81

Mount Plate Support | e 1531

5. Photomultiplier Mount

Fludrescence-Light‘Shield' o o 12N4 3853

% . | . . : o S o
"See Appendix A, Chapter II; many of the apparatus components whose

drawings.are_iisted there were utilized in this study. ' The above is only

a partial.list'of ﬁhe new cpmponéntsvédnstrucpedvfér this épparatqs;_the
pieces not listed were cohstructed by the experiménters and théré aré.no
 drawings on file. E#tensive changes have beéﬁ madé in some{of the pieces

depictedvin'the drawihgs ahq these Changés*havé.ﬁot:been recorded on the

drawings.
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APPENDIX B

List of Apparatus Electronics Diagrams and UCRL Numbers

Synchronous Motor Drivef  » | - 85 6673
.Puise’Amplifier | o ' o 8s 6462
10 MC Discriminatér - : 3 999k
Squéré.Wave Generator - o ' 8s 8922

See Appendix B, Chapter II; many of the apparatus components whose

drawings are listed there_wefe included in ﬁhis.apparatusi



~202-

, w
VII. VELCCITY DEPENDENCE OF Hg + Tl
COLLISIONAL\EXCITATION'TRANS?ER

N A. Introduction

In 1922vFranck predicted that a transfer of electronic eriergy coula

occur between an excited'atom and a ground state atom of a different species.;

This predietion was sooﬁ verified’when Cériozand Franek observed:radiation
from the excited states of thailium when a mixture of mercury and thallium
vapors was irradiated with the Hg 25373 llne 2 This process ﬁas labeled
se1s1tlzed fluorescene ,'1t hes also been referred‘to as collisions of the
second kind. In the two decades follow;ng this ploneerlng study investi-
gations were extended te maﬁy different‘s&stems.y'A reviéwga has summsrized
this early work and has shown how the resulﬁs.cenform to four selection
rules: (1) as the difference between the energy level of the doner atom
and the energy level of the redipient‘atom'increases, the emitted inten-
sity decreases; (2) if the energy level of the recipient atom is higher
than the energy level of the doner atom, the emltted 1nten51tj i’ less
than that found for a similar energy dlscrepancy but w1th the order of
the energies switched (presumably this is due simply to.the fracties of
collisions which occur without enough relafive kinetic energy to make-qp
for the energy discrepaney in the former case); (3) the_Wiéner spin rule
is obeYed; i.e. the tofal spin of the’system‘dees not change; and (4) for
the most likely transitiens the total electron angular momentum of ﬁhe
system does not.change.>'Later investigations have studied the effects of
changing such conditions és the pressure of foreign gases =nd the'tempera-
ture and pressure of the two collision species.5 As discpssed in Ref.'3

the experimental conditions were generally complex and i1l defined in these-
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early studies; for example theé identity of all initial excited states was
often in doubt or the role of the’HgE'Or the Hng molecule was not established.
Attempte have been made tc study the temperature dependence of the energy

L5

“transfer. Thesebexperiments have all been performed in e culb with
solid or liquid éamples of the reegents enclceed. In order to vary the
transléticnal energy of_theAcollision partnefs; it'was necessary to.
change thé temperature of the experiﬁental Veesel.u Concomitent with
this enefgy change was a pfessﬁre cﬂange which obscured effects due solely
to the energy Vafiation. In addiﬁion, an unknown bressure of impurities
due to outgassing_from the walls of the_seeled contsiner must certainly
haye been present. This presence is'likely to have a strong effect that -
would'certainly Vefy with femperaturel Thus, it is not clear how much
credence can be attached even to thevgross ﬁempefature dependence'of the
tofal crose sections that have”been pfeviouelybreborted.

Utilizetion of the apparetﬁé described inbthe previous chapter allcws
not only greatly 1mproved control of the 1dent1ty of the 1nc1dent species,
but also permlts the 1nc1deht“rela£1ve translatlonal energy to be varled
1ndependently of any other.parameter of the system. However, it‘would
be Very‘difficult to obtéin absolute values of the cross sections (which
can be obtalned with good accuracy in the bulb experlments) and thus the
two technlques arevcomplementary .Low velcc1ty,resolutlon'measurements
of the velocity dependence of the’effecfive croes.eecticn for collisional
-.excitation'cf-the T1 55502 fluorescence by;Hg‘BPO’E'have beeh made in this
apparatus and‘they will be presented here. |

Figure 1 presents an energy level diagram for thallium. A1l of the

thallium emission lines that have been reported in previous studies. of’
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mercﬁry sehsitized'fluorescencé are included. The two lower metastable
states of mercury (which are the two levels excited in- the experiment to
be described) are also indicated.

B. Experimehtal Conditions

A complete discuésion of the apparatus aﬁd data gathering précedﬁres
is givenbin fhe pregeding éhapter._'The tWo béams are prepared'in the.
éouble chamber oven soufcéé;‘the temperature of ali fbuf chambers sre
periodicaliy éhecked and maihfainéd as ééﬁsﬁanﬁvas possiblé-throughout
the experiment.. Thévupper chambgrs afé mainfained ~lCOéC above the iowér
chémbers:to'prévent'any condensétioﬁ or clogging in ﬁhe'upper o?en or
at ﬁhe>oven slits; this temperature'differentiél also minimizés apyipossibie
dimer concentration..‘Typicai'Operating-preésures:aré one to two T@rrvin‘
‘each oven. Thé,HgéfmoiéCule is known bﬁt:ité heaéﬁred bond dissoéiétién

5

enérgy is so>$mall athéﬁriﬁs.concentrétion is inconsequentiél in this
study. The dimer of Tl-has_not-been répgrfédvénd no evidence of iﬁ has
been seeﬁ in théivelocity distfibufioﬁé'méasured1ih this,study.‘

The electron beam.is settﬁo O.}O'mémps bgfore starting the experi-
ment. The plate and collector vbltage ié adjusfed to the peak.of the
excitation function (see Fig; 3 of ChapteerI). Throughout‘the ex?eri_
ment'the.electron beam current is monitored and held at its initial value.

Before the T1 oven is brought up to its operatihg-temperature to
start the éxperiment, a-velocity distfiﬁﬁtion of the parent beamvis meas -
ured at véry low source pfessures. These daté in thé'forh'of transﬁitted
beam flux intensity as a function of rotor rotational frequency aré o
necessary to calibraté the velocity seiéctor. Thié calibration‘pfocedufe

is discussed in detail in the next section.

P -
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Figﬁre L.

Thalliumvenergy level diagram.‘ All energies are given in electron .
vélts.'-For TL levels beléw L &V the energy of the level above the ground
state isvindicated, but for the higher energies the diffefence between the

T1 level and the nearest metastable Hg level 1s given. Note the scale

- change at 4 V. The two lower dashed lineé indicate the.ehergies of the

low lying metastable Hg levels, while the uppér dashed line gives the

. T1 ionization potential. The diégonal lines indicate the emission lines

observed in the mercury sensitized fluoresence spectrum of thallium; the

o
number_ labeling each line gives the wavelength in A.
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The.twd séélér chaﬁhélé_mﬁst'aléo be set ﬁo‘count for equallperiods
with proper:delays after.the élecﬁron béam is turned on or §ff. The cali—
brafién prééedﬁrévis diséusséd_in:thé ﬁfeviéﬁs chapter. “The data are
not.a critical function of fhé aelay times éo,no effort is made to set
'meﬁiﬁb great accufacy_nor to cpnstanﬁiy‘monitqf_them; they hdve been
foupd fo’femaih.apprbximately consfant.:-The.cdunﬁing times;'on the
other hand; are extrgmély cri£ical aﬁafafeAsubjéct to slight driffs;
therefore they ére periodically monitoréd §nd adjusted if necessary.

During an experiméntal run'thé photbmultipliéf is heéted as necéssary
to.maiﬁtain the fempératufe 6f fhe interferehce'filter'near 20°C; the
peak wévelength tranémitfed is’repqrtedwto éhift'toward shorter wavelengths
‘at avfétexbf lZ per 5.5°C. ‘Tyﬁiéal backgréund pressure_in the apparatus
is l.5x10f6_Tbrr (unc§rr§cted.ion'gauge.reading), If the background
pfeésurevwere high ehough to appreciabi&.éttenueté'the T1 beém, yhe
meaéured‘Tl beam_fiux ét.different Tlvvéiocities %ould not accurately
reflect the true T1 flﬁxlét the'coilisiéh zoné beéause>the extenf of
"attenuation would be expected to.be a étrong.function of Velocity. The
good agréement of measured T1 vélécity distributions With‘the theoretical
Maxwell-Boltzmann distribution indicates that this attenuation effect is
ﬁegligible. No problem is éxpeéted from secphdéry collisions in thé
scatteringvregion beggusekof the relatively low iﬁtensities of thé béams.
In an auxillary experiment, a. beam flag was inéta;led on the Hg beatn;
no attenuation of the Tl,beam_by,the Hg beam could be observed.

The object of the experiment is to measure the light signal that

~depends on the electron beam and therefore onﬂ_the metastable Hg.étom

flux. Approximately fifteen settings of the velocity selector afe chosen
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before beginning the expehiment‘ these settings are'selected so that

as large a range of relatlve ve1001t1es as pos31ble is scanned w1th a

due regard for Tl flux expected at each selector setting Typically a
range of 0.85 a to 3. 90 Ob has oeen found useful The faiiure tO'feach
lower T1 velocities is due both to the increase of selector transm1551on'
with 1ncreas1ng Velocity_selected and to the shift of the ve1001ty dls—
tributioh to higher velocities due to the Léval_effectf A countihg‘period
is chosen that allows the ektraction of_thevsignal from the‘bachground;
typically 50 to lOO-seconds is used. 'At.each velocity selector settihg
the rotational frequency, the coﬁnts on each of the tﬁo scalar chahnels,'
and the exact counting period as measured on a stop ﬁatch'are_recofded.
Concurrently the T1 beam flux ehd,ﬁg* heam flux are being recofded‘on:

the chart recorderj the positioh on the chart provides é recordvof the
tiﬁe during the experiment that the deta-poiht ﬁés taken. This procedure
is executed at each of the selected settings; if the signal is perticularly
low, thevprocess is .repeatedthO or more tiﬁes ét'é given setting Perio-
dically during a scan through the veloc1ty range, a counting perlod is.
completed with the Tl beam blocked by the beam flag to check for any
background modulated at the electron beam chopping frequency. Also
periodic checks are made to verify that the tﬁo scalar channels continue
_to count for equal periods. As many scens as possible are made throﬁgh
the complete velocity range; termination of thevekperiment'comes when

some apparatus component malfunctions. In the event that it were deemed
that enough scans had been made, it would be desirable to fepeat the
measurement of the veiocity distribution of the Tl beam to check for.ahy

shift, but this situation has not arisen.

P ¥
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C. Dats Analysis

If all of the collisionally excited species radiate before leaving
the scattering region, the observed photon counts must be proportional
to the total number 0f-atomsbéxcited to the emitting level per second

(denoted by N'). Now

W= VL gy g Qepr (&) @Blvgy) Pligy) dvpy dvy, (1)
where '

' Dy an = . number density of Tl, Hg atoms in collision zone of
' VOldme Vv

. * '
V> VHg'v_ wlocity gf_Tl, Hg atoms g
: . . a2 2,1/2
_ g = initial relative veloglty = (le_ +vag )
P(le),P(vHé) = number_density velocity distributions of the T1, Hg

atomé in the collision zone.
‘Qeff(g)= effective'total crbsé Secfion for excitation tq the
o ' bbsérved leVel. |

I£ should be noted here that Qéff is'fhg toﬁal cross section not only for
diréct excitation in'avcollisioﬁ’.of the level monitored buf also for forma-
'tionvby c@scade émission from higher states that are directly forﬁed. In
the present situation»the‘distributiqn of>ﬁg* velocitieg, P(Vﬁg),is almost

a full thermal disfribution}? and the distribution of.Tl.velocities,P(le) o
isfthe_fairly:broaa distribution transmitted by £he velécity selector. Tn-
 stead of attempting td'treat.the‘expefimental déta directly be deconvoluting'
Qeff(g) from P(vTi) and'P(Vﬁg),-an indiréct two step method is resorted to:
by assigning single veiqcities to both beams the total cross section as a

function of veloéity may be approximately extracted; then this curve is

~averaged over the initial relative velocity distributioh to reproduce
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the expéfimenfal'data. 'if'necessary the approximate curve may be adjusted
until a satisfactory fit is\achiéved.f,oﬁiy the first step will be dis-
cussed here. Another:member of fhis researgh group is completing tﬁe
process. | | |

To derive the appfdximate curve all mercury atoms aré assumed to
have the most probable source velocity and~thertranSmission through.the
velocity Seléctor:is éSsumedkto be é aelta funétion. .Sincé the 6béér§ed

photon counting rate, S is directly.propOrtionél to N', Eq. (1) yields

v’
. _ Shv
@ ff = n :
€ He “r1 &
Within the framework of this approximatim

are the measured beam flux:intensities,‘Oﬁg is the most

is the most probable velocity

where SHg’ STl

probable mercury source velocity and vo'

transmitted by the velocity selector.. Consequently'

s -1/2
' hy f 1 1
Serr ¥ TE_ 8- SR =) (2)
o g 5 Oﬁg- _ :
The determination ofvvo"and the date reduction and statistical analysis

will now be discussed.

1. Calibration of Velocity Selector

The rotational frequency of the velocity selector rotor is an easily

measured parameter, but relating its value to the exact distribution of

velocities transmitted by the selector is fairly complicated. For a non-
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divergerit. beam alignéd peffectly parallel to the rotor the nbminal.velocity
transmitted‘iS'giVen by »

_ _ : .‘-’o B “‘L/¢’ , _
_(See Chapter VI fér.notatibn). Thé moét probéble velocity'transﬁitted
is VO bﬁt Qelocities in a range on either side of VO héve smaller but
finite probabilities of being traﬁsmitted. Hostettler and Bernstein
have derived equations for the transmissiOn function. vaperfecf.align-
‘ment and'a’nbn-divergént beam ére assumed the velocity distribution can
be derived from these equations. Consideratiqns of probsble aligﬁment
error indicate the calcﬁlated péak position should deviate no more than °
¥ from the true experimental valué;'bUt the width of the true transmission
function is probably a factof of two greétef’than fgat Ealculated. In
order to obtain é more acéuréte idea of the true transmitted velocity
distributibn, complicated céleulations and an invoived calibration
prdcedure are necessary.' The remainder of fhis seCtion.will.be'devoted
to deriving_these reléti#ely minor cprréctiohs which arise ffom‘(l) a
sﬁali misaiignment‘of thevcénter line of therbeam With the rotor axis,
'(é),the effect of_the divergence of the beam abouﬁ the center line and (5)
clogging of the‘slits bf the first disk. Throughout thié treatment, great
simplication is achievéd by ﬁsing the small angle approximation which is
very accurate for the magnitudes (< l°).of.the_anglés that are involved.
First the distribution»ofbthevtransmifted velocities 1is célculated for a
a non-divergent beam misaligned by an angle . The divergence of the
bean has the effect of introducing é disfribution of misalignment angleé.
Thﬁs, thé transmitted veloéity distribution is obtained by integrating.
the transmission function for a non-divergent beam over the distribution

of misalignment angles.
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.'Gillén7'has generalized the equations of Ref. 6 to describe the
transmission function for a non-divergent beam aligned at an angle Q to
the rotof}shaft. A further problem has been’encountered in this study:

the T1 tends tb qoilect on the first disk of the velocity selector and

partially clog the slits of this disk. This clogging effect is expected

to affect the trahémiséion:funétiongA:Visuél'obsefvétioh indicétes that
primarily the beam material collects .on the face of the disk and on the
side of the siit moving toward'the beam. Elementary considerations of
the géoMeﬁry involved indicate;thaf the closiﬁg 6f the siit is more |
importantvthan'the tﬁickening of the disk due to building—up of the beam
méterial:on fhe disk face. Using a tréatmenf similar‘to that of Ref: 6
and 7 and denoting the amount éfvthe slit ﬁha£ is clogged in uﬁits,bf ,

length by.§ yields:

B(v) = o S v *min
B(v) - B,(v) - (5)
() = B - ()
B(v) = B(v) - r
n 7 A1

He)
B(v) = 0

(6)

4
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| Ler |
Verit T FrtiQ+t s | (7)
. _ - L wr _ IU) _» L_a— _l " .
o T r+ia o 17 g - ®
. (L-d) Cwr . _ )
Ymax T Tgr - A ¥ (L-d)0S B (9)

Physically, Voin is the lowest velocity transmitted and v .. is the highest;

v ' is the most probable Vélociﬁy trgnsmitﬁed and-vé ~is the lowest

o ' rit
velogity étténuated by the slit clogging. The otherlnotation is as défined
in Chépter-VI,‘ Equations (6) and (Eﬁ are equivalent to the equations of
Ref. 7 that give Voin and QO; howe&er here Voax &iven in Eq. (9) is less
than the Vm;x thet was derived in that eariler work.._The sign of o is
defined sb_that the»rbtof has to rotate throughvan aﬁgle greater thany¢
to-transﬁit'the'nQMiﬁal Velocity when o is poéitive. vThé ﬁegleét of.both
fhe slit clogging from the oﬁhér side of the slit and the beam material
dépositedvén the face of the disk introduces small errors in the calculation
of B(v); buﬁ since ciogging'bn.only one side of the disk is considered the.
treatﬁent preseﬁted here‘plaées an upper~iiﬁit on the distortion of.the :
transmission functidn due té:the clogging. Equation (%) énd'(é).ére.valid
only when 8 does not exceed 70% of the slit width; they break down at a
soméwhat higher_degree ofvcloggingf. It should be noted that the four
characteristic velocities given by Eq.ﬂ(6)-(9) are each propcrtional

to the roﬁatiohalvfréquency; o. Thus, the velocity transmitted is not

only directly proporﬁional to‘m, but also the width of the transmission
quCtion‘(vmax_Vmin) is prppqrtional to . This feature implies that

the total selector tranémission increases directly proportional to &.

For a non-divergent beam, the above generalized transmission function

accounts for all possible effectsvthat this writer has been able to recog-
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nize with the exception of the variation of the transmission function with
'r, the.radius of the disk. The appropriate»value of r varies over the_
height of the tfanémitted beam. if a‘equals zero and 6 equa1s Zero,
Variafion of r does not;affect B(v), but_if misalignment or clogging occurs,
a small dependence of B(v).on_r is obServed.',Calcﬁlétions.with values of

- ®.and o believed to'ﬁe upper limits for'cldgging and misalignment ﬁhat
could be:present in,this investigation éhow that the effect is very small
(< 0.3%) for the range of r due to the slit height. If an average value

of r.is téken, thevefféét largely cancels and, therefore,iﬁ has been
negleéted.v

Now it is necessary to consider the distributidn of misalignmént:

angles which arises from (1) ﬁhe‘error in alignment that is Iikély-to'
result'whén optical alignment mustfbé relied dpon, aﬁd‘(E) the divergence
of the beam that is présent in any expefimént. The bfoceduré that has been
adopted is to integrate the product of 'I(v) and B(v) over the distribution
of‘misaiignment angles‘{I(§) denotes the flux intensit& as a fqnction 6f
velocity that is incident upon'the selector aﬁd is relatéd'£9 P(v) in

Eq. (1) by I(v) « v P(v).};

In the apparatus employed here, tﬁe divergence of the beam may be
geometrically calcuiatéd from fhe known slitvparameters, but the misalign-
ment of the center line of the beam with the rotor axis is unknown and
d can only be roughly measured visually. Consequently a calibration
process ié necessary if it is desired to determine the ébsolute value of
Vé to better than the b accuracy which cdn be easily achieved by optical
alignment. This calibration process is rather involved due to two compli-

cating factors: the thermal expansion of the oven causes & (this symbol
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now‘represents thé'beam gentef linetmiéélignment) tévbe a function of oven
temperétﬁre and;i(v) is a fuﬁcﬁidn’of thev$ource pressure.

The-first.step oflghe calibration procedure was the writing of a
computor program to inﬁegréte the product of,I(v)»ande(v)‘over the dis-
tribution_of misalignment angles and then over the complete velocity
range transmitted by the selector. By carrying out this calculétion'aﬁ
various values of o a‘theorefical curve is derivéd which may be compared

with experimental measurements of 'S versus rptational frequency. At

T1
very low source pressures, the Méxwell—Boltzmann flux distribution is the

appropriate I(v) to integrate over, i.e.
. ' ' o
I(v) « vj..exp(—v/ab)
(Ob deﬁotes.the most probable source velocity). For this integration & = O
and 8 = 0. Multiplication of vméx’ the ekperimentalvrotaﬁional frequeﬁcy
that corresponds to the flux ihtenéify peak, by 27 gives an effecfive
’ . ' : ' - -1 o . .
gngular‘ye1901ty equal to @hax(l + Lq/p¢) where ® oy is equal to the
angular velocity of the theoretical curve that éorresponds to thebpeak

of the flux intensity (Zq. (8) indicates - why this is true). The equation

: ' I -1
. - 4+
em vaax- mhax'(l ro )
~allows the value of O.to bevdetermined. Now,.from Eq. 8 : )
t __ 2nL + Lo (-1 | » ' -
Vo' T [ % (1 | ot )_ v . (10)

where v is thevrotational frequency of the rotor. The factor in brackets
(which will be denoted by RO), should be very close to 897, the factor
derived for perfect alignment (see Table II, Chapter VI); in all completed

experiments. this has been true to within 5%. The above discussion is
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strictly applicable only to ﬁhe'situation with no:clogging. Siﬁce
clogging attenuates the higher Velbcitieé'more ﬁhan it does fhe lower
vechities,‘a distortioﬁ'qf,the velééiﬁy di;ﬁiibution results. Thus for
& o 0, the factor’défiVéd above will not give v.', but will give a
slightly smaller,-weighted_average of the transmitted velocities. This
\is'no problem in the:approﬁimate.derivation of Qeff’ but this small
effect shoﬁld be taﬁen.into'agcoﬁnt by visﬁally estimating 8 when the
velocity avefaged total‘effectivevcfosé section cufve is calculated.
The calibration is made at the_étart of an éxperimenf with low source
pressures; therefore it is Justified to set 8 = O in the integration to
derive the theofefiéal;curve. Later in'the experiment 5 may becdmé finite
but the value of aris not afféctéd by fhe clogging. An exémblé of a
calibration curve is shoﬁn iﬁ‘Fig; 7 of the preceding chapter.

The first cbmpliééting factor must now be.takenﬁiﬁto accouﬁﬁ. Before
proceeding however itbis perhaps worthwhile’to sﬁress thét it_is a minor

effect resulting in less than a 2.5% change'in the Valué of RO derived in

Eq. (10). When the temperaturé bfvthe oven is increased, a thermal expan- -

' sion takes place perpendicular to the beam axis. Thus, the misalignment
angle changes. The situation is further complicated by the fact that the
beam entering thé collision zone is defined by the source slit and the
collimating slit while the beam detected is definéd by the detectofiwidth
and the soufce slit. Only when ﬁhe detector 'is pléced at the center éf-.
the totél beam profile is the séme valﬁe of appropriaté to both beam
distributions. This particular complication could have conceivablyvbeen.
avoided by constructing a detector that was larger than the béam ﬁrofile,

but this was not practical for several compelling experimental reasons.

L A,
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The proééduré that.has Been;addpted is to center the detector in the beam
brofile and then to measure a Veldcity distribution: Unfortunately; the
velocity.distribution was usually takenbat iower oven temperatures.
Conseduently,'the value éf RO»(see'Eq. 10) derived from the measured
velocity'disﬁribution must be corrected for the thermal change of O to
yield Ré’ appropriate to the temperature at.which the ovens were main-
tained during.the_measureménﬁ of the beaﬁ profile. In the small angle
limit | o

. oL o -l
Rov_ ¢ .(l+ a)-—r—)

where O' = Q#AL/D. Here Al is the disblacement of the source slit due

(11)

to the thérmal‘éxpansion and D is the distance from the source slit tb
the’détédtor.- This adjﬁsted féctof is now also appropriate at this
'témperaﬁure.ﬁé the.totai beam defined by the two slits. A final calcula-
'tion mst be made to yield R.", the conversion factor appropriate to the
béam enﬁering the collision zone at the higher oven temperatures fhat

"

are required'dufing the experiment. .RO

Q'+ Zd'/D' is substitute for a'. Here Af' is the thermal expansion

is given by Eq. 11 if Q" =

due tovchanging ffom the beaﬁ profile oven temperatures to the experimental
oven femperatures and D' is the distance from the source slit to the
f_‘collimgting slit. In thése calculations AL and ALY are roughly caleu-
1a§g@fby‘éétimatingitﬁeLﬁémperétures’qf the various components of the
-;é&?éién& élaﬁp-assembiywlﬁ,; - |

 Due to intensity limitations it ‘has sometimes been necessary to

(o

é xié'velocity detfibuﬁidns at source pressures high enough that
'.fﬁéyiafibhs from the Méxwéll-Boltzmann distribution become appreciable.

Thesé deviations cause a nafroWing of the velocity distribution and,
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more -importantly, a shift:of the peak pdsition to higher velocities.
Conéequently, it is difficult to estimate I(v)bwhich is required to calcu-
‘late the theoretical calibration curve. A study8 of the velocity distrif
bution in.a molecular beam indicates that the simplest version of the
Laval nozzle theory gives fair agreémeﬁt with exberiment. (A beam Qf
metal atoms originating from a source equipped with a slit rather than

a circular orifice was investigated; thus‘the resu;ts_should be.appropriate

here.) This theory predicts

I(v) «w exp [0 (w=0)°] _y (1)

where w = v/ab and p and o -are related by

M = (2/7,)1/2 p o
b = 'tl + 1/2 (ﬂ/—-l)ME]l/'2
where Yy 1s the heat capgcity ratié CP/¢V and M is the Mach.nﬁmber which
is rigofdusly defined és fhe raﬁio of the grbss velocit& of the volume of
gas to the local speed of.sound. In préctice M is varied asva parameter'
of the calculation. Extensive computor caicﬁlations intééféfing Eq} (12)
over the seléctor tranémission function show that.the meaéuredvvelocity
distributions at given values of o and p should have Vefy nearly identical
shapes when plotted on the reduced units shown in Fig. 7lof Chapter VI |
'regardless of the extent of clogging and magnitude of thé misélignment
angle, at least over the rangé that ié congidered pOSSible in these experi-
ments. The ordinate dimenéioﬁiesé units are obtained by dividing the
intensity by the intensity at the peak and the ebscissa units result from
dividing the velocity by the velocity at which the peak of the distribution

appears (see Caption of Fig. 7, Chapter VI for further discussion). It
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should,be'hoted thaf ﬁhe péak veloéity is a critical function of & and C.
Figuré 2 shows fhe cﬁrVé_thét.is used io calibrate the selector. The
léng'cufﬁe Which (as wiil be discussed later) failed to give good results
wasvderived from‘Eq“_lé;‘it plots the peak pbsition versus the full width
at hélf méximum (FWHM) of the;integrated distribution plottéd with reduced
units. By detefmining'theiFWHM ofvan experimental curve, the magnitude
of'theicorresponding péak velocity may then be read off the graph if Eq.
(12) adequately describes the true I(v). This peak velocity and the
rotational fréquencj'at wﬁich ﬁhe peak appeéred yvield the value of RO
when subsfituted in Eq. (10). From this point the calibration is identical
to that of the Maxwell Boltzmann dlstrlbutlon This theoretical curve
&rived from Eq (12), however, does not give con51stent results for several
ve1001ty dlstrlbutlons taken with the same alignment but at dlfferent
source pressures. This observatlon is ascribed to a failure of Eq (12)

to adequately descrlbe the velocity dlstrlbutlons. Consequently, an
emplrlcal curve (shOWn in Fig..2 with the data p01nts) was derived from
four veloc1ty dlstrlbutlons measured for various source pressures but

W1th the same alignment. This emplrlcal-curve was used for the calibration
in all experimental runs} |

Table I presents the resxlts of all of the ve1001ty selector

callbratlons

2. . Data Reduction end Statistical Analysis

It is desired not 6nly to obtain the most accurate dependence of Qeff
on relative velocity, but also to place reliable limits on the accuracy
. of each data point. The digital nature of the primary data allows the

determination of the probable error by a reasonably objective statistical
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analysis. There are essentially ihree steps in this process: calculation

of the magnitude and Standard deviation of Q

off for“each.data point, tlme

normalization of fhe caléﬁlatéd values; and calculatidh of the méét
-reliable yalue and.standérd deviation Qf Qéff at each relative veloc;ty
that was investigated. These three stepévwill an be disqﬁssed consec-
utively. | | |

£

a. Calculation ofvrélative-magnitﬁde and standérd deviation of Qef

for each data point.

No'attempt is madé>tb directly‘calculate the absolute Qeff; all
cﬁlculaﬁibns are for relative values and are obtained from (2)vusing a
proportiohality constaht.equal to l; SHg aﬁd STl are feadAfrom thg éhart
recording taken during the experiment. The product of the/meaéured rotational
frequenpy'with the_cohférsion faéfdf derived b&fthe calibfatbn of the
velocity selector yield; VO'. The value of aHglis.calculéted from.the
measured temperature of the Hg'béam'source;'"CalculatiOﬁ“bf Shv,'however,
is complicéted'by the ébsérvatiOn that a small pogitiVe photoh signal in
phase With thevelectron beam’is registered when fhe'Tl beam is blockéd.
This signal could possibly ariée from Sevefal sources: a small detection
efficiency for the fluo;escence of the metastable atoms'in the collision
zone; a greater}photon counting efficiency on one_chanhel; or a small
difference in counting periods between the t&o chénnels. This back-
ground has been found to be‘éoriéigted with time but.not with'thé T1L

‘beam intensity. This latter observation indicates that this background
signal is not due to a small amount of the Tl beam paésing the beam flag.
Shv is the difference betweep the two scalar readings (expressed iﬁ.units

e S Np———

of counts per hundred seconds) minus a correction for the background.
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TABLE I. -_S}immary of V_e]_-ociﬁy. Selécto_r’ Calibrations

v

R 1= R,"/897x 100

7/10/70-C

.9k60

Date g FWHM | By R 0
3/24/70 - L5.00 _V;8h65 902.9 902.3  910.1 1.5
4/ 8/70 1560 .9290  856.6 856.5 86L.T | 3.6
h/22/70'_" .90 .9395 835.7 836.9  853.6 .8
7/ 7/70 ue.é5 ;8625 »:879.0v 877.7 887.5 1.1
-~ 7/10/70-A - ug.22 ' ,9h;o .875;7 :877.7 v887.5 1.1
7/10/70-B  b2.29 '}§h80 876.5- 877.7 887.5 1.1
ko 49 877.2  877.7

887.5 - 1.1
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Figure 2. Variation of pesk vélqcﬁty, VMP, iﬁ the measﬁred or integfated
velociﬁy distributioﬁxas a‘function.of'the FWHM of that_veloéity distrif
bution plottéd in reduced,units. The long solid curve was caiculated'
using Eq. (12).'The-sh0rte¥icufve with the data points was derived frém
four eiperimental veloéityxdistributions tékén withﬁthe same alignmént;
the disﬁribution measured at fﬁe lowést-source pressuré (see Fig. 7
Chaptef VI for this cﬁt#e)_was assumed to‘be‘ﬁnshifted from the MaXWelie 
Boltzmann peak. The numbérs running éldng £he theoretical curve indicate

the Mach number. The most probable source velocity is denoted by ao.
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Thié backgrouna‘céfrectioﬁ term is calculated from an ékﬁfession
which is a fﬁnction of time and ig obtainéd-by fitting t@g,measured_ ;
backgrouﬁd ﬁagnitudés té.aﬁ_éppropriaté functional form. In the experi: | :T
ments investigating then55503>Tllline.(the'reSults will be discussed later)
the measured'backgrouﬁd showedvno‘corrélation &ith SHg'_ This Bagkground |
ﬁas very small (typically 10% of thé maximum T1 fluorescenﬁiphotén éignél)
and a least squares linear fit of fheabackgroupa versus time Qés as high ;
an order fit as was justified_byithe statisticgl.SCatter of the data.

The background to be éUbtracfed at eachfdata points was. calculated frbm'
thisvlinear fit. In ekperiments involving the 28162 Tl line, the measured
background (due to Hg*‘gmission) was ﬁuch:larger (typically 90% of the.

total photon signal) and was found to be, within statistical limits, directly - -

proportional to SHgg‘cbnséquently é ore sophisticated treatmént was
necessary.. The_meaéured background déﬁa point, in units of coﬁnts per
100 segonds, was divided‘by'SHg measured simultaneously With the photon
signél._ These data points were then fit to a Legendre polynomial expan-

sion9 in time. In bbth fitting procedures the deviations of the measured

points from the -fitted curve were con&istent with the statiétical uncer-

tainties in the measured signals.

For experiments where the linear fit to the background is sufficient,

the above discussion results in the equation o , i
_ ' . \-1/2 i
Q = [(NA-NB) 100/TN - (A+ET)] Lo+ L Co(s, 8.7t
eff _ o v 2 .2 ‘He T1 .
(13) i
where
NA,NB =" counts recorded on éhahhel A, B
TN = counting period f
A = intercept of linear fit to background f
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‘B slope of linear fit to background

T tlme durlng experlment that data point was taken.

"~ Simple error propagatlon theoryloellows an approx1mate standard deviation.

0., to be assigned to each data point. Appendix A details the calculation

f o..
ot %

b. Time normalization of calculated valnes of Q_ep

If the'detectionhefficienoies of'the two beam monitorg and the photo-
multiplier assembly remained constant throughout the experimental run, the

values of Q calculated'in'the preceding section would be the final

eff

data points. However values of Qeff measured at the same velocity show

a definite correlation with time. This time variation is ascribed to a

change in one or more of the three detection efficiencies Therefore a

time hormalization procedure is necessafy.

| The use of a time normalization process is resonted to in many
moleculer heam studies.' Usually in other studies one reference data

point that is relatlvely noise-free has been chosen and its value periodi-
cally measured to follow the time variation of the signal. Here all of
the date points are relatively noisy end the measurement of each is repeated
several times. Therefoné, a more sophistioated time normalization treat-
ment_is.reQuired. The procedure edopted here.isv(l) to calculate the most
probable value of the meen'of all the measured data polnts taken at each
relative velocity, (2) to ealculate reduced data points by diyiaing each
data point by the calcﬁlated mean of all the data points taken at that

relative velocity, (B)Ito fit all of these reduced data points to a

Legendre polynomial expansion in time, (4) to obtain time normalized data
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points by dividing each original deta point by'thé”vélué.of tﬁe'tegéndré}”*
" expansion corresponding to the timefthat the data.point-was taken, and
(5) t0'repeatmsteps (l)-(h);ﬁith.the mean recalcdlated from the time
normallzed data p01nts obtalned in step (4). This-repetition continues
until the sum of the squares of the dev1atlons of the reduced data points
from the Legendre expans1on converges to a hlnlmum A paragraph w1ll
now be devoted to each of these steps | |

At ‘a glven relatlve veloc1ty the most probable.value of the.mean -of

an inflnlte.number of measurements of Qeff at that velocity may be approxi-

mately calculated from the finite set of measurements made durihg’the experi- .

ment by a welghted average,
Qe = Z(fo/o )/z(l/c) T ¢

'(Here as elsewhere.a bar'over a symbol indicates the average value.)
The value of'Q £ is calculated for each relative veloclty

Each reduced data p01nt Q offs TAY be calculated by d1v1d1ng each

Qeff by the appropriate Qeff' The uncertainty of each reduced data point
-must also be calculated from
2 ' : 2 o
°R -0 2 02- 20 = . _ .
;2 Q" 3.2 Urs Qers
. eff - e, -

The estimated standard deviation of the mean is calculated from

2y -1

. OQ, - ( . 1/0Q. ( )
snd o - the covariance il Q F and Q .' is a roXimat ly equal to
=, 1 & O . ) . pp ._ . e v q. _
U -

Q
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The computor prqgram LEGFIT from Ref. 10 is used to fit the reduced
data points to a Legendretpolynomial expansion. This expansion is defined
by o F(®) = £ a P (cost) Can
~ where 0 €t < 180. Thus, it is:ﬁecessary to express the time Spanvof Ea
the experiment on this Scdle._ This cobrdinété change is accomplished by

f. = ¢T -d

where ¢ = 0.96 [180/(?58Xmein)] and d = ¢ Tmin - (iO2)(180), A méximum
of ten terms is used in‘the.ekpaﬁsibn, but'the expansioh is terminated

at a.iesser number if én‘additignal termvis'not staﬁistically Jjustified.
The F‘di.s.trvi.bution test of an additional term as described in Ref. 10 is
applied after.thé_caléulationﬂdf each additionaivterm.to determine if that
term is statistically justifie_a; If the probability is b or greater
that a sét of pointé With.rahdom de?iations from the n-1 term expansion
woﬁl& be fit by the n term é#pénéign'as wéll as the true data points are
acfuaily,fit,_then the‘é#panéibn is termihated at-n-l terms. FEach of the
reduced data points is weighted by l/&QRE; 'A special case is presented

is made at a given relative velocity

if only a single measurement of Qeff

R

of £ will always be.equal to 1 on the first iteration. Since

because Q
this single data point cannot contain any information about the time varia-
tion of tle signai,'it islgiven eSsentially'zero weighting during the cal-
culation bf the Legehdré p@lynomial expansion.

The time.nqrmaliZedvdata points'may.now be.célculated by dividing

each data point by F(t)§_each_Such data point is denocted by.Qfo. The

expectéd undertainty, O qs MAy bé approximately calculated from

.. Q
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2
T o a ,
Q = Q + F o S : (18)
eff ‘eff
where Op is the uncertainty of F(t) and may be estimated from
2 2 2
G = Z P (cos t) o,

n. Lon-

where g, > directly evaluatéd by the computor program of Ref. lO repre-

fn
sents the uncertainty in. the value of an;'

Now these four step§-may be repeated with a few changes. The v
new‘averages,'@iff, for step (1) are-calcqlated from Eq. (14) by substituting
T and o %'; In step (2) Eq. 15 is still the appropriate expression‘

Q
eff Qti
for o R if the time normallzed values of the average and 1ts uncertainty

Q

are substituted. However, the covariance is mOre_complicated, and is

estimated from

% = %Q;Te [F(ﬁ)_ o T2 h - 12J (19)
Q Q. . Q? -
i

Repetition continues until the sum of the squares of the dev1at10ns of
the reduced data p01nts from F(t) decreases by less than 10% between two
successive calculations. For all sets of data analyzed, three sucessive
iterations have sufficed. Fignre_B shows the final fit of F(t) for the
experiment with the most extensive data; this experimentvalso exhibited thefv
greatest range of values for F(t).

Thls procedure for time normalization has proven very valuable for
the limited number of cempleted experlments that have shown a regsonable
s1gnal te noise ratio. When the data becomes n01sy'enough that a'31gn1f—

icant number of data points lie below zero, the-aVerage.value of the data

S

| 4
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points at a.particuiar velocity becémes small with respect to the abgolute
values of_the data - points. Thus thé Q:ff values diverge and th¢ procedure
breaks doﬁn. If is unfortﬁnate that we héVe not yet succeeded in the exfracf
tioh of meaningful fesﬁlts frbm daté with a signal‘to noise ratio of zero.
This procedﬁre becomes dangérous to use under two cdnditions: when the
nﬁmber of ferms in fhe»Légeﬁdre.pplynomial.éxpahsidn becbmes comparable to
the ngmber of data poiﬁts aﬁd‘wﬁen maﬁyfmeasurements of each data point
have not been made at scattéred times.‘ By teéting the significance of each
term inuthe expansion, dﬁe has a safeguafd ggainstvachieving a fit that
passes through all the dafa'points thereby removing not only all scatter

in the‘data but also all reliable information. Another check tha£ will
mrthér:substéhtiaté our belief that we ﬂéve not over-corrected for the time
variation in the data will be.diséusséd in the next section.. In order to
avdid the second danger, répeated séans fﬁrough the selected velocities are
Vﬁade in varying sequencei the experiment shoWn in Figf 3 representg at
least five'measﬁrements at the majority‘of.the'pointé and up ﬁo fwice_

that many at the nosiest pﬁints Which lie at the;edgés of the T1 veloéity

distribution.

c. Calculation of most reliable values and estimated standzrd

deviations of Qeff

The.weighted mean (denoted bynQ-fOr the remaindér.of this chapter)
of thé finél values éf ngf (fhe time normalized effective cross'Sections)
calculatéd from Eq. (14) where thé'final &alues of 0 g (the estimated un-
certainties of Qiff)rhave‘been used are the most rei?ablé values that

may be extracted from the data. Two methods may be used to estimate the

standard deviations of Q: direct calculation from the deviations of thé
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experimehtalipoints, szf’ from Q and calculation by error propagation

theory from the original data. Direct calculetion gives Ob from

N T 2 1% v
S (Q ped - Q) .
i1 e : ‘

o = J=21. , | A , (20) v |

N—l . » . 7 . . i
while treatment by error pibpagation results in GE'expressed by

-1/2 (21)

oEv = [3 v<1/cQTiE)]

where the S values are the final calculated uncertainties of'thevtime
N B _

normelized deta points; see Eq. (18) for the calculation of these values.

.These two estimates 6f the standard deviations of the averages should be

D

smaller than O it-would indicate that the time normalization might havé'.

mutually consistent. If o, were found to be consistently Significéntly ‘

been more closely fit to the data than was statistically warrented.

Figure 4 shows the final reéults for the data includea in Fig. BL. The |

two standard deviations aré of comparable magnitudeé and neither»seemsvto
consis£ently dominate the other. ‘Calculations have been made replacing the1
5%‘pr§bébility_éutoff in the time normalization by 50%;i'In this‘casé nine .
terms wére‘included, and it could be discerned that, féf:the points most
heavily weighted in the timé nérmalization, oEtWas consistently_laréer than'

D

values of Q showed only very slight differences from those shown in Fig. L.

o,. However, it should be emphasized that the magnitudes of the resultént

D. Results and Discussion-
) %

Studies of two Tl lines have been concluded. No indication of the i

o v
velocity dependence of the 2826A T1 fluorescence could be extracted be-

cause the modulated background photon signal was tooc large. The inter-

ference filter transmitted too great a fraction of the fluorescence of
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Qt g

Final results from oné éxpefimental run.. The circles indicate

- the ihdividﬁal time normalized data points. The-diemonds give.

" the left onés'give3Qvi 6rfwhile the_onés §n théfright show
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 the metastable mercury atoms.  The Qaiues of Qeff béfore.time normalization
do indicate, however, thét %here is a positi&é T1 fluoresgence sighai and
furfher studies with jmproved wavelength resblutionvare cohtemplated.
_ReSulﬁs have beén obtained.fér ﬁhe 535OZ Tlvfluoreécence, znd thus the
effective crdss section for fhe formatioh of TL Ts 281/2 level 1s obtained.
Figure 5.presents the velocity dependence of this créés segtion, _It is
cleér'that the éross séétionzdécreasés.nﬁﬁdly witﬂ relative &elocity and
 that the.measured‘Valuesréf‘fhe crdssvsection'aievfit‘Well by a curve'
proportional to the inverse of tﬁe>squérefo the relative velocity.

A.curve fit,to'thé deiived'values of Q is beiné integrated over tﬁe
experimeﬁtal distribufibh of félative ?eiocities by anotﬁer membef'of_this
reséarch gfoup. lFinal ihtegrated cufves arevnot’yet.available; but pre-
liminary results indicaté that thé-averaging”process has very little
effecf,‘at least for éroSsbéections that decrease as V_l}.

The.significgnée of the pcs.si‘blé'V"2 depehdéncebwill not be discussed.
here. A comprehensivé discussion will await the results of further |
exberimenfs on thé'Tl-Hg* System-as weil as otﬁer collision partnérs.

The 55502 Tl line is due to emission.from’Tl Ts 281/2'(see Fig. 1).
The energy discrepéngy,between'this lével and the two metastable mercury
levels is so gréat that it very.likely that direct excitationlis negligible
compared to excitation by cascade radiation from higher T1 levels. Since

5

P2 is the most preyalent metastable level (see Chapter VI) and since

3

Hg\

there are T1 levels closer fQ this level than to Hg Pé, it is also very

,probable:that the 5PO level contributes oniy slightly to the effective

. , o . | 5 _
totaleress section for the collisional excitation of the Tl Ts Sl/2

level.. The four selection .rules of Ref. 2a can yield some indication
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of what T1 levels are originally excited. The Wigner spin rule is fulfilled
for all of the transitiohs; therefore this rule is of no help here. The

- , \ ] o , 5
first two rules involving the energy discrepancy suggest that the 9s 81/2’
9 2P ., 84a 2D : .and 6f'2F sfatesbare erhaps the most

P F1/2,3/2° 3/2,5/2 F5/2,7/2 © © Pernaps

likely candidates for direct excitation. The initial resultant electronic
angular momentum, J, of the collision partners, Hg 5P24and T1 Pl/2’ is

either 3/2 or 5/2; thus Tl 9p P 84 °p and 6f °F are the

"3/2° 3/2,5/2 5/2

states in the preceding list of candidates_that'satisfy the fourth, partial
‘ B L 2 .

selection rule. Since of these four levels only the P5/2 state can readily

. 2n

radiate to the Ts Sl/2

it has nearly the smallest energy discrepancy, it is likely that this is

state in a single transition and moreover since

'the’predominate stéte.directly excited in the collision. However, signifi-
cant contributions from other states, especially 9p P1/2’ cannot be
ruled out.

The study of the velocity dependence of electrohicvenergy transfer

between atoms is potentially very inferesting. These processes are generally

11,12

believed to be curve erossing phenomena. Consequently, collisions

involving electronic energy transfer may proceed by either of two trajectories.

During the traversal of ohe of the possible tfajectories; the collision
partners cross to the final surface on the incomihg>pa£h and then do not
recross on the oﬁtgoing leg. Thé other trajectory is chafacterized,by-no'
curve crossing on theiincoming path and then the tranéition to thé final
curve takes place on the outgoing part of the trajectory. Thus, scaﬁfering
from two potential energy functions occurs simultaneously. Semi-classical

13,1k

analysis of systems where similar phenomena occur indicate that if

both curves give scattering at the same center of mass angle (i.e. if the




Figure 5.
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-Velocity dependence of the effective‘eross section for °

5p

in collisions with Hg Py o
. 2

1/2 |
metastable atoms. The different Symbols indicate separate’
experimental runs which have been normalized to-give the best

overall agreement. - Included for comparison are three functions

 of the relative velocity; they are normalized to the same

value at V‘=-6xlou cm/sec. The error bars (QicE) give the

- estimated two-thirds confidence limits evaluated by error

' propagation.
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defléction.functioﬁs’intersecf for some value of the orbital angulaf
momehtum in the.partial wave formﬁlation) interference‘effects can occur.
The expefimentally ébser&éblé méniﬁStatibn of this phendmenon shouldvbe
undulationS'superimposed upon the cross ééction versus relative velocity
curve.v.If fhese guantum undulations can be resolved, they should yield
detailed infbrmation‘cohcerning fhe potential‘suffaces. Such gusntum
effects héve been observéd in-an experimeﬁtal study of the velocity depen-
dence of. the total cross section for resonaﬁt chargevekchangeli and have
‘been prédictéd theoreticélly for Penning Ionization.lu Experiments sre
plannéd with an improved signal_to noise ratio and better velocity resolu-
tion to attempt to-obéérvé these features fof.non-resonant electronic i
excitation transfer}» Tﬁe’Li‘+ Hg* system_is the likely candidaﬁe for fhis

.study.
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By measuring the fluorescence from the metastable mercury atoms in_the

collision zone as a function of time after the electron beam was turned

on, itvhas proven possible to extract an approximate velocity distri--
bution of the metastable‘aﬁoms,'.Since the widths of the viewing region
of the photomultiplier‘and of the excitation region are'small'compafed
to_ﬁhg distance between ﬁhé two, a time of flight technique is applic-
able. ’The‘measured distriﬁutionvié unshifted from ﬁhe Méxwell-Boltzmann

peak but a considerable attenuation of the low velocity atoms is apparent.
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APPENDIX A. CAICULATION OF %
. The,techniques,Qf simple error propagation as.presented in Ref. 10
are used here. .
.2 2 2
% _ % O, S

UL o o
o 2 T2 I Cor L : ,)

eff

where I, IT and III denote the first, secord and.third_tefms of the
right side of Eq._(l}). ‘The‘distribution~of many measuremenfs of the
counts. recorded during a certain time interval should be well repre-
sented by the Poisson,distribution.lo Thus
. S ’ ' 2
: O, [NA -NB] e
2 ; TN : { 100 ) - S
= . + + - :
© (A + NB ( >,] Ur /7 OBkG (a2)

I ,« TN
‘OEN is the estimated uncertainty in the cdunting period -
oBkG.giVeS.the,expected Uncertéinty in the calculated background
value. It is apprOﬁimate%y evaluated by
5 (BkG, - [A+BT.])°
- 1 1
i=1

o = 1 (A3)
B T T 5 _

1/2

which is simply the calcitlated standard devietion of the J
experimental measurements, BkG,, of the background from the
linear, least squares Tit.

Using approximate analysis:

2 oy : o

OIIE . - i! » 0 "v2,+ vo 0 5 (O‘HQW '2)_2
ba v *‘qH: “Hg e 0
' (Ak)
ZQVO' is the'eétimafedvpncertéinty in.vo‘ and is approximately
evaluated by o
= vy'® (Gogyg/FRER) | (a5)

Yoo %

2
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S el

FREQ is the rotational_frequehcyiof?the rotor and its estimated

uncertainty of meaéhrement. is'bFREQ' The uncertainty in the

factor that converts rotor frequencyvto vO' has been neglected

because it must be the same for all data pbintsav
represents the expected standard deviation in aHg and is approxi-

ma%ely;giVen.by | o . :
o = 22891 amHe (46)
o, T T2 U T

T

T is‘theng source temperature.and q, 'is its expected un-

. certainty. M is the molecﬁlar weight of Hg.

2 o2 ' 2

O . Pm o, %me @
.- 5 5.2 |
IT B STl Hg

0, and 0. give the estimated uncertainties in the measure-

Tl Hg » '
ment of the Tl and Hg signals, respectively.

“All of the values in the above equations are known or may be reasonably

estimated; thus, a numberical value of % may be derived.
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