
" 

•.J, 
! J . ) 

l ) 

n 
11.l . 
I ·J 
0 
LU 
0:: 

MOLECULAR BEAM KINETICS 

David D. Parrish 
{Ph.D. Thesis) 

October 1970 

AEC Contract No. W- 7405-eng-48 

UCRL-19654 

LAWRENCE RADIATION LABORATORY 
UNIVERSITY of CALIFORNIA BERKELEY 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



   i            ii



-iii-

.TABLE OF CONTENTS 

ABSTRACT-----------------------------------------'----:---------------- iv 

I. INTRODUCTION-----------·------ -- ---- -- --- ---·- - ~- -·- -·--:- -- - - --- - -- -- 1 
. . 

References----·-------------.--·-:_ ___ -- -- ..:·-----~ - .__ - ---- --- - ----- -- 5 
. . 

II. APPARATUS FOR MAGNETIC DEFLECTION ANALYSIS OF. REACTIVE SCATTERING 

;IN CROSSED MOLECUIAR BEAM---------------.------------------------ 6 

A. Introduction----.-;.. ____ -- --:- ___ ...: ____ :__ - .. ---·---- ---:- -- -- -- - --- 6 

B. · Vacuum System---..:---...:-:: ____ -~- __ ,:.. ___ -- --..:.- .. -- ~ -- _,.:..__. __ -- - - --- 11 

·c. Beam Sources"'.';..-.---:-- --- --- - --- _..:._ ------ - -- ---- -- -- --:-- - --- --- 14 

.D. · Detector Assembly .. -~-------..:-------------------------------- 18 

E. · Prelimina;y Ex}?erini~rtts--~-----...: ____ :__~~--~---------------- --31 

References---;..----~--..: ____ ..; ____________________________ ..;. ___ -:---- 38 

Appendix A----------·- -- - --·-- --- --- --.-- -- ___ ..;·;.; ___ ----- -- - -- ------ 4o 
. . . 

Appendix B-----------------------------------:--'------------------ 43 

III. MOLECUIAR BEAM KJNE.l'ICS IL MAGNETIC. DEFLEC.TION ANALYSIS OF. 

REACTIONS OF Li WITH N0
2

, C~No2 , SF 6, cc.14, and CH
3
I-:---------- 44 

A. Abstract---~..:.--------------------------------------...:---~~--- 44 

B; ·. Introductiuu-----·- ------- - ----- --~--.--·-;.. ___ ------- -...,- ---- -.--· 44 

C. Experimental Conditions-----------------------.---- --- ---- --- 46 

D. ResuUs and Kinematic Analysis---------.:.. _________________ ..; __ 47 
. . 

E. Discussion----------------------------------'---------------- 77 
• 

Acknowledgement----'--:--------------------------"."---------------- 84 

~ References--------------;..---- .. -~-------------------------------- 85 

Dr. HARMONIC FORCES, NORMAL MODES MODEL FOR INVE&"l'IGA.TION OF CHEMICAL 

REACTION DYNAMICS---------------:------------------;..------------- 90 

:: :::::~::~:n :;-:~:-~:~:: :-::::-~::: :~::-~~=:-~:~::-:~::~ :: ~ 
1)1STRIBUTION oF TH1S oocu~ LS u~. 



-iv-

C. Appiication to "Harpooning" Mechanism----------·-"."------------- 100 

References------------------------·---------------~----------------- 112 

V. APPLICATION OF LINEAR, NORMAL MODES MODEL TO THE REACTIONS OF THE 

ALKALI METALS wrrH ALKYL IODIDES--"".------------------------------- 114 

A. Introduction----------------------- -- ·- --------------------- 114 

B. Formulation--- -------~---------------_: _____________ _: _________ 116 

C. Hesults---------------------------------------------:---------- 120 
' 

D. Discussion----------------_: _____ .;.. ________ _: __________ ~--------- 130 

References --- -- - -- --- -- -'--- -~ -- -- - ..: - - - -- - - --- - _ _: _ - -:-- -- --.- --- - - - - - 14o 

VI. APPARATUS FOR STUDY OF THE VELCX:rI'Y DEPENDENCE OF ELECTRONIC 

ENERGY: TRANSFER IN ATOMIC COLLISION---------------'."--------------- 142 

A. Introduction--------------------":"----------------------------:-- 142 

B. Beam 8ources -- -- -- ------ - -- - -- ---·- - --- - - -- - - - - -- - - - - - - - - -- - - -- 143 

C. Electron Gun-- -- -- -- --- - - - ----- -- -- -- - - -- - - - - -- - - - -- - --- - - - - -- 149 . 

D. Velocity Selector----------.:.. ____ _: _______________ _: _____________ 161 

E. Beam Monitors------------------------------------------------- 186 

F. Photon Detection System------------:---------------------.:.- --- 189 

G .Performance--- --- --- - - - - - -- - - ___ _: __ ---.:.. '."' -- -- --:- - --- -- - - ---- - -- 196 

References --- -- - -- - ---- -- -- -- -- -- -- -- ---- -- -··- -- - -- - -..:--.-- ---.- - - - -·:- 197 
. . 

Appernlix A------------..:...; _________ .;. _____ ;__;_ __ - ~~-~-----"'. ____ ;. ____ 199 

Appendix B--.;. ________________________ _: _________ _. __________________ ~201 

VII. VE):,~ITY DEPENDENCE OF Hg?<· + Tl co11Ial'.GNAL--EXCITATION TRANSFER-:..- 202 

A. Introduction--------------------------:..-----··-- - -- 202 

B. Experimental Conditions-------------------"" . ---- - 204 

C. Data Analysis------- -- ---- -- - - -- ---- -- ---·-- - - - -- -- - - - -- -- -- - -- 209 

D. Results and Discussion------- -- - - -- :.. ---- - -·· - - ------ 232 

1l 



-V-

. REF.ERENCES,... - - :- - .:.. _.:.. - .;. "" - - - - - - - - - .:.. - - - - • - - - - "" - - - - - - ~ - .,.. - ... - - - - - - - ~ - - - - - - - - - 2 40 

APPENDIX A-------------·-----:--------------,-----------~----- - ---------- 242. 
. . . ~ . . . . . 

ACKNOWLEDGEMENTS---..:.----,------~---------;__., ________________ .:_ _________ 244 

"• 

\ 
) 



.• 

• 

... 

-vi-

MOLECULAR BEAM KINETICS 

David D. Parrish 

Inorganic Materials Research Division, Lawrenc~ Radiation Laboratory 
Department of Chemistry, University of California 

Berkeley, California 

ABSTRACT 

An appaTC:ltus has been constructed to perform magnetic deflection 

analysis of reactive scattering in crossed molecular beams of neutral 

species .. An inhomogeneous deflecting magnet between the surface ioni-

zation detector. and the collision zone of the two crossed thermal energy 

beams was used to distinguish elastic reactant scattering from reactive 

product scattering by utilizing the large difference in their magnetic 

dipoles. Studies have been made of the reactions of Li with N02, CH
3

No2, 

SF6, CClii> and ~I. The total reaction cross sections and the reactive 

attenuations of the wide-angle Li elastic scattering for all of these 

gases are considerably smaller than.are the corresponding features previously 

reported for the reactions of Li+ XY (XY ~ Cl2, Br2 and ClI). However, 

interesting differences are observed in the product LiX center-of-mass 

(CM) angular distributions f~r the five gases studied here .. The LiO 

product of the N02 reaction is more sharply peaked in the direction of the 

Li atom than are the corresponding LiX products of the Li +XY reaction. 

The LiN02 andLiF pt'oducts of the crsNo2 and SF6 .reactions exhibit very 

broau, ~l.iuu:,;l:, liwtropic CM angular distributions. 'l'he LiCl and LiI. pro-

ducts of the cc14 and CH
3

I reactions are predominantly scattered into the 

backward hemisphere in the CM coordinate system. The features of the N02 

reaction are discussed in terms 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 classical harmonic forces, normal.modes ~odel has been developed 

to allow convenient investigation of certain features of the dynamics of 

chemical reactions. The Cs +alkyl iodide reaction dynamics are investi

gated by means of a linear, four-particle (Cs-I-CH2 -R where R = H, CH3, 

c2H
5 

or c
3

H
7

) application of this model. The full reaction exoergici ty 

is initially partitioned between potential energy of Cs..;I extension and 

I-CH2 compression, and the trajectories uf Lhe l'ou:c particles are followed 

uuLil the I-CII2 distance reaches o critical extens~on, at which point the 

reaction is assumed to be complete. The mo.del is examined as a function 

of two parameters, the I-CH2 force constant, k2,. and the initial repulsive 

energy in I-CH2 compression, P. · By varying k2, the model spans the spec

trum of possible direct-interaction reactio.n dynamics.from the limit of 

the adiabat_ic, very slow CsI-CH2R separation (low k2 limit) to the limit 

of impulsive release of the I-CH2 compression (high k2 limit)._ In con

trast to previous calcuJ,.ations, we obtain a good qualitative fit to the 

exverimontolly reported product recoil energio~ if: (1) R ri:>1At.ivA]y 

high value of k2 , near the impulsive limit, ls used;· (2) the potential 

surface is largely repulsive, .with P = 19.0 kcal/mole out of a total 

28. 7 kcal/mole reaction exoergicity and. (3)' .both the CsI and the CH
2

-R 

alkyl radical carry off substantial internal excitations. A similar, 

lineo:r, three port.iclc medcl opplicc the two derived values of "k~ Rnn P 

to the reaction.s of all of the alkali metal~ ·with methyl iodide. Experi.

mental ·measurements of the energy partitioning is available only for the 

Cs, Rb, and K reactions; this data is well reproduced by the model. The 

unstudied Li and Na reactions are predicted to exhibit significant deviations 

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

'ri 

• 
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explanation of the reported anomalously small total r.eactive cross sec-

tion of the Na + CH
3

I reaction is presented. ·Another application of tl1e 

linear, three particle mod~l shows that the small variations th_at have been 

observed in the energy partitioning in the reactions of the alkaii metals 

with the diatomic halogens may be explained by the effect on the reaction 

dynamics of the varying alkali to halogen mass ratio. 

An apparatus has been constructed t6 measure the velocity dependence 

of excitation transfer in atomic collisions. A velocity selected thermal 

beam of Tl atoms is crossed with a thermal beam of Hg atoms in which a 

small fraction of the Hg atoms are excited to the 3P0 2 states by electron 
' 

bombardment. A photomultiplier eq~ipped with a narrow band pass interfe-

rence filter and located below the beam collision zone provides a sensitive 

and spec;ific detector for collisionally excited Tl atoms in a particular 

energy level. 
. 2 . . 

Results for the Tl 7s s
112 

state indicate that the total 

cross section for creating .this energy level decreases as the asymptotic 

relative velocity, V, increases. The derived data points are well fit.by 

-2 . 
a V dependence. A method for the time normalization and statistical 

analyBiE of noioy data ia presented . 
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I. INTRODUCTION 

The technique of crossed molecular beam offers the chemist a unique 

opportunity to observe collision dynamics without the loss of direct 

information that statistical and thermodynamic averaging entails. Although 

there are severe practical problems, moiecuiar beam kinetics can, at least 

in principle; approach the ideal experiment where the incident species 

are prepared in given initial states and then the states of the scattered 

products are determined directly after the collision in which they are 

formed. Product parameters which are capable of-being determined are 

the product identities, recoil direction, and the partitioning of the 

available energy among th~ products' translational and interna 1 (rotational~ 

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

beams is particularly advantageous in the investigation of low energy 

collisions; the distribution of relative velocities of approach is much 

more narrowly confined than is possible if a angle beam is allowed to 

impinge. on a volume of gas confined in a scattering cell. 

Investigations of the dynamics of neutral collisions in crossed 

molecular beams received a great impetus from the. first observation of 
. . . 1 

a chemical reaction in crossed neutral beams by Bull and Moon .and from 

the measurement of the first product a~gular dist~ibution by Datz and 

2 
~aylor. In the sixteen years since these first successes, crossed 

beam studies have proliferated in sophistication.as well as quantity 

and diversity. Almost all of the early studies of neutral systems 

investigated the scattering of alkali metals due to the existence of 

•t• f . . ·t" 2 pos1 ive sur ace ion1z.a ion which pr.ovidr.o o.n extremely sensitive 

and specific detector for species with small ionization potentials. 

\~ 
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Successful crossed beam studies utilizing detection by electron bombBrd-. . . . . 

ment and mass analysis or by negative surface .ionization have been accom-

plished only very recently. The processes that can be studied in crossed 

neutral beams may be roughly divided into three categories: elastic, 

inelastic and reactive scattering. 

During an elastic collision neither energy tronofcr nor chemical 

rearrangement occurs. The interaction potential that completely deter-

mines the dynamics of such a collision can be adequately represented by 

a single central force expression, thus allowing a relatively tractable 

mathematical treatment.· Consequently, measurement of the.angular distri-

bution of the elastic scattering of a non-reactive system allows the 

extraction of a detailed.description of the potential function. 3 In 

order to obtain the potential function unambiguously, it is necessary to 

hBve both A very narrow angular resolution a.nd a closely confined distri-

bution of initial relative velocities. Early studies were largely confined 

to the alkali metal systems ahd yielded only ·a two parameter fit to an 

assumed potential form. Recently however, the b~st alkali.results3a 

4 
and even some greatly improved studies of non-alkali systems promise to 

allow direct inversion from the experimental data to thP, potent:i.i;l fllnc-

tion. The elastic scattering from chemically reactive systems not only 

yields information on the inLeraction potential, but also· elucidates the 

reaction dynamics; in particular the probability of reaction as a· function 

of impact parameter may be approximately extracted f.rom the elastic 

scattering. 5 

An inelastic collision event is characterized by a cha.nge of the 

internal .quantum states of the species during the period of interAction; 
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thus, compared to elastic scattering, a much more complicated and diverse · 

situation exists. Very few systematic studies of inelastic processes in 

neutral, .low energy systems have yet been reported.· Chapter VI_ and VII 

of this thesis descripe a crossed beam study of the velocity dependence 

of electronic energy transfer in an atomi.c collision. 

A molecular interaction that involves a chemical change in the 

collision partners is defined as reactive scattering. Intensive investi

gations of the reactive scattering of alkali metal systems
6 

have directly 

measured the product angular distributions, translationa·1 energy distri-

bt.itions and rota Llonal excitation.. In addition, the variation of these 

reaction characteristics with initial relative translational energy and 

molecular orientation have been_ determined for a few of these systems. 

A very recent study7 has successfully measured the vibrational energy 

distribution of a reaction product by using the reactive scattering from 

two crossed beams as the source for a molecular beam electric resonance 

spectrometer. Previously, such direct information had been available only 

from obs~rvation of.infrared chemilumihescence. 8 . The results presented 

here in Chapter II .arnl III and. Appendices A· and B .extend crossed beam 

investigations of reactive scattering·to(excepting-Fr) the last uninvesti

gated m~mber of U1e alkali family, Li; two thermal beams are employed 

and the product angular distributions and nominal values of the products' 

translational energy are· extracted. Recently, r.eactive scattering studies 

have also been carried out for 'non-alkali systems and very detailed results 

for fl wide ·va.riety of· reactive systems should be available in the near future. 9 

Chapters IV and V pres:ent a very simple model suitable f9r the investi-

gation 01· cu.llision dynamics in a form that facilitates the achievement 
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of physicfil itlsight .irito the.:doniinating feat:ures 6f ~-: :coi1ision. .supris-

ingly accurate reprodu_ctiorts ·of. certain. features .of suitable ::systems have 
.. ., 

been obtained. 
·.; 
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II. ·APPARATuS. FOR MAGNETIC DEFLECTION ANAtYSIS aF 
REACTIVE SCATTERING IN CROSSED MOLECUIAR BEAMS 

A. Introduction 

The design of this apparatus was guided by three considerations. 

First, it was desired to carry out quickly primitive crossed.molecular 

beam studies of the angular distributions of _the reactive scattering of 

Li, and possibly the heavier member~ of the alkaline ea.rth family, with 

halogen containing compounds. Such studies, utilizirtg two reactant 

beams with full thermal velocities and with no velocity analysis of the 

products, have been carried out for Na, K, Rb and Cs wh·ere the. reaction 

partners _have included HX, RX, -X2 , XX', SX2 , PX
3

, CH;x2 , CHX3' CX4, SnX4,. 

SF6 and cF
3

I as well as N0
2 

and RN02 (wh~ch form MO and :MNo2 , respectively). 

(Here, as well as elsewhere in this thesis, M, R and X represent the alkal~ 

metal or alkaline earth atom; and organic radical and a halogen atom, 

respectively). Several reviews
1 

of these studies have been given.· The 

qualitative features of the .center of mass angular and kinetic energy 

product distributions may be extracteq from the measured laboratory angular 

distributions. Similar studies have been completed in this laboratory 

:2 
for ten reactions of Li atoms. An initial experiment reproduced the 

results of the two .filament, differential surface ionization investigation · 

of the re<1ctio~ of Na with Br
2

, 3 thereby deinonstratinp; .the reli.::ibility of 

the technique employed here. As a second consideration it was desired to 
. . 

construct· the apparatu; so that it can be easily modified to allow more 

detailed investigations of these reactions including, for example, 

velocity and rotational energy analysis of the scattered:products or 

velocity selection of one of the reactant beams. These modificotiom1 ore 

'../ 
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now being carried out by other members of the· research group. Finally, 

it was desired to construct an apparatus that would have as great a flexi-

bility as possible in the investigation of other aspects of collision 

dynamics. Some results of the other studies n lso carried out· in this · 

apparatus will be discu.ssed later. 

The previous studi.es of the alkali metal reacti_ons have been 

possible due to the utilization of surface ionization. as a sensitive 

and specific detector. The primary problem faced in extending these 

studies to lithium and the alkaiine earths is the detection of these 

species which hnve ·higher ioniz.etion potentials and thus much lower 

detection efficiencies (approximately 1.0 to .0.1 percent compared with 

essentially 100 percent for Cs). In .the previous studies differential 

surface ionization was employed to measure the scattei;:ed M and MX 

separately; however, due to the_ decreased detection efficiencies of the 

species in the proposed studies, it was deemed desirable to construct 

. an apparatus which would allow either the two filament technique or magnetic 

deflection analysis to be utilized to distinguish between the elastically 

::md reactively ocattered alk.al1 or alkaline earth species. Some of the 

reactions of the heavier alkali atom reactions have also been studied 
. . 4 

with magnetic deflection enalysis, but these.studies have served pri-

marily to substantiate previous two-filament results rather than.to study 

unexamined reactions. 

The apparatus is described in this·chapter as it was designed and 

built for use in the Li atom experiments discus·sed in Ref. 2 and those t.o 

be described in the following chapter. Lists of the mechanical and 

electrical drawings for this apparatus are given in Appendicies A and B; 
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Figure 1. Diagram of the vacuum chamber, as view_ed from above. The 

. 0 
reactant.b~ams, which cross at an angle -y = 90, effuse from 

ovens mounted on a platform which may be rotated from El = -55° to 

El = +120° with respect to the stationary deflecting magnet and 

detector assembly. Only scattering in.the plane of the reactant 

beams is measured and the sense of El depicted in this figure is 

taken n3 po3itivc, with O = 0° in thP- d;i.rl':lct.ion of the Li A.tom 

bean). The entire detector assembly (ionizing filament, ion optics, 

analyzing magnet, electron multiplier, and electrical shield) 

may be scanned across the.gap<of the deflecting magnet in order 

to measure beam profiles and def:/-ection I;)atterns. 

Figure 2. Schematic diagram of auxilliary components of the apparatus. 
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these drawings are on file at Lawrence Radiation Laboratory, Berkeley, 

A diagram of the e·ssential parts of the apparatus which are enclosed 

in the vacuum chamber is shown in Fig. 1, and Fig. 2 shows a genera 1 

schematic of the apparatus together with a block dia_gram ·of the _electronics. 

B. Vacuum System 

L 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 originally constructed and used in this investigation, 

to studies of reactions in which both reactants are condensable at liquid 

nitrogen temperature. The chamber is constructed as a large box (37"x33"x27"); 

each of the four sides is fabricated from heavy aiuminum alloy (Alcoa-

6061) plate and is reDJ.ovable. Thus, the main body of the chamber consists 

of the hottom and the top with a vertical support at.each corner; this 

also is fabricated from the same aluminum alloy with welded construction 

throughout .. The four vertical supports are drilled and tapped to.receive 

the bolts by which the sides are attached. The advantage of this construc

tion is that any desired wall or walls may qe removed for convenient 

access for working inside the chamber; the other walls are left in place 

permanently for the duration of the experiment, thereby providing a flat 

surface for mounting smaller flanges and other apparatus components by 

tapping directly into wall. The ability to remove the walls allows easy 

modification and, if necessary, replacement; iri addition, differentially 

pumped beam source chambers may be bolted.on in place of the walls to give 

the apparatus considerable flexibility of application. A 12" diameter 

rotating lid is mounted in the top of the vacuum chamber. This lid 
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may be rotated from outside. the chamber while··mairitaining a vacuum inside. 

The low pressure of residual background ga.ses that is necessary 

to insure minimal scattering of the molecular beams can be achieved oniy 

through very fa st pumps and extensive trapping since the beam s.ources repre-

sent large leaks into the system .. The lowest _pressure. l'.'eached in the system 
. :..g. 

was 5x10 TOrr (uncorrected ion gauge reading) when no experiment was 
. -6 . 

being conducted; however, the pressure typ:i.c::iJ..ly rose to l.5xl0 Torr dur-

ing an experimental run if one of the source ovens required a high tempera-

ture. This high pressure was partially due to 6utgassing o'f materia"ls. that 

surround the oven and. are.thus heated by it. 

2. Pumps, Traps,. and Associated Circuitry 

The main pumping for non-condensable gases. is obtained from two 

Consolidated Vacuum Corporations PMC-6B, 6" oil difflcsion pumps (nominal 

pumping speed of each is 1400 liters/sec) while liquid nitrogen cooled 

surfaces provide very high pumping speeds for condensable gases (typlectlly 

. 2 5 
1-20 liters/sec/cm). The complete interior of .the vacuum chamber is 

enclosed by a copper box. equipped with removable walls; in order to main-

tain the necessary low temperature, this box is attached to a lai·ge 

liquid nitrogen reservo.ir (capa.city 28 lit~rsf. This copper tank covers 

the entire bottom of the apparatus and·the diffusion pump baffles are built 

into it; these baffles have an optically dense design and uncfou.btedly- reduce 

the effective pumping speed of the oil diffusion pumps. No attempt was 

made to measure this but the reduction is likely to be a factor of two or 

greater. A standard l" Swadgelok fitting was used to couple the liquid 

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 interlocked with a pressurized dewar equipped with a sole

noid value. The frap is suspended by thin stainless' steel straps in order 

to maximize the~mal isolation. Additional pumping in the region of the 

beam sources is provided by a smaller liquid nitrogen trap (6 liter capacity) 

suspended from the rotating lid on. thin stainless steel tubes; shields 

surrounding the ovens are attached to and cooled by.this reservoir. This 

tank is filled manually, and is kept cold only during an experimental run. 

A single Welch 1397B two stage mechanical pump with a speed of approxi"'.' 

mately 15 cubic feet per·minute at 10 microns is used as, fore-pump. A 

Hastings thermocouple vacuum gauge monitors the fore pressure; it controls 

an interlock that turns of the power to the diffusion ·pumps if the pressure 

rises above a preset value .. The diffusion pump power is also interlocked 

to the flow of the cooling water and the the puinp temperature .. 

The pressure in the main vacuum chamber is monitored by a Veeco RG-75P 

ionization gauge. The power supply as well as the switching panel for the 

Hastings gauge, the diffusion pump interlocks and the automatic liquid 

nitrogen fill system are all designed and constructed by Lawrence 

Radiation Laboratory. 

3. Vacuum Seals and Connections 

Rubber 0-rings in grooves of standard LRL dimensions are used in 

most static and all movable vacuum seals. The seal for the 12" diameter 

rotating lid is provided by a double 0-ring groovewith 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 flanges. Apiezon 
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Lor N vacuum grease is lightly applied·to all 0-rings.and gaskets; one 

exception to this is the rotating lid where Dow Corning 33;. medium consis-

tency, heat stable-low.temperature s~licone grease is used to insure leak 

free rotation even when the 0-rings are.cooled by conduction to the liquid 

nitrogen tank e"':tached to the lid. 

Most electrical feed-throughs are made by -drilling holes in epoxy 

plugs, threading a bare wire through the hole and. sealing with epoxy; these 

epoxy· plugs are then sealed with ruhhP.r 0-rings. Such crude systems give 

remarkably trouble free performance. For the signal lead a Stupakoff kovar-

glass sel'll. is usecl; 1/4" brass tubes carry both the energizing current 

and cooling water for the magnets into the chamber. These are sealed at 

entry to the vacuum by an 0-ring; teflon sleeves· both inside and outside 

the vacuum chamber electrically insulate the tubes arnl u.~rinc- the 0-ring 

groove. Inside the vacuum chamber, .ccnnectlurw rui the cooling W3ter l:i.ne."l 

are made with both a well standardized system of the LRL couplings and 

fittings and Swadgelok fittings; no trouble hcis been encountered with 

either system even a~er repeated resealing. 

· C.. Bea.m Sources . 

1. Ovens 

The sources of the molecular beams in this apparatus consist of small 

chambers which contain the molecules a,t a pressure qf up to a few Torr and 

are equipped with narrow slits. 'l'he pressure u.r the ge.3 and the width of 

the slit ore ad,iusted so that the mean free path length in the chamber is 

approximately equal to but not much greater than the· slit width; this 

condition insure.s that the molecules will leave the sources by molecular 
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effusion rather than hydrodynamic flow. Under effusive flow conditions 

the molecules_ undergo essentially no collisions after they leave the oven 

while in the latter case a cloud of molecules forms in front of the slit 

and the boundary of.the cloud becomes the effective beam source. When 

this occurs, the beam broadens, the beam intensity no longer is proportional 

to the source pressure, and the temperature of thebeam is not well 

defined.
6 

The molecular beam ovens used in this apparatus are of the typical 
. . . 6 

design as described by Ramsey. For. the experiments that have been carried 

out, a double chamber oven was used to produce the Li atom beam; the lower 

chamber contains the charge of Li metal and its temperature defines the 

source pressure while the temperature of the upper oven, which can be varied 

independently from that of the lower, defines the beam temperature. This 

design permits the achievement of an' effusive molecular beam with.the 

kinetic energy variable over a limited range, and allows the.minimization 

of the dimer concentration. in the bearri.. This oven was constructed from 

stainless steel with welded construction.. Although Li slowly attacks 

stainless steel at the high temperatures required to produce the beam, 

no serious problem has been encountered; however a slow corrosion of the 

lower chamber is evident. and the. tube connecting the two ovens has required 

replacement. The top of the lower oven, to which the upper oven is 

connected, is removable to allow refilling of the_ charge; since copper 

gaskets could not be used, the lid is lapped and held tightly against a 

lip around the well in the lower oven by means ·of a screw mounted on a 

yoke. This arrangement was found to be satisfactory and did not leak. 

The tube from the lower to upper oven extends inside the upper oven to above 

It 
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the level of the slit; this construction ·insures that the thermal equili-

brium is achieved in the upper oven before the gas can.leave the slit. 

The temperatures of the oven chambers are monitored with chromel-alurnel 

thermocouples inserted in wells in the oven blocks. The temperatures 
0 ' '• 0 

were typically 950 K and 1075 K in the lower and upper chaml;Jers respec-

tively; at thermal equilibrium,.this would corre3pond.to a ·Li aoiJ.rce 

pressure. of -0.3 Torr, with less than O.r:;/fo Li2 in the effusing beam. 

Magnetic d~flection typically attenuated .the par~nt Li beam by 9<Jfo indicat

ing a negligible: .concentration· of. Li2 in the. beam assumfug that. Li2 was 

. . L.+ + surface. ionized to give i rather tha.n Li2 • An auxiliary experiment, 

employing velocity and magnetic deflection analysis of the.parent Li 

beam, confirmed that .indeed Li2 did give a surface ionization signal of 

Li+ and thus that the Li2 concen(ration in these experiments was negli

gible. Each chamber is heated by 0.020" 'tantal,uin wire strung with 

ceramic beads to provide electrical. insulation and wound through holes 

in the ovens. The power for these ovens, as well as for the other beam 

source, is supplied by variable, 14oV, a.c'powerstats which are in turn 

energized by a line voltage regulato'r. In order to reach the high 

temperatures required, several layers of 0.001" 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. stainless steel 

tube with thin ( 0 .o4o") walis to minimize·· .. heat conduction from the oven. 

This tube is held by a clamp which is equipped with cooling coils to pre-

vent heating of the surrounding 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 required width. ·This system results in slits similar to the "ideal 

slits" described by Miller and Kusch. 7'
8 

The non-alkali beam source was designed for-use with.reagents that 

have a. ·substantial vapor pressure at room temperature. The reactant gas 

is prepared on an external vacuum line at the desired pressure (typically 

-3 Torr) and.a tube provides a connection to the oven. This oven consists 

of a copper block, encompassing a small volume and equipped with a slit 

containing a many channe.1 array. The array is of the standard "crinkly 

foil" construction9 with ch~racte.ristics of -0.012 cm hole radius, -0.5 

cm long and calculated porosity -9C/fo. Nickel foil has been· used and 

has performed satisfactorily although corrosion is a problem and in the 

experiments that have been carried out, the foil required periodic 

replacement. The .experimentally measu_red beam profile was roughly 

triangular, 13~ FWI:IM which indicates.considerable directivity when compared 

with the- geometrically .calcu],.ated trapezoidal_, 19° FWHM beam pz·ofile. 

The heatirig e·lements and power· supply is similar to that of the double 

chamber oven; the temperature was typically maintained at 320°K .. 

2. Cold Shields, Collimating Slits 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; hc:Mever,it was found 

that additional water cooling around the lower part of the cold shield 

was neces~ary 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 secopdary peaks on the beam·profile caused by scattering of the 

beam from the walls of this slit through the cold shield, 
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it was necessary to bevel the hole on the outside arid provide water cooltng 

for this area. A heated, ad.justable width collimating slit is mounted on 

the outside of the cold shield to provide collimation for the beam; the 

beam profile agrees with geo~etric calculations and is typically 2° FWHM. 

In addition to the heat shielding around.the oven, further .001" stain-

less steel foil heat shielding is mounted inside the cold shield. 

The cross. beam oven is also surrounded by a cold shield mounted 

on the liquid nitrogen tra.p. Since only condensable. gases are used, this 

cold shield provides the primary p~ping for this.source; conduction to 

the trap cools the shield adequately. Collimation is provided by an 

unadjustable slit cut into the cold shield; this slit required warming 

somewhat to prevent cloggin~. A beam flag, used.to interrupt the cross 

beam, slides along guides built into the cold shield and is connected 

to a manually operated plunger by a wire coupling; this pil:.ungP.r enters 

the vacuum tbrough an 0-ring seal. 

D. Detector Assembly 

1. Surface Ionization Detector 

A_surface ionization detector ofthe type commonly ll::lPr'l in m.0lecul8r 
.. 6 

beam work provides sensitive and specific detection of a small class of· 

substances that have low ionization potentials. Additional att:ractive 

features of this detec.tor are its linearity .of response and simplicity 

of construction and use. 

For the Li atom reactions,, a polycrystaline W filament of .003" 

dia. was U:sed to ionize the reactant metal atoms and the product halide 

molecules to the singly-charged positive ion of the metal. Due to the 

high ionization potentia 1 of the metals investigated it was necessary 
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. . 

to obtain a surface with as high a work function as possible; accordingly 

a capillary. tube was installed to continuously oxygenate the W surface 

and the filament was run at a low temperature in order to maintain an 

. . 10 11 
oxide coating on the surface. ' · In partial agreement with previous 

work12 we found that this surface .achieved its maximum ioni.zation effic-
'' 

iency and best signal to noise ratio when operated at -1700°K. The fila

ment is h·eated by pa~sirig a current through it (0.50 amps at 1700°K). Thus 

current is supplied by Kepco de pti1Wer supply (Model 5M 36-5 AM) capable 

of delivering 0-5 amps at 0 to 36 volts. The filament and its power supply 

are insu·lated from grbund (rated for 5 kilovolts) to allow the ion source 

to be m!iintained at any desired potential. In order to prevent the 

filament from sagging du.e. to the expansion in length which occurs upon 

heating, a spring is wound from· .010" tantalum wire and spot-welded 

to one end of the filament. The other ends of the spring and filament 

are spot welded with the spring stretched to nickel wires which deliver 

the current. and support the filament. 

The filament is mounted within .a focusing. element and an accelerating 

grid; the design o:t' these three elements is such that they approximately 

define a. "Pierce gun" •13 As indicated in Fig. 1, this assembly ejects . 

. the positive ions into the magnetic mq.ss spectrometer at any desired energy. 

The "Pierce gun" was used because it can be showri by. an exact solution 

of the space-change equations for electrons leaving a space-change-limited 

cathode that the electron flow is .rectilinear; 13 this property is not very 

critical for positive surface ionization, but future crossed beam studies 

may be carried out utflizing negative surface ionization in which case 

space charge limited conditions would exist due to the extraction of 
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thermal electrons as well as the negatively charged ions. The two elements 

were constructed from monel metal; they a.re supported by ceramic rods 

and electrical contact is made by .020" nickel wires held in place a.ga inst 

the elements with tension produced by suitably bending the wires. The 

potentials of the two elements as well as that of the filament and its 

power supply are provided by a voltage divider utilizing a Kepco_Pa.x 
. . . 

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

Mass analysis of the surface ionized signa.l was deemed desirable 

for two reasons. F~rst, the filaments normally available for use in 

surface ionization detectors a:re generally contaminated with small 

amounts of alkali metals, ·predominately Na and K. During operation at 

a high. temperature, these impurities boil out· of the metal and are ionized, 

thus causing a large background; mass analysis will elimim=tte almost all 

of this when Li or the alkaline ·earths are being investigated. Secon6.. 

if negative surface ionization is contemplated, at_ least a crude method 

of ma.ss analysis is a necessity in order to eliminate the thermal 

electrons that are unavoidedly extracted from the ionizing surface along 

with the negative ions. A very simple and easily fabricated mass spectre-

meter is simply a magnet. with a strong field and circular pole tips. 

By injecting all ions at the S8lllle energy, they are bent in circuJar paths 

whose r~d.ii are a. function nf t1he momi!ntum of' the ion. Th1.u;, 11a1·Llulel: . 

of different mass travel different paths and by suitably locating an exit 

slit with shielding to colle.ct all ions not reaching the slit, mass 

analysis is accomplished •. 

In this apparatus, the ionsare mass analyzed in a 2.5 cm radius 

electromagnet
14 

wlLh a 0. 79 cm gap. Two features oi' this magnet 
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(as well as that of Geise and Maier) deserve comment. The two round 

poles each have shims in the shape of rings such that they extend 

.0381 cm away from the pole face and in .0495 cm toward the centers from 

the outside radius. These sn:L.ms are designed t~ minimize inhomogenity15 

of the magnetic field due to "fringirig" of the field a.t the edges. 

·Secondly, the circular pole faces in conjunction.with the 90° angle of 

deflection insure the acceptance of a moderately divergent beam; it 

. . 16 ... 
has been shown that the beam is focused in angle to second order for 

such a configuration·. 

The magnet yoke is fabricated from Armco Magnetic Ingot Iron; 

Western Electric Permendur was used for the pole pieces. All pieces were 

plated with .001" nickel to minimize corrosion, The cur:re nt to 

energize· the magnet is carried by one hundred seventeen windings of 1/8" 

o.d. soft copper tubing capable of carrying 100 amps with an IR drop 

of approximately 27 volts. ·Cooling is provided in the. vacuum by running 

water through ·the tubing·; the water is wa:etued during its passage through 

the coils, but no overheating problems have been encountered whenever 

the operator haR m17rnembered to turn on Uie.water. Insulation is provided 

for the coils by inserting the copper tubing in fiberglass sleeving before 

winding the coils. A Universal Electronics ·transistorized de power 

supply capable of delivering 0-15 amps at 0-10 volts provided the energi-

zing current during the Li atom experiments. 

The windings were designed to allow the achievement of a magnetic 

field of 15 kilogauss at 100 amps. No exhaustive calibration was attempted 

but crude measurements showed 3.8 kiloguass at 25 amps energizing current 

Wb.Pn only half the windiugt> were used. Measurements taken immediately 
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outside the gap indicated less than 200 gauss fringing field. The mass 

spectrometer has proven itself capable of selecting down to at least 

atomic mass 6; lithium 6 and 7 are clearly separated at maximum 

resolution. The highest mass selected has been thallium; no attempt was 

made to separate Tl 203 from Tl 205. 

Outside the exit slit (Q.lOcm x 0.64.cm) is mounted a resistance 

strip electron multiplier.(Model·M-306, Bendix Corporation, Cincinnati, 

()hi.0) for n.et.ect.ion of the ions. This mu;J.;t:;iplier showed no deterioration 

after repeated low-pressure exposures to the alkali metal a.nd halogen 

vapors employed in these experiments. The gain of ~he multiplier was 

changed, however, when the deflecting magnet was energized; in order to 

avoid this, a magnetic shield was fabricated from .06211 thick Mu-Metal. 

This shield had the added benefit of providing electrical shielding whrh 

prevented the detection of' background ions produced on tne hea'til;lg element.8 

of the .ovens. The lead from the anode of the electron mu.ltip1er is fed 

through a kovar-glass seal and the current is measured with a Cary Model 

31 vibrating reed electrometer and recorded on a Leeds and Northrup Speedo

max. G.recording potentiometer. 

This assembly of the surface ionization filament, mass spectrometer 

and electron multiplier as well as surrounding electronical shielding 

are insulated from ground so that the whole system may be biased up to 

5 kilovolts from ground. This feature is necessitated by the desire to 

use this detector for negativesurf'ace ionization; in order for the anode 

of the electron multiplier to be held at ground, as is required 

by the Cary electraneter, the cathode must be held at voltages as much 

as two kilovolts negative. In order to accelerate the nega.t:i.ve ions 
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into this cathode; the surface ionization filament, the i:nass spectra-

meter, and surrounding electrical shielding must be held at roughly 2 

kilovolts more negative. This insulatio.n is provided simply by mounting 

the complete system on a plexiglass plate. One.is limited to .003 or 

smaller diameter surfaqe ionization filaments, tlwugh, because larger. 

filaments radiate enough heat to eventually ~elt the plexiglass. Teflon 

sheet between the mass spectrometer yoke and the energizing coils allow 

the magnet.'s !.lower supply to be operated at ground.· However, the power 

supply producing the potentials.for the mass spectrometer elements and 

the power 9upply for the filament current must, of course, be insulated 

from ground by means of 5 kilovolt is0lation transformers. A John Fluke 

Mfg. Co .. Inc., Model 4o8B high voltage de power supply (0 to 6 kV, O to 
. . . ' . 

20 nia) in conjunction with· a voltage divider system provide the potentials 

for the electron multiplier and the potentials for floating the various 

power 'supplies and apparatus components. 

The plexigiass plate .is mounted on a sliding flange that may be 

moved in a horizontal direction from outside the vacuum chamber. The 

position of the flange is monitored to within .001" by a Lufkin dial 

indicator (l" full ra.nge, 10 cycles of the dial). This feature is 

necessary so that the detector assembly maybe scanned across the gap 

of the deflecting magnet allowing beam profiles and deflection patterns 

to be measured. In order to eliminate errors due to backlash; the flange 

is always scanned in the same direction. 

2. Deflecting Magnet 

Since positive surface ionization produces the singly charged positjv~ 

metal ion from both the reactant metal atoms and the product halides, a 



means of distinguishing between the signal due to each of the two species 

must be included in the experiment .. Two filament differential surface 

ionization takes advantage of the fact that while.tungsten and most other 

filament materials ionize the alkali atoms and their halides with equal 

efficiences, an alloy 6f platinUI!l.with '2!{o tungsten whi~h has been treated 

by heating in the presence of methane ~ill ionize only the metal, re-
. . . 17 

maining insensiti.ve t.o the halide even in the presence uf lialogen11;. 
. J,.8 

A previous· surface ionization s-euci.y · h1:1 i:; luult:tt Lt:U. that diff'ercnt.ln l 

surface ionization might also be used to distinguish Li from LiX. However, 

the differential surface ionization detection technique vroved impractiCol 

in this study due to the extremely poor ionization efficiency of Li atoms 

on a "methanated" Ft-8% ·w surface. 

An alternative means of differentiating between the reactant and 
I ' 

the product is to avail cx:eself of the different behavior ot' the two speelei:; 

in an inhomogeneous magnetic field. In the alkali atom systems.the 
2. . . . 

ground state of the alkali atoms is ·s
1

; 2 ; none of the excited states 

of the alkali halides is energeticalzy accessible, so all of the product 

molecules must be in the ~+ground state. Thus, if the scattered specie:; 

are pal')sed through an inhomogeneous magnetic field before reaching the 

detector, the halide will be unaffeeted, but the spin of the atom will 

:intereact with the flelu, Uill\.u~ing <'. d~:f';l~r.t.inn of the atoms awr?o.y f:rnm t.hP. 

ionizing filament. In practice in this apparatus the deflection is not 

complete, but the fraction deflected is known. Figure 3a shom:; the un-

deflected beam profile andthe corresponding deflection pattern. The 

detector is held at a displacement equal to zero during an experiment. 

Thus, the maximum fraction deflected is as high as 9g:fo. Figure 3b indicates 

· .. 
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that the transmission thro~gh the magnet decreases r8:pidly with increasing 

energizing current until it almost reaches zero at the maximum current. 

The alkaline earth reactions with halogen containing co~pounds present 

a somewhat different picture'. The ground states of theatom and the 
1 2 + ·. . . 

halide are S and ~ respectively; therefore the elastically scattered 0 . . ... 

atoms are unaffected by the field, buf the product halide would be de-

fleeted. Since the distance of deflection is proportional to the square 

of the time that the.molecule spends .in the field,which in turn is in-

versely proportional to the velocity of .the molecule, it should be 

possible not only to measure the angular distributions of the elastically 

scattered atoms and the reactively scattered halides separately, but 

also to extract the velqcity distribution of the product by measuring the 

deflection patterns. Unfortunately, these experiments have not yef been 

attempted. 

An additional advantage .of magnetic deflection analysis over two-

filament differential surface ionization has become apparent in a rec.ent 

i~vestigation19 which showed that the detection efficiency of the 

"methanated" surface is not zero .for internally excited alkali halides, 

·and in fact, appears to approach lr:JI, for KI with 1.9 eV internal excita

tion. Such residual detection would yi~ld anomalously low values for the 

intensity of the rea·ctive scattering. ·In the method presented here the 

single W filament has been shown2b,lS to ionize J;,i and LDC with essentially 

equal efficiencies. Thus, the above ambiguity is .avoided. 

20 21 
The inhomogeneous electromagnet ' used in the apparatus was de-

. d. th t th 1 f t th .._ d • .t.. • 1 11 t • II f • 6 
signe so a e po es con orm o , P. •• r;:i .. ~ ,,,_ona wo wire orm, 

the advantage of this configuration is that the mathematical treatment 
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Figure 3(a). Beam profile at zero field calculated from nominal slit 

geometry (dashed trapezoid) compared with measured _beam profiles 

from parent Li _beam (open circles) and scattered signal at 20.8° 

(triangles) . 'l'h:~. peaks of the beam profiles were normalized to 

1.0. The parent beam Stern-Gerlach deflection pattern (multiplied 

. by a factor of 5.26) obtained with an energizing current of 96A 

is also shown (solid circles). 

(b). SigI).al reaching detect.or at zero detector displacement as 

. · a function of the magnet energizing current. 

l1' 
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of the magnitude and gradient of the field (which is relatively tractable) 

shows that these two field characteristics are almost uniform over the 

beam height. Ramsey (Ref. 6) gives a full discussion· of these magnetic 

fields. The approximate magnitude of the field is 15 kG with a gradient 

of about 90 kG/cm at maximum energizing current (100 amps). 

The construction of this magnet is ·very similar to that of the mass 

spectrometer magnet. Amico Magnetic Ingot Iron is used in the fabrica

tiou ur Lhi= yok~, whilc.t_ho P,Ol9 p:ii;ir:-P."l ArP. constructed from Western 

Eleetric Permendur. Each piece has received a ~UUl" 111Ckel J,JlaLi.ug. 

The current coils are Hll:lu :::;lm.ila.r: 36 turna of l/i.J." r:-np[!Pr tuQing 

carry up to 100 amps de current and cooling water; electrical insulation 

is provided by fiberglass sleeving. Ten volts are required to supply the 

maximum current; this power is supplied by Kepco Model KQ 12-lOOM 

regulated de power supply capable of d~live:ring 0-100 1:1!11.IJ aL 0-1~ volta I 

The entire magnet assembly is shielded in such a way that only species 

:::;cattered out of the colli13ion volllmP.·dei'ined by the two intersecting. 

beams can reach the detector. In front ·of the magnet are plRced two 

slits (each 0.024 cm wide and 0.24 cm high); these two slito are spaced 

10.2 cm apart and therefore insure a very narrowly collimated beam of 

scattered species entering the magnet. It is essential that, with the 

rn.<tgnd. off, the profile of t.hf:' heam transm:i,:t;ted though the magnet be 

independent o_f the viewing angle 8; marked changes in the effective 

deflecting power of the magnet would occur if the beam profile:::; change. 

Figu~e 3(a) shows a typical check of this requirement. 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 



-29-

Stern-Gerlach deflection pattern also shown in Fig. )(a) as well as the 

plot of the magnet transmission a_s a function of the mai?;net current in 

Fig. 3(b) indicates the effect of these wings was negligibi~. Ultimately, 

9% deflection of the parent beam has .been achieved. These wings are 

absent :ln the scattered signal profiles, and only_a negligible broadening 

of the wings of the profile produced by collisions with the· ambient 

background gas after passage through the first collimating slit (due 

to the .continuous oxygenation of the W filament and outgassing of the 

-6 
high temperature oven the apparatus pressure was typically -1. 5xl0 

Torr) is observed. For angles within the profile of the gas beam, a 

higher background pressure is produced within the deflecting ma,zn.et 

collimating slit assembly. This produces a pressure broadening of the 

undeflected beam profile of the scattered signals for this range of e 

.thereby producing an angle dependent transmission function.
22 

This 

tr~nsmission function is determined periodically by measuring the trans-

mission versus 8 of a Li-atom beam .which has been _scattered from the 

non-reactive gas, cyclohexane. One other feature of Fig. 3(a) deserves 

comment: the center of the undeflected beam is at a slightly negative 

detector displacement while the center of the deflection pattern is at 

a slightly positive displacement. This J?henomenon is caused by a small 

shift of the slit assembly when the magnet is energized; the magnitude 

uf this shift is so small ~-.010") that it 1 s et'i'ect is negligible. 

A further complicating factor of this magnetic deflection analysis 

technique is that the detector sees only a small _[)art of the collision 

zone and. thuo detectG only a fraction of the scattered products. Since 

the collision zone is not cylindrically symmetric, this fraction varies 
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with observation angle. ·Consequently, it is necessary to measure the 

total scattering with the magne.t removed from the path of the scattered 

species and then with the magnet in place, to: determine the fraction of 

the scattered signal due to diamagnetic product. Whem the apparatus 

Ylas originally designed,. it was intended to have the magnet mounted so 

that it could be raised into the lowered out of the beam path. Due to 

lack of reproducibility. of the ma·gnet .position, this design feature 

had to be abandoned; therefor~, two separate experiments (with anci 

without the magnet) must be run. In practice~ the data analysis is 

carrieq out by multiplying the angular distributions measured with the 

magnet in place by an angle dependent viewing factor defined as 

v (e) effective scattering.volume 
seen by the detector 

Theoretic:al values of v(e) calculated from slit geometries a.nd from experi-

mentally determined beam profiles are indicated in F'ig. 4; these calcu-

lated values of v are almost symmetric a bout e ::;; o'' and e ;:;: 90''. 'l'hese' 

data indicate the importance of this correction, since V varies over a 

factor of 5 to 10 as 8 goes from 0° to 90°. However, these theoretical 

values of V(El) are not used for the data analysis; rather, values. are 

determined individually for each reaction system from the two separate 

experiments mentioned a·bove ~ ·In this case v(e) is given by the ratio 

of the signal without the magn.et to the signal with the magnet in place 

but not energized. Figure 4 indicates that the average of these measured 

values of V (e) does agree roughly with the theoretical value. The lack 

of symmetry about El = 90° as well as the large standard deviation in the 

measured V (8) curve are thought to arise from small,- random, and ihcon-
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sequential misalignments of the deflecting magnet collimating slits with 

respect to the center .of the rotation of the oven assembly (COR). The 

departure of the experimental and calculated V (e) curves at small LAB 

angles is thought to be a resolution effect which arises because removal 

of the magnet slits reduces·the.effective angular resolution of the parent 

Li beam considerably, and thus alters·theform of the small angle elastic 

scattering intensity. 

Physically, the magnet is mounted on a platform whose height may be 

adjusted to allow proper alignment of the magnet. The detector system 

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

E. Preliminary Experiments 

As a check of the tech~iques employed in this study against the 
. . . . 

more conventional two-filament differential surface ionization studies, 

the angular distribution of NaBr formed in the scattering of Na from 

Br2 was measured. Comparison with the data of Ref. 3 is shown in Fig. 5 

the ov~rall shape of the curve as well as the peak position is well repro..:. 

duced. This calibration experiment was run before certain modifications 

were incorporated to imJ?rove the signal to noise ratio in the apparatus; 

for this reason, the data .in Fig. 5 are noisier and restricted to a narrower 

range of 8 values than are the data reported for the Li reactions. 

l<'igure 6 shows the primary data for Li + Br
2 

collected during three 

dlfferent experiments, at different absolute.signal .levels. The agree-

ment in the small angle region between results of different experiments, 

the agreement between calculated and experimental viewing factors shown 

in Fig. 4, the calibration u<'l La dmwn in Fig. 5 and comparison:-:; u.f' the 

experimental and theoretical small angle elastic scattering angular 
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Figure 4. Plot of· viewing factor (ratio of total collision volume to 

that seen by the detector) against 8 . T:Pe circles give calcu

lated values of V(e) based upon the Li beam profile predicted 

by slit geometry and two gas beam profiles: (1) the profile 

calculated from slit geometries (open circles) and (2) a typical 

measured profile (13° FWHM; dark circles). 'l'he squares are 

experimental values of v(e) determined by averaging V( e) values 

measured during about twenty-five separate studies of the scatter.:. 

ing of Li from various gases; the error bars give the standard 

deviations of th~se average values. The circles arc normalized 

' to the squares to give the best overall f'it. 
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Figure 5 •. Comparison of the. angular distribution of NaBr from Na. + Br
2 

measured in this work by mag.netic deflection analysis (open circles) 

normalized to the mo're conventional two-filament different'ial sur

face ionization results reported in Ref. 3 {dark circles). 

Figure 6. Primary data .for Li + Br2 , corrected for the viewing factor. 

The x's show the total intensity at zero magnetic field. Also 

shown are data for the transmitted intensity at high field 

(~ \J, e) for three separate experiments and the derived non

reactive Li si.gnal (0, ·•,O conne~ted by the solid curve). 
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·distribution given in Ref. 26 all indicate an absence of any appreciable 

non-linear detector response. The iack of precision in the wide angle 

non-reactive scattering ~ata shown in.Fig. 6 illustrates.one-of the 

handicaps of the magnetic deflection analysis technique-. In the study 

of scattering partners with large reactive cross sections, the wide angle 

elastic scattering is severely attenuated.by reaction and is much smaller 

than th.e reactive scattering at these .large angles; consequently, the 

signal with the magnet on differs only slightly from when the magnet is 

off. In this case small errors in individual determinations of deflec-

ted arnl undeflected signals Gari result in a very large uncertainty in 

the derived non-reactive_scattering ir:itensity. For this reason, the 

derived .non-reaetive scattering distribut:ion shown in Fig. 6 i.s of 

limited.quantitative use, but does indicate that the predominant scattered 

species at wide laboratory angles is LiBr rather than Li. The complete 

results for Li + Br2 as. well as Li with c12,. ICl, Snc14 and R:1
3

. have 

been given in Ref. 2. The reactions of Li with N02, CH
3

No
2

, CH
3
I, SF6, 

and cc;i.4 .a.re discuss~d in the next chapter. 
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APPENDIX A 

. * 
LIST OF .APPARATU.S DRAWINGS AND UCRL NUMBERS 

1. Vacuum Chamber 

Ma in Chamber 

Rotating Lid 

Large Front Flange 

Large Front Flange {with mounting holes · diilled 
and tapped) 

Sma 11 Side Flanges 

· Srn~l,1 3l1l'o! Flll.llS'\ (wit.h 3-3/11" port) 

Small Side Flange (with sliding flange port) 

Mellium Back Flange 

Medium Back Flange (with 3-1/2" port) 

Ion Guage Flange 

High Temperature Oven Flange 

Fixed-Length Oven Mount 

2. Liquid Nitrogen Traps and Cold Shields· 

Lare;e T.i rJlli n NitrngPn Trap Stand 

Large Liquid Nitrogen Trap 

Large LiyulU. Nitroeeri Shield Chassis 

Large Flange Liquid Nitrogen Shield 

Oil Diffusion Pwnp Baffles 

Small Flanges Liquid Nitrogen Shields 

Medium Flange Liquid Nitrogen Shield 

Large Trap Fill Tube 

Large Trap Support Str::i.ps 

Rotating I.id Liquid Nitrogen Trap 

3. Ovens 

High Temperature Oven-Lower Chamber 

High Temperature Oven-Upper Chamber 

Upper Chamber Clamp 

l2M 9426 

12M 9414 

12M 9394 

12N 3653 

12M 9384 

l?.N y;73 

12N 3663 

12M 9374 

12N 1442 

12M 9342 

12M 9353 

lOJ '6893 

12M 9494 

12M 9484 

12M 9464 

i2ri1 9474 

12M 9453 

12M 9443 

12N 1452 

12M 9363 

12M 94)2 

12M 9404 

12M 9241 

12M 9251 

12M 9261 
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' . 

· 3. Ovens (continued) 

Laval Slit 

High Temperature Oven Clamp 

Gas Oven 

Gas Oven Support Tube 

High Temperature Oven Slit Jaws· 

4. Oven Cold Shields 

High Temperature Oven Cold Shield 

High Temperature Oven Co~d Shield Supports 

Gas Ov:e.n Upper Cold Shield 

Gas Oven Low·er Cold Shield. 

5. Mass Spectrometer and Surface lonization Assembly 

Ion. Lens 

Ion Focusing Element 

Surface Ionization Detector Support and 
·. Mass Spectrometer· Shield · 

Mass Spectrometer Magnet Yoke Base 

Mass Spectrometer Magnet Yoke Sides 

.Mass Spectrometer Magnet Poles 

Mass .Spectrometer Magnet Lift Piates 

Electron Multi~ll~r Mount 
. . 

Mass Spectrometer Magnet .Mount· 

·Mass Spectrometer Support. Plate 

. Rotating Lid Mass Spectrometer Mount 
. . 

Rotating Lid Surface Ionization Assembiy Mount 

. Rotating Lid Miss Spectrometer Exit Slit Mount 

Rotating Lid Detector Muunt Plate · 

6. Sliding Flange 

Sliding Flange 

Sliding Flange. Mnnnt. Bars 

,, 

12N 1411 

12M 9181 

12M 3552 

12M 3811 

12M 4491 

12N 0303 

12N. 0252 

12N 0293 

12N 0221. 

. 12N 0191 

12N 0201 

12N 0~42 

12M. 9282 

J2M 9292 

12M 9271 

12N. 0211 

12N 1331 

12N 0273. 

12N 0283.· 

12N 1321 

12N 1311 .. 

12N 1301 

12N 1473 

12N 0263 

l2N Ol8J 

. ' 
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7. Deflecting Magnet 

Deflecting Magnet Yoke - Bas·e 

Deflecting Magnet Yoke Sides 

Deflecting Magnet·- Yoke to Pole Adapters 

Deflecting Magnet Poles 

Deflecting Magnet Pole Clamps 

Primary Slit Mount 

Primary Slits 

, Secondary Slit 'Mount 

lJetlec.tine; Magm:!L SU!J!JUL'L 

lJel"lecting Magnet Suvpu1· L Ruu::; 

Deflecting Magnet Support Bars 

· Deflecting Magnet 'rhrust B:lr 

Deflecting Magnet Forward Guide 

. Deflecting Ma.gnet Support Shelf 

Deflecting Magnet Flane;e 

Magnet Mount 

8. Miscellaneous 

* 

High Temrerature Oven Collimating Slit 

High Temperature Oven Beam Flag 

Gas Beam Flae; 

Gas Beam Flag Sliding Seal 

. Rotating Gas Line Sea 1 

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

Inner Sleeve for 1/4" Seal 

('h..<ter Gl~eve fnr 1 /4" Seal. 

Vernier Scale for Rotating ·Lid 

12M 9312 

12M 9302 

12M 9322 

12M 9332 

12M 9221 

12M 9171 

12M 9231 

12M 9211 

~N 0161 

~N u1l1.1 

12N 0151 

12N 1°361 

12N 0232 

12N 0323 

l.21~ 1462 

12N 3643 

12N 1431 

12N 1341 

12N 1421 

12N 1351 

12N.1371 

12M 4681 

12M 4671 

12M 4661 

lOJ 6632 

Copies of UCRL drawings whose. numbers are· cited here _and throughout· 

this thesi~ may be obtained (for a nominal 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/'AND1.;UCRL NUMBERS 

System Wiring Diagram 

Liquid Nitrogen Leyel Control 

Single Vacuum Interlock 

Ha.stings Guage Dual Vacu'um Interl9ck 

Dual Vacuum Control Pawer Interlock 

11 Position Hastings Guage Panel 

·Ion Guage Switch Panel 

Voltage Divider 

Model 30/31 Electrometer Output Cont.rel 

. Model 31 Electrometer (Applied Phy~ic·s Corp.) 

Ss .6475 
SS 4362 

Ss 2S03-l 

6z 4664 

Ss 5754A 
6z 3604c 

SS 7392 

es 6193 

SS 6323 

6z 3434 
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III. . MOLECUIAR BEAM KDJETICS II. MAGNETIC DEFLECTION ANALYSIS 
OF REACTIONS OF Li WITH NO~, C~N02 , SF6, CC14'and CH

3
r.* 

A. Abstract 

Thermal energy crossed molecular beam studies have been made of the 

reactions of Li with No2~ c13No2, sF6, cc14 and c13I~ An inhomogeneous 

deflecting magnet between the collision zone.and detector was used to 

distingiiish .elastic scattering of Li from reactive scattering of LiX. The 

total reaction cross sections and the reactive attenuations of the wide-

angle Li elastic scattering for all of these gases are considerably 

smaller than are the corresponding features previously reported for the 

reactions of Li + XY (XY = Cl
2

, Br
2 

and ClI); However, interesting 

differences are obseri.red in the J.,iX ~enter-of-mass (CM) angular distri-

butions for the five gases studied here. The LiO product of the N02 renc

tion is more sharply peaked in the direction of the Li atom than are the 

corresponc1ing LiX products of the Li + X.1 reaction. The Li.NO? and Lili' 

products of the c13No2 and SF6 reactions exhibit very broad, almost 

isotropic CM angular distributions. The LiCl and LiI products of the 

cc14 and C~I reactions are predominantly scattered into the backward 

hemisphere in the CM coordinate system. The features of the N02 reaction 

are discussed in terms of the electron transfer mechanism which has been 

advanced to account for the features of the reactiom; uf the c:tlkali 

atoms with the halogen. molecules. 

B. Introduction 

This paper describes our continuing1 crossed molecular beam studies 

of T.i. At.nm. reactions and presents results obtained from angular distribution 

* Preliminary version of paper to be submitted to Journal of Chemical 
Physics. 
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measurements for the reactions of Li with N0
2

, CH
3

No
2

,·SF6, cc14 and 

cH
3
I. These five reactants have been found to span a wide range of chemical 

behavior. As a consequence of the high ·electron affinity of N02 and the 

resultant forrnat~on of No;, 2 
a· stable negative ion, the reaction with N02 

promised to be especially interesting. This situation should provide a 

further test of the electron transfer mechanism which has been advanced 

to explain the features of the alkali at.om-halogen. molecule reactions. 

These reactions are characterized by scattering of the product predominately 

into the forward hemisphere with respect to the approach of the attacking 

alkali.atom; this behavior has been phenomenologically labeled "stripping." 

A recent investigati6n3 has yielded a limited amount of information con-· 

cernin~ the characteristics of the.reactive scattering of the four heavier 

alkali atoms from N02, but the present work represents the first measure

ment of a product angular distribution.·. Studies of the K, Rb, and Cs+cH
3

I 

reactions yielded the first measurements of product angular distributions 

from crossed molecular beams, 
4' 25 and indeed, proved to be prototype examples 

of a so-called "rebound" reaction where the product MX rebounds opposite 

to the direction of the in~oming M reactant. A later stu'dy5 indicated 

similar characteristics for .the Na+cJ!
3
r reaction. The Cs-tec14 reaction 

was the first chemical reaction of neut:ral species .to be observed in a· 

6 
molecular beam experiment. Crossed beam product angular distribution 

measurements of the K, Rb, and Cs+cc14 reactions7 indicated that these 

reactions are intermediate in behavior between the rebound and stripping 
. . . ' 

reactions; also velocity analysis19 :i.ndicateo that these are the first 

neutral systems to exhibit significant coupling between the product 

angular and translational energy distributions. A series of investigations 
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of the Cs+sF 6 reaction8 has recently shown that the product translational, 

rotational, and vibrational energy distributions as.well as the angular 

distribution are all consistent with a collision complex reaction model; 

the diversity of the methods employed and th~· quality of the results obtained 

perhaps establishes this system as the most completely investigated chemical 

reaction mechanism. A previous crossed beam study of the K+cH
3

No2 :teactiori3 

yielded the only reported case of a neutral reaction producing a practically 

isotropic product angular distribution. 

C. Experimental Conditions 

Only a ·brief description of the apparatus and experimental procedures 

will be given here; details are included in Part r. 9 The two beams were 

crossed at an angle of 90° with their.full thermal velocity distributions. 

The. Li beam was prepared by thermal effusion from a conventional two-

chamber oven source with standard knif'e-edge slits; the t12 conceritraLlon 

in the beam wos negligible. The reactant gas was prepared on an external 

line at the desired pressure and emerged from a variable temperature, 

"crinkly foil" many channel source. 

The angular.distributions of scattered Li and LiX were measured by 

surface ionization on a continuously ·oxygenated w·. filament; only scatter-

ing in.the plane of the reactant beams was measured. Arguments presented 

in Part I indicate that this W surface ionii.ed Li Find I.iX with very neprly 

equal effeciencies. When energized, an inhomogenous electromagnet placed 
' . 

between the collision zone and detector defle.cted aside a· known fraction 

of the Li atoms, thereby providing a measure of the scattered Li and LiX 
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Correction was made for the fact that the measured.angular distribu-

tions were distorted by the angle dependent fraction of the collision 

zone seen by the detector th,rough the collimating slits·of the magnet 

(the viewing factor ·corre.ction discussed in Part I); the experimentally 

determined correction ·factor wa.s in all cases ih satisfactory agreement 

with that calculated from the slit geometry. Each. scattered si~nal was 

plotted as a relative intensit·y~ a dimensi_onless quantity whic~ is defined 

as the measured scattered intensity divided by· the attenuation ·of c.r>e :'..-:.. 

beam produced by the cross beam. Experiments were always run at a relative 

Li beam ~.ttenuatio~ of less than. iCf/o~ The measured laboratory (LAB) 

angular distributions are shown in Fig. 1. 

D. Resuits and Kinematic Analysis 

1. Elastic Scattering 

Figure 2 shows the center-of-mass· (CM) elastic scattering of Li atoms 

obtained by transforming the IAB angular distributioi1s by the conventional 

1.o procedure of assigning to the two scattering partners their most prob-
. . . . 

able source velocities and assUI)ling that all non-reactive scattering w::s 

due to elastic collisions. As Fig. 2· indicates, the two CM branches do 

give the same intensity, except at points obtained by transforming wide 

negative IAB angles where the approximate transformation procedure employed 

is known to be especially bad. With ~he exception of the N02 case, the 

widP.-Rne;le Li· elaotic scatt1:::1;lng produced· by th.e reactive gases is less 

than. that produced by cyclohexan.e. This attenuation of the elastic scatter-

ing is a well known phenomenon and.is generally interpreted as a depletion 

of the Li scattering one to reaction1
\ however, LlJ~ reactivP Rtterrnati'onc 

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



Figure 1. 

Measured LAB angular distributions derived by magnetic deflection 

analysis and corrected for the viewing factor. The X's show the total. 

scattered intensity (Li + LiX); the circles show the. derived Li 

intensity~ The solid lines indicate th~ "smoothed" Li angular distri ... 

butions. 
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Figure 2. 

Plot of CM angular distributions. (plotted as I(e) sin e) for the 

elastic scattering, derived by transforming the smooth solid curve fits 

to the LAB data for Li scattering shown in Fig. l; data taken from the LAB 

0 . 
curves at 5 intervals were transformed. The open circles were obtained 

from IAB data with 8 > 0°, the dark· circles f'ran LAB data with 8 > 0°. 

The data were linearly extrapolated to e· = 180° · (dotted lines). Data 

for the scattering from L~+ cyclohex?.ne not shown in Fig. l were ?.lso 

transf0rmed; the derived CM angular distribution is shown as the dashed 

lines. The Li+ cyclohexanedata were normalized to the Li scattering 

produced by each of the reactive gases at narr.ow angles (o < e < 10°) 

by normalizing each curve to the small angle form factor given in Eq. (16) 

of Part I. 
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reaction .of.Li.with halogen molecules. A particularly interesting 

featu?;Je is that NO apparently produces rriore wide angle Li scattering . . 2 

thAn nnes CYClohexane. 

2. Reactive Scattering 

Figures 3-7 show the IAB angular distributions of the halide, oxide, 

and nitrite products 1!1rguments concerning product identities will be 

presented later.) The er1·u1· LJ(;IL'::; i.uuie:.:1te. 011ly the unccrto.ir:ity introdw:.:ed 

uy errors in the determination of the transmission of the r.t [;]toms 

through the magnetic field;· this is the primary s'ource of error near the· 

pr~mary beam but other inaccuracies certainly dominate at wide angles. 

Also shown are kinematic diagrams indicating LiX recoil velocities for 

some of the possible final relative translational product recoil energies, 

E'. The total energy available to the products must be partitioned between 

E' and internal excitation W' .ahd is given 'by 

F!' + W' .F. + w + 6I)_' 
\)' 

2' 
where E = µ V /2 is the initial relative kinetic energy, W is the initial 

thermal internal excitation of the reactant gas, and 6D
0 

is the dlfference 

in LiX and R-X bond dissociation energies .. 
. . 
. . 12 

Ji':ignres 3-7 Also show the calculated distributions in centroid 

angles, for an energy independent collision. cross section, resulting from 

the therma 1 V'eluc'lLy di:::;L:r:ibutions in both :bea.rn3. Thcoc. figurei:;· i.t1tlii..:a Le 

that for N02 most of the product appears i,ri the LAB to the left of the 

centroid distribution; for .C1SI and cc14 the product is scatLered predomi

nantly into angles to the right of the centroid distributions; whereas for 

cH
3

No
2 

and SF6 there are appreciable product intensities on both sides of 

the centroid distr:ibutom;. These qualitative observations indicaLe that 
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the Li+N0
2 

product predominantly scatters into the forward: hemisphere in the 

CM system (i.e. in the same direction as that of attacking the Li atoms); 

Li+CH
3

I and cc14 .predominantly scatter products into the backward CM 

hemisphere; whi·le Li +SF 6 and. C1SN02 must· produce· very broad CM product 

angular distributions. 

The LAB product angular d.is:tributions were transformed to the CM 

coordinate system by the saine fixed velocity approximation (FVA) proce-

dure used to transform the elastic scattering~ Here again the reactants 

were assumed to have' their most probable source velocities; however, owing 

to the distribution of final translat.ional e1:1ergy as well as scattering 

angle for the reaction products, two add~.tional approximations are· required· 
. . 

to utili~e the FVA transformation procedure: . it is initially assumed that 

the angular and E' distributions are independent; then it is further 

assumed that the E' distribution may be approximated by a delta function. 

The value of E' is varied until positive·and negative CM scattering 

angle::; give·s a consistent CM angular distribution. Extensive computer 

studi~s 13 have indicated that the CM angular distributions obtained from 

the FVA procedure are usually reliable, although somewhat broader than 

the true distrib~tions·; th~ values of E' derived may be relatively .in-

accurate (somewhattoo:Ilow'),,although they do provide a qualiti::1tive indi-

cation .of the energy partitioning. 

Table I lists the values of the product recoil energies which 

provided :the best FVA-CM product angular distributions; also listed are 

the ranges of E' values for each reaction which· provided satisfactorily 

consistent. FVA-CM product angular distributions. Table II gives the 

coeff.i.cients o:f ;:in expansion of the derived LiX CM .f:J!'oduct angular dis-



Figure 3. 
. . . 

LAB angular distribution of Lib product derived from data poi~ts shown 

in Fig. l; the. solid cu'r~e through the data points indicates the "best" 

distribution based on analysis of the errors in the data points. The 

dotted curve .gives the calculated distribution in centroid angles for an 

energy 'independent collision cross section. The dashed curve is back-

calculated from the derived CM angular distribution shown in Fig. 8. 

Also shown is a ki.nematic diagram indicating the most probable reactant 

source velocities, the corresponding centroid vector ~' and the relative 

velocity vector y; the circles indicate the lengths of the LiO recoll 

velocities for four of the possible product recoil energies, E' (kcal/ 

mole). The two Li temperatures refer respectively to runs without and with 

the deflecting magnet and indicate the rane;e of uncertainty in the Li 

temperatures. 
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Figure 4. 

Calculated centroid. distribution,ld . .nematic diagram, and IAB angular 

distribution. of LiN0
2 

derived froni the data·ofFig. 1.. The solid curve 

indicates the 'best· fit" to the data; the dashed. curve was back-calcu

lated from the CM angular.distribution shown in Fig. 9. 
"· 
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Figu.re 5. 
. . . 

. Calculated centroid distributi9n; .. kinematic diagram,· and LJ\B angular 

distribution of LiF derived from.data of Fig. L The solid.curve indicates 

the "best fit" to the d·~ta. ThE;! other two curves (dashed and dash-dot.

dash)which coincide for 0 5_ 7(/) were back calculated from the LiF CM 

angular distributions shoWri ·.in ~ig. 9. (solid and dash-dot-da::ih rcapectivcly.) 
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Figure 6 

Calculated centroid distribution, ·kinematic diagra:iri, and, LAB LiCl · 
. . . . . . . 

angular distribution a,~rived from the data of. Fig. 1.. The solid curve 

indicates :the "best fit" to the data. The other ,·two curves (dashed and 

dash-dot-dash) were back""'.calculated from the LiCl CM. angular .distributions 

showz:i in Fig. 9 (solid. and d~~ph...:dot-dash respectively); these. latter 

two curves coincide for e. < 100°· •. 

. . ·, 

'. 



,..61:.. 

3~-.-----,,--,---,---.--.--.---,---,--.--~---.---r----.-,---.--. 

~ 
o. 
>< ..__.. 
>--

2 

-~ I 
Cl) -c 

. Cl) . 

. 2: -0 

Cf 0 

Li +· CCl4 
1055°K 320°K 

(I060°K) • .·.d~ 

:'f"" 

.. 9 

: 6 . 0 p : 
.. 6 ~-

.. 

.. 

• . 

··.·············. 

· · CCl4 

-30° 0° 30° 60° · 90° 12Cf 

Laboratory· Scattering Angle ® 

\ 
\ 

\ 15 

. 10. 
5 . 

104 r.m/ser.. 
·"':.: 

XBL 691 0- 5926 

·'· Figure 6 



Figure '( 

Calcuiated centroid dis.tributior:i., kinemati~. dfagra~,. and IAB LiI angu- . 

. lar distribution d·erived f.rom the data of Fig. 1. The solid curve indicates 

. the "best fit" to the data. The other Lwo curves. (dashed and dashed plus 

dash-dot-dash) were back-:calcula_tedfrom the. LiI CM distributions shown 

in Fig. 9 (solid and solid plus d:a'sh-d~t.:.c].ash curves respectively~) 
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tributions given in Figs. 8 and 9 in terms of the Legendre polynomials. 

As a partial check of these derived CM LiX distributions, they were used 

to back-calculate the LAB distributions by holding E' fixed and averaging 

over assumed Maxwellian velocity' distributions in .both beams. This pro-

cedure is le~s than ideal because at the high source pressures employed 

. 36 
here the velocity distribution from the mariy-chanriel array and that from 

the knife edge source slit37 are expected to deviate from the theoretical. 

Maxwell distribution .. These effects are expected to be minimal however. 

A large change in the Li velocity has only a very slight effect on the 

centroid velocity vector (see the· Vector diagrams in Figs. 3-7). fi. shift 
. 36 .· . . ,· 

toward higher velocities of less than three percent is expected in the 

non-alkali beam velocity distribution. Even a significantly larger shift 

than that. predicted in Ref. 36 would have little effect because the velocity 

that corresponds to the nominal E' is large with respect to the centroid 

velocity vector for all systems with the possible exception of Li+cH
3
I. 

Thus the a_veraging does give added cre_dence to the FVA procedure results. 

It should be stressed that the primary justification for applying the 

FVA method is that the .results are in qualitative agreement with the more 
. . r 

extensive computer calculations ) and are in acc'ord with the only published 

cross sections that have been derived from velocity analysis of reactive 

tt . 3e sea er1ng. 

Owing to the different chemical behaviors of the five gases studied 

here, separate discussions of the FVA derived CM distributions and back-

calculated LAB distributions must.be given~ 

a. hl + N02 The reaction of Li and No
2 

almost certainly produces 

LiO product, i.c" 



-65-

TABLE I. Estimates of Recoil Energiesa 

Reaction 

Li + N02 ~ LiO + NO 

Li + CH
3

No2 ~LiN02 + CH
3 

Li + SF 6 ~ :LiF + SF 
5 

Li + cc14 .~ LiCl + CC1
3 

Li + C~ I ~ LiI + CH
3 

E 

1.88 

1.94 

2.02· 

2.03 

1.99 

Lillo 

)6±7 

43±5 

30±2 

E' Best E' Ronge 

2.4 2-3 

10.4 9-11 

1.6 1-2 

17: 1-43 

15 12-20 

a . . 
All energies are given in kcal/mole. The initial relative trans-

lF.Jtional 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 procedure. Lill = D (LiX) - D0 (RX) 
0 0 

is the reaction exoergicity. Bond dissociation data were taken from: 

for LiF, LiCl, and LiF, L. Brewer and E. Brackett, Chem. Rev. 61, 425 (1961); 

for LiO, Ref. 3; for N02 .and CH
3
I, G'. Herzberg, Molecular Spectra and 

Molecular Structure III. Electroriic Spectra and Electronic Structure 

of Polyatomic Molecules (D. Van Nostrand Co., Inc., Princeton, N.J., 

1966); for SF 6, Ref. 8; ·for cc14, T. L. Cottrell, The Strengths. of Chemica 1 

Bonds (Butterworth Scientific Publications, London, 1958); 

(' 

) 
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TABLE II. · LiX . CM Di'stribution Expansion in Legendre Poly~omialsa 

Reactant ao al a2 a3 84 a5 

N02 o.499 · 0.279 0.114 0.086 0.006 0 .. 016 

C~No2 . 0. 721 0.246 0.031 0 .. 023 -0.027 0.006 

SF5 0.704 0.186 -0 .087 0,131 ' 0.012 0.0511 

cc14 17.658 -7 .239 -19.952 6.880 2.049 1.604 

C~I 
-· 

2.061 ~0.627 -0.659 0.173 -0.027 0.079 
.................. ,, ......... - . . "···-· 

aThese coefficients are defined by 1tiX·(e) = ·~ a ~ (cos e) n n 

and are normalized such that ~ a = 1. . . . n ·n 



Figure 8: 

Comparis.on of CM product angular· distributions. The LiO product 

angular distribution from Liffi0
2 

was obtained by transforming the solid 

curve of Fig . .3 at 5° intervals by the FVA procedure; the open ~ircles 

give data for positive CM angles (rotations of the recoil velocity vector 

count~r"."'cl~ckwise from the original Li.direction); the dark circles refer 

to negative values of e;· the data was extrapolated t~ e = 180° from the 

last open circle data point. _The K, Rb, and Cs+cl2 data ·were taken from 

Ref. 24. The LDC angular distributions reported in Part I for Li +c12 ,. 

Br2 and I Cl all lie within the ~haded region denoted Li+X:Y. All distri

butions were normalized to unity at e = 0°. 
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Figure 9. 

Comparisons of CM product angular distributions; all distributions 

normalized t.o unit peak height. The Li data were obtained from Figs. 

4-7; the transformation procedure was the same .as for Fig. 8. The K, Rb, 

and Cs + cc14 curves were taken from Ref. 7; the Na+c13r curve from Ref. 

5; and K+ciI3I curve from Ref. 25. ·For .Li+cc14 .and CH
3
I, back-calculations 

(for comparison with the original LAB distributions) were performed for both 

the derived CM distributions (solid curves) cind for distributions assumed 

to be level.from ~he peak in the derived distributions out toe= 180° 

(dash-dot-dash curves). 
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thermochemical arguments advanced in Ref. 3 eliminate the possibility 

of LiN or LiNO as the .product of the reaction. The possibility of a 

LiN0
2 

product which could be formed from N2o4 was precluded by maintaining 

conditions in the reactant beam such that only a negligible amount of 

the U.imer could be present. 
14 

The use of magnetic deflection analysis to derive the Li+No2 elastic 

and reactive angular distributions shown in Figs. 1, 2, 3 and 8 required 

the assllinption that LiO is diamagnetic. In view of the fact that LiO 

has an unpaired electron, this assumption deserves close.scrutiny. The 

LiO molecule is known to have a 
2

TI ground state. 15 Since the interaction 

-1 ( of the.electron spin with the external field would be -0.7 cm for·a 

field of -15 kG), the spin-orbit intramolecular interaction.is probably 

considerably greater than the interaction of either ·spin 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 excitation was insufficient to 

uncouple the spin; Hund's coupling case (a)
16 

would then be applicable. 

The 
2

TI1/ 2 state would have no magnetic dipole moment while the 
2

TI
3

/ 2 state 

would have a 1T1agnetic dipole that would be rotationally averaged to near 

zero. This averaging is not complete however; for example; f·or a total 

anguiar momentum -15ti, the absolute value of the time averaged component 

of the magnetic moment in the field direction, averaged over all M states, 

is approximately 1Cf'/o of the Bohr magneton, µ0, and some M states would 

have effective rnAe;net.k d.ipnleR nf up to 0.05 µ.
0 

for total angular 
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momentum up to 601'1. Since rotational excitation of 2 kcal/mole (the approxi-

mate value found for 
.· 17 18 ' . ' ' . 

KBr from K + Br2 ' ) corresponds to approximately 

2}l'i and a·n upper limit of about 5611 is imposed by energy conservation, 

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

in this experiment. Two possible further complications must also be 

conside:reu, however.· First the spin may become uncoupled from the 

internuclear axis at high rotationalexcitation. Under complete uncoupling, 

H1.1nn'~ ~i:mpling case (b)
16 

would appiy, indic!:lt1n~ a distribution of Urn~ 
2 

averaged effective magnetic moments from -µ0 to'fJ.!0 for both the -rr
1

; 2 
2
rr

3
; 2 . states. 'l'he second consideration is that altho~gh LiO is known 

to have a 
2

7T ground state, KO arid CsO apparently have 
2

.L. ·ground states; 3 

this suggests that perhaps LiO has a low lying 2.L. excited state19a that 

could be appreciably populated in the reaction. Both of these effects 

would, of course, increase the fraction of product deflected by the 

magnet a.nd thus be interpreted as elastic Li scattering rather than LiO 

scattering. The rotational excitation of reactively scattered products has 

b ' . t. t d f ' ' 31 . b' een inves iga e or many ·systems·, and J,.n no case has there . een 

any observa.ble coupling between the. angle of deflection and the rotational 

. energy distribution; therefore one may .. rea.sonably expect· that there 

would be no very strong coupling in this system either. Since.any~ 

product would be virtually completely deflected and, unlese there 

is an unexpected, very strong couplini?; of the rotatioral excitat_ion to 
. ' ' 2 . ' 

the product deflection angle, the fractional deflection of the· 7T pro-

duct is independent of scattering angle, Fig. 3 shows the angular dis-

2 
tribution of only the 7T ground state product and excludes any product 

in the 
2

.L. excited state. An apparatus is currently being .assembled which 
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will allow velocity analysis and perhaps electric deflection as well as 

magnetic deflection of the reaction products in order to more fully· 

characterize all features of this system.· 

The LiO LAB distribution shown in Fig. 3 was transformed into the 

CM sy:iiten by the FVA procedures. Consistent CM angular di.stributions 

were obtained for E' in the range of 2 to 3 kcal/mole; the angular dis-. 

tribution shown in Fig. 8 refers. to E' = 2.4 kcal;'mole, but the shape of 

. the angular distribution changed only slightly as E' w:is varied from 

2 to 3 kcal/mole. The LAB angular distribution back-calculated by averaging 

over the thermal velocity distributions in both beams with E' = 2.4 kcal/ 

mole is shown in Fig. 3; here again, back-calculations for E' in the 

ranges 2~3 kcal/mole Save similar agreements with the original LAB 

distributi.on. 

b. Li + CH
3

No2 The magnetic deflection analysis presented in 

Ref. 3 and an electric deflection investigation
18 

indicate that the pro-

ducts from the reactions u:r Na, K and Cs+cH
3

No2 are the corresponding 

alkali nitrites; by extrapolation we expect the product for the present 

reaction to· be LiN02 . However, for a 11 these reactions the formation of· 

the alkali oxide is also an exoergic reaction path, and for Li it is 

expected to be more exoergic. Future electric deflection experiments 

should be able to determine if there is any LiO contribution to th~ 

reactive scattering; all analysis and discussion here assumes only LiN02 

product. TP.e CM distribution shown in Fig. 9 obtained by "EVA transforma -

tion with E' = 10.4 kcal/mole is very similar to the consistent CM angular 

distributions provided by FVA for E' in the range 9-11 kcal/mole. Figure 

4 shows the back calculated LAB distribution with ~' = lu.4 kcal/mole. 
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c. Li+SF 6 The derivation of the CM angular distribution and 

back-calculation were performed with E'·= 1.6 kcal/mole; once again, 

consistent CM angular distributions were obtained for a range of E', 1-2 

kcal/mole, and these angular distributions were very similar to that 

shown in Fig. 9. In addition a symmetric distribution (dash-dot-dash 

curve in Fig. 9) was obtained by reflecting B < 90° through ~ = 90°; 

back-calculation with this curve for E1 
"' 1.6 is ·aiso tihown in Fig. 5. 

d.·1·. Li + CC14 Rec.ent product .vP.l.ocity ana·lysis experiments on the 

reactions of the heavier alkali metals with cc14 have indicated19 that 

the E' distribution varies markedly with scattering angle for these reac-

tions. Consequently; the F'VA transformation procedure is expected to be 

an especially bad technique in the case of LitCC14 ; nevertheless, the FVA 

derived CM angular.distribution for E' = 17 kcal/mole is shown in Fig. 9 

to give a qualitative indication of the product angular distribution. 

The FVA transformation of .the data of Fig. 6 yields consistent .CM angular 

distributions for a range of E' values from 1 to 40 kcal/mole. The 

qualitative shape of the CM angular distribution obtained is independent 

of the E' value taken., although the lo.cation of the peak does vary from 

e = 120° to 110° to 100° as E' is varied from 1 to 2 to ?.5 }\CRJ/mole. 

respectively. Figure 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 

180° fl:"oni the pe::ik of the solid curve of Fig. 9 was ui:it:~u with E' = 2 

kcal/mole to back-calculate the dash~dot-dash curve of Fig. 6. These 

two curves demonstrate the lack of sensitivity of the LAB distribution to 

the assumed value of E' . However, back-calculations with a CM angular 

distribution symmetric about e = 90° (Le. translate the solid curve of 



Fig. 9.by -10° and reflect B < 90° thorough B = 90°) do not reproduce the 

LAB distrioution for any value of E' . 

e. Li + CH
3

I Figure 9 show.s the FVA derived CM distribution for 

E' = 15 kcal/mole. The FVA transf:prmation provided consistent CM dis-

tributions (similar to·that shown .in Fig. 9) for E' in the range 12..:.20 

kcal/mole. The FVA transformation also provided a. consistent CM distri-

bution tor a second, lower range.to E' wlues; in this energy range, 

the LAB -+CM transformation was doubled valued and the fit wa.s rejected 

because back-calculations failed to reproduce the LAB distribution· at 

negative values .of 8. Figure 7 shows back-calculations for E.' = 15 kcal/ 

mole of both of the LiI CM angular distributions shown in Fig. 9. The 

FVA deriv.ed CM distribution provided an adequate fit to the measured LAB 

distribution for E' in the range ·15-20 kcal/mole; back-calculation.s with 

the CM distribution flat from e = 120° to 180° adequat~ly fit the LAB 

distribution for E' in the range 10-15 kcal/mole. 

3. Total Reaction Cross Sections 

Table III gives values of the total reaction cross :ueactions calcu-

· lated by the two methods described in Part I . (~(A) and QR ( B) calculated 

by Methods A and B respectively);· also listed are the van der Wa.al' s 

coefficients., C, for the interaction of the two gases, the total collision 

cross sections, Qt,abs' and the resolution corrected total_collision cross-

t . Qeff rec ions t · b . . · , a s The reactive cross sections were calculated assuming 

equal Li and LiX ionization.efficiencies; the geometric parameters re-

quired for the calculations were the same as those reported in _Part I. 

The force constants, C, were calculated from the Slater-Kirkwood approxi

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



TABLE III. Total and Reactive Cross Sec;:tions a 

System (E-1/3) -3 c Qt, abs 
Qeff QR(A) QR(B) t,abs 

Li + N02 2.45 320 390 210 15 16 

Li + CH
3

No2 2.53 740 ~50 280 58 55 

Li + SF6 · 2.71 ·. 650 520 260 l'( 18 

Li + CCl4 2. 73 ... 1110 650 320 37 43 

Li + cH
3

I 2.67 .780 560 . 280 27 27 

a The mean elastic collision energies, (E-1/3) -:-3 1.36 ( µ/9L.:i_) 

. -12 
k TLi are given in kcal/mole, the van der Waals forc.e constants in 10 

06 02 
erg - A , amd tl:ie cross sections in A The total cross sections were 

calculated for relative velocities corresponding to (It~/3 )-3 • 
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Li, No2, CH
3

No2, SF 
6

, cc14,. and CH
3
I. The polarizability values used 

0 3 20 . 21 . . 22 22 
were (in A ) 20 for. Li; . 3.1 for N02 ; ·7.2 for cH

3
No

2
; 6.2 for SF6 ; 

22 . 22 
11.1 for·cc14; and 8.0 for CH

3
r. The induction terms were caleulated 

using dipole moments of 0.29, 3.1, and 1.6~ Debyes 23 for N02, CH3No2 , and 

CH
3

I respec.tively. Probable sources of errorin the calculated total 

cross sections are discussed in Part I; in general, the quoted total 

reaction cross· sections are estimated to be .closer than a factor of two 

to the true values. Moreover, the ratio of derived QR values for any 

two gases is expected to be somewhat more accurate than are the individual 

values. 

As rriay be seen from Fig. 2 the shape of the CM elastic scattering for 

these five reactions showed significant deviations from each. other and . 

from the·elastic scattering from cyclohexane. These deviations caused 

the normalization of the e.lastic scattering to the form factor employed 

in Method A to be less unambiguous than in Part.I; but in view of tbe 

good agreement achieved with Method B, evidently no large errors were 

introduced. 

E. Di::;cLt:::l::;iuu 

1. Li + N0
2 

This reaction appeared likely to be of special interest for comparison 

with the alkali atom-halogen molecule reactions which are strongly exoergic 

and are believed to proceed by a long-range electron transfer follow:ed 

by almost immediate separation of the products, 

+ - + - 26 
M + x2 ~ M + x2 ~. M x + x. 



The electron transfer occurs at the distance of separation where the 

Coulomb potential energy·compensates for the difference between the ioni-

zation potential of Mand the electron affinity of x2 . The electron 

. 2 
affinity of N02 is high, probably higher than that of t.he diatomic halo-

. . 

ge9 molecules, but the electron affinity of 0 is muc::h less than that of a 

halogen atom·. Thus .• the Li + N02 reaction is much less exoergic; whereas 

the electron transfer can take place ot large separation of the reactants, 

+ -the Li NU2 ion pair 1'ormed .must approach to within much c1-oser distatlces 

before the LiO and NO products can begin to separate. The potenti,al 

energy surface for this reaction is, the:tefore, expected to exhibit relatively 

restricted entrance and exit.channels with a deep chemical well correspond-

ing to the formation of the strongly bound LiN62 intermediate. On the 

other hand, the expected potential energy surfaces for alkali atom-halogen 

molecule reactions exhibit no appreciable well and a wide exit channel. 27 

These features of the potential energy surface of the Li + N02 

system might have been expected to favor a reaction which proceeded via 

formation of an intermediate, long-lived complex. However, the observed 

sharp foward peaking of the LiO product is characteristic of the ultra-

direct mechanism found for the M+X0 reactions and indicates that the 
~ . 

reaction is complete in a time shorter than the rotational period of .the 

the Li+:No2 reaction and the alkali metal ... diatomic molecule reactions 

which have such qualitatively different potent;i.al surfaces provides furthe:i:-

evidence that the mechanism of the M+X2 reactions is more general than 

a "spectator stripping" behavior because the Li+N0
2 

potential surface 

implies appreciable interaction during the separation of the NO and LiO 

products. 
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The sharp forward.product peaking observed here has previously been 

characteristic of reactions with very large total reaction cross sections 

so that most of the reactive events corresponded.to collisions with 

relatively large impact parameters. The Li + No2 . total reaction cross 

section observed here (1~2 ) is ih striking contrast to the much larger· 

reaction cross sections reported in Part I for the Li+ XY reactions 

. 02 
(eg. QR= 85A for Li+ c12). The high electron affinity of N02 would 

lead one to predict a crossing of the covalent and ionic potential curves 

at large Li-N02 separations; the electron transfer mechanism should, 

therefore 1prodUC'e reactive collisions at very large impact parameter. 

Owing to the unpaired spins of both Li and N02, however, the total spin 

of the collision partners·may be 1 or O; the electron transfer mechanism 

is applicable only to the spin singlet potential energy surface because 

the trip.let covalent curve is not perturbed by the ionic curve. Assuming 

only non-reactive scattering from the triplet potential energy surface at 

these energies, the measured total reaction cross section must be 25% of 

that appropriate to the spin singlet potential energy curve. The mea s·ured 

cross section thus corresponds to a cross sectfon of 6oA
2 

for the singlet 

collisions; however, in view of the high N02 electron affinity, an even 

bigger cross section would be expected. As suggested in Ref. 26, the 

covalent-ionic curve crossing for this system may occur at too large a 

separation to allow an efficient.electron transfer, thereby reducing the 

. magnitude of the reaction cross section. Alternatively, some of the 

collision events that cross to t.he ionic surface may produce non-reactive 

scattering~ The observation that the Li + N02 produces more wide-angle 

elastic scattering than does cyclohexane, may indicate that the wide-angle 
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Li scattering proceeds via formation of :ah intermediate LiN02 long-lived 

complex; studies of the elastic scattering of K and Cs from N02 and 

. 28 
related compounds . have been interpreted in terms of formation of such 

2 . . 
complexes .. Finally, one must also realize that any .6 electronically 

2 
excited product produced is not measured.and if a fraction of the TI 

ground state iG deflected by the magnet, H. would not. be detected either; 

both of these factors would reduce the magnitude of the derived reaction 

cross se·ction. Th.ese ambiguities will be minimized when velocity ~ncl 

rotational analysis becomes available. 

2. Li+ CH
3
! 

The LiI is scattered pre·dominately backwa.rd in the CM system in 

agreement.. with the previously report.ed behaviors for the Cs and Rt32 

. 2.') . 5 
as well as the K · and Na reactions with crsr; 'however the present 

results leave little doubt that the LiI CM ·product angular distribution 

is considerably broader thRn t.hat of the corresponding NaI and KI. The 

high translational product recoil energy of LiI is also in approximate 

accord with the values found for- NaI and KI; FVA results a re not avail-

able for the Cs and Rb reactions. 

The tot1::1l :r·eaction cross s.ect:i,on reported for L'i + CH
3

I in Table 
. 02 . 

III is comparable to the value of 35A reported for K+cH
3

I in Ref. 21; 

·the tota 1 reaction cross sect]onB i::-va 1nated from the attenuation o:t' the 

. . . ·. 02 29 
elastic scattering of K + CH

3
I also lie in ·the same range (25 ~ 47A ) . 

. 00 

The behavior of Na + cH
3

I appears somewhat anomalous; a value of 5A~ was 

reported in R~f.20. 

There are extensive trajectory calculation;s on several potential 
. . 

surfaces for the M + CIS I reactions ;30 these calculations prE:di.ct. the 



observed.backward scattering of the products, but fail to rep~oduc~.the 

high product translational energies observed, presumably because the 

s·urfaces do not have enough repulsive character between the products. 

Further calculations on improved surfaces wo~ld be desirable to determine 

if the broader LiI CM angular distribution is due to the effect of the 

small mass of Li on the.reaction dynamics; such a mass effect.was suggested 

in Part I as the reason that. the LiX product distributions from reactions 

with diatomic halogens were broader than the corresponding distributions 

of the heavier alkali metals. 

3. Li + CC14 

Quantitative comparisons ·of the M+cc14 distributions sh0wn in Fig. 

9 could be misleading owing to the reported strong cm1pling of .the E' and 

e . ~ . 
distributions for these reactions; however the present results clearly 

indicate that the Li+cc14 reaction produces appreciably less ·product 

scattering into the forW'ard CM heinisphere than do the corresponding K, Rb, 

and Cs + cc14 reactions. The total reaction c:rosi:; section listed in 
. - 02 . 

Table III correlates well with the values of 150, 100 and 60A for Cs, 

Rb and K+cCl4 respectiv~ly reported in Ref. 7. The two trends, decreas~ 

in reaction yield and. shift of preferred CM recoil angle to larger values 

as the atomic number of the alkali metal is decreased, that were observed 

in Ref. 7 hold for the Li+cc14 reaction as well .. These systems present 

.another opportunity for theoretical calculations to elucidate .evident 

trends. 

4. Li+SF 6 

An i'ntermediate long-lived LiSF
6 

complex would be expected to be 

an rippni.dmate prolate top wlth three .simila:r ruL<i L.i.on cor1stants. 'fi'11rmA -



ti on of such an intermediate complex would,. according to the statistical 

33 . 
complex model, produce a symmetric CM LiF product distribution with 

peaking at e = 0° and 180°; a IAB distribution back-calculated from such 

a curve fit the experimental data except at wide positive angles (see 

Fig. 5). The signal tonoise ratio is particularly bad at these angles, 

but· if the oca.ttcring is less thAn t.h;:it. P.XpP.cted from the statist.ical 

complex model, it could indicate that a LiSF6 complex with a lifetime 

comparable to a rotational period is formed. Sud1 11 U::.L:uh Li11g complex co" 
' 

have been observed. 34 The. complex model would predict only a sma 11 amount 

of energy in translation of the products because the total energy must 

be divided among many degrees of freedom; the crude value of E' found for 

this reaction conforms with this prediction. 

The reAction of Cs+sF6 has been extensively investigated8 and all 

features of the reaction dynamics correspond to the predictions of the 

statistica 1 complex model; thus the two mernLei·:::; at the extremes of the 

alkali family both apparently react with SF6 by the same mechanism. It 

is also of interest to note that the Li+PC~ reaction also produces a 

nearly sy!hmetric CM product distribution,. but in this case peaking ~t 

e ~ 90° is observed; it, has.been suggested that this might be understood 

1 in terms of the formation of an intermediate oblate top complex. 

The LuLC:1l :r:t!action cro.s.s 3ection given in T:::1.l>le III cu:i.·1·el.:1te.s 

nicely with the values derived from the elastic scattering of K from SF6 

reported in Ref. 29 (~~K) - 21-50A2). 

5. Li + CH
3

No2 

This reaction bears many resemblances to the Li+cH
3

I reaction. In 

both cases, a reactive group is abstracted from a methyl radical by the 



.. 83-

attacking Li atom and the product is formed with a high translational 
. . . ,. . . . . 

. . 35 
energy. Moreover, the strengths of the CH

3
-r .and the CIJ-N02 bonds 

virtually identical; although the_Li-N02 bond strength is unknown, it 

seems likely that it is comparable to that of an alkali helide so that 

the reaction exoergicities are similar for these reactions. Moreqver, · 

Table III indicates that the long range van der Waals interaCtions between 

the reactants ere quite similar for the two cases. The enhErnced CH
3

No2 

reaction cross section shown in Taple __ III might simply be a consequence 

of the larger geometric size of the N02 group relative. to that of an I 

atom. _Trajectory calculation studies30 have shown that the product angular 

distributim should change from a strong anisotropic backward peaking to 

an isotropic CM distribution as the total reaction cross section is 

increased; this prediction is in qualitative accord with the trends 

observed here. 

These five reactions demonstrate the wide diversity of the reactions 

of Li atoms; further studies to extract product veiocity and rotational . . . 

energy distributions are planned which should more clearly elucidate the 

dynamics of these reactions. 
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IV. HARMONJ:C FORCES, NORMAL MODES MODEL FOR. JNVESTIGATION 
·OF CHEMICAL REACTION DYNAMICS 

A. Introduct.ion 

A wide variety of detailed experimental features of gas phase bi-

molecular exchange reactions have been obtained from molecula.r beam and 

chemiluminescence studies in the ·last five or ten years. This rapid gn1wth 

in our experimental knowledge of these reaCtions has been paralleled by 

an increasing number of th:re~-dimemiirini:l1, exaGt olaooical baj~L!LU!'Y 

studies,· employing extensive numerical inte.grations on a digital computer, 

which have reproduced many of' the experimentally observed reaction features. 

In this way, these classical trajectory studies have already been instru-

mental in· elucidating tne impnrt.Ant. · f~atures bf the inte1·a Lurr!lc !'orces in 

a nwnuer of these reactions anc;l will, nn doubt, oontin11r. t .. :. l!l~·.Ll::!ull uuf' 

knowledge of these forces for some time to come. Nevertheless, concomi-

ta.nt with this growing body of exact nume1·it:Hl traje,ctory calculations, 

it seems worthwhile to continue to examine si~ple models of the reaction 

dynamics in order to (1) provide greater physical insight into the possible 

range of values asswnable by a given reaction feature, (2) possibly attempt 
. . 

to correlate different physical phenomena, as, for example, the energy 

partition in bimolecular exchange reactions and photodissociation, and 

(3) provide A starting point for es~imates o:t' t11.e magnitude of the 

inte:r·citomic :t'orces which could serve as input information for the more 

sophisticated, exact trajectory calculations •. 

One such model will be described here. Basically five·gross simpli-

fications are made. The dynamics are treated completely classically; this 

enhances the aehievement of physical insight into the features of the 



dynamics and simplifies the mathematical treatment. Secondly all 

interatomic and intermolecular forces are treated as if they were harmonic, 

i.e. consider all particles at their equilibri_um position except for the 

one particle of interest; the forqe on. this particle can be expressed as 

a sum of t.erms, each of: which is directly proportional to the displace-

ment of the particle from its equilibrium position. Thus the complete 

reaction system is treated as one. lar.ge molecule. The presence of only 

harmonic forces allows an i:ipproximatate solution of the dynamics of the 

reaction to be found by expressing the overall motion of the partictes as 

a superposition of normal modes of oscillation, thereby facilitating the 

integration along the classical trajectories. Thirdly, the geometry of 

the system is greatly simplified; in all applications of this· model so 

far attempted by this writer,· all particles have been constrained to a 

linear c~nfiguratiou. 
. . 

Thus, the number of normal modes that must be 

handleq.· . is greatly reduced; this of course, further reduces _the mathe-

matical complexity. A further advantage -of the linear configuration is 

that the normal modes analysis is valid((within the-harmonic·forces·assump

tion_,) even for l.Rrge particle di3placemt:!uL:::i because· the magnitude of the 

internuclear distances do not enter the calculation; the· solution is 

dependent only upon the displacement of the internuclear distances from 

·their equilibrium values. This model could certainly be exte_nded to two· 

or three dimensions if the investigation of a suitable system warrented 

the. additional complexity. Assuming that only adjacent particles interact 

constitutes the fourth simplification. This approximation allows most bfr the 

force constants of the harmonic oscillator potentials to be set equal to 

v-alues qetermined by spectroscopic techniques. Finally the distributi_on 

of initial states which exists 
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. . 

in any experimental system is ignored;. a representati~e, simplified initial 

state is taken and the single ·resulting final state .is assumed to be. 

reasonably indicative of the most proba"ble final exp~rimental state. This 

fifth assumption is convenient but not necessary; any distribution of 

initial conditions could be integrated over by a systematic or a Monte 

Carlo technique. 

This model is certainly not.new to the chemical literature and was 

employed 'extensively by lq'. B. Sla Lt:!!' Lu uisl'.:U.3.3 the dynamico of unimole-

cula r decomposition. More recently, it has been .a pp lied to the problem 

of the vibrational excitation of a diatomic molecule by collision with an 

1 
atom and to the problem of the eriergy partitioning in reactions of the 

2 
alkali atoms with the halogen molecules. The work in Ref. 2b.will be 

more extensively discussed in Section C of this chapter. A recent 

application of this model to the energy partitioning in the reactions of 

Cs with the alkyl iodides has been published;3 this work is incorporated 

with some extensions to coi1st1tute Cll1=1fYLer· V ur U1is th~.3i3. A very 

similar model has been applied to the interaction .of a gas aLom with a 

crystal lattice.
4 

The formulation and application of the simplest such model will be 

discussed here; this is the three particle, one-dimensiorn:1l muuel. The 

:following chapter will clii:.:uu:,;:,; Lh._:i ext~ri.o:i nn. nf t,hr. linc~r model to fo1.1r 

p~rtkle8, 

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

The system is treated as three particles which 1:1re constrained to a 

linear, one-dimensional collision w:i.t.h the notation as shown in Fig. 1. 
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Figure 1. Coordinates. used in treatment of the normal modes model. All 

indicated distances are vector qua.ntities. k
1 

represents the 

force constant of·the harmonic oscillator potential between 

particle~ l and 2 while k
2 

refers to that between particles 

2 and 3. 
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The masses of the particles (denoted by m1, ~' ~)_are set equal to 

the atomic.masses appropriate to the atoms of the system under study, 

or to the sum of the atomic masses of a radical if a multiatom group is 

being represented by a single particle. The force constants of the harmonic 

oscillator bonds are symbolized by kT .and k2, and each is either given 

its empiric~l value if it is known, or if unknown, varied as a parameter 

of the model; there is assumed to be no interaction between particles 

1 and 3. 

The dynamics of any particular problem are solved in essentially three 

steps. First the .initial conditions are described in a convenient 

coordinate system and then transformed to the initial values of the normal 

coor.dihates of the system. Secondly, the .motion of the system is treated 
. 5 

by a normal modes analysis and followed until the time that a critical 

configuration is first reached. This time is considered to be the termi-

nation of the interaction of the system. Finally, the instantaneous 

values of the normal coordinates and their velocities at the termination 

time are transformed to an appropriate coord.inate system to define the 

final state of the system. 

The initial cond;itions are most easily formulated in terms of 

Cartesian coordinates; for the present system the X coordinate (i.e. the 

position on the single dimension) of each particle is appropriate. 

However;· rather than using the normal Cartesian: system,_ the utiliz.ation 

of mass weighted coordinates simplifies the conversion from Cartisian 

coordinates to ·normal coordinates; this mass weighted system is defined 

by: 
q. ~ 

l. 

1/2. 
m. L:iX; 

l. l. 
j_ - 1, 2, 3 



where !SX. is the displacement of the. i,th particle from its equilibrium 
1 

position as indicated in Fig. 1. The initial conditions can now be 

formulated. The iuiLial values of the position and velocity of the 

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

3 
2: 

i=l 

1/2 0 m. q. 
1- 1-

3 
· 0 ~nd · 2: 

. i=l 
m. 

1-

1/2 • 0 
q .. = 

1-
o. 

(Here and elsewhere the dot above a coordinate represents the time rate 

of change of that coordinate, and the superscdpt. zero.denotes the 

initial value.) To specify completely the i,nitial conditiODS of the three 

coordinates, six independent equations ore necessary; two of them are 

given above. The initial magnitudes of the total potential energy (V) 

and kinetic energy (T) yield two 

3 

more equations: 

2T = E 
i ... 1 

3 

. 2 .o 
qi 

c.v = L: . f_,. • 
. . l ' ~·J 
i, J= 

0 0 
qi qj 

where the f
1
j•s are cons~ants given by 

r ij = ( ..... a-~~ ...... · -p ..... q-j·-} 
For this model their values are giv~n by 

kl k2 

ml ( )l/2 
ml~ 

f 
-k2 k.l + k2 

1/2 Ill,-., 
(ml m2) c. 

-k 
0 

2 
( )1/2 
~ YI) 

0 
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In an application of this model to a .chemical reaction the total potential 

energy wiil be set equal to ll D
0

, the difference between the product and 

' ' ' 

reactant bohd dissociation energies. Now only two other equations are 

necessary; one must speCify the coordinate values, e.g. by giving the 

partitioning of V between the two. bonds, and the.other must relate the 

particle velocities, e.g. by indicating the division· of T between relative 

translational and vibrational energy. It should be noted that the initial 

conditions may be speCified l::>y many different .sets of six equations; 

the above set is the easiest to define because it is the most closely 

related to the physically interesting parameters of the system under 

investigation. From all such sets, th.e initia 1 values of each of the three 

coordinates and their velocities may be derived; this final set is the 

most convenient one for transformation to the intial conditions of the. 

normal modes. 

The standard methods· of normal modes analysis as presented by Wilson, 

Decius and Cross 5 are used to follow the dynamics of the system; these 

methods will now be quickly sketched as they apply to this particular 

model. The problem is most easily formulated in terrris of the ·two internal 

d · ·t -+ -+ -.+eq ~ -+ -.+eq . · -.+eq · -+ eq coor ina· es, s1 = r 12 - r 12 and s
2 

= r
23 

- i:-
23 

where r 12 and r
23 

are 

the equilibrium distances between atoms 1 and 2 and between atoms 2 and 

3 respectively (see Fig. 1.) .• Since no bond angles need be considered 

in t.he ·linea.r model the G matrh .i.::; 1:1 function. only of the atomic masses 

and is gtven simply, by 

·1 1 

µ12 m2 
G -

1 1 

~ µ23 



µ
12 

and µ
23 

are the reduc.:eU: masses of atoms 1 and2 and atoms 2 ::i.nd 3 

respectively. The assumption .of rvirmonic forces. only between. adjacent 

atoms requires that the potential energy, V, be given by 

2V = 
~2 ~2 

k ' + k2 s2 ·. 1 sl 

The F matrix is thus diagonal and is given by 

O· 
F =· 

and it$. inverse is simply 

One form of the secular equation given in Ref. 5 is 

IQ ~-1 1-.I ,;,. o, 
2 2 

where /-. = Im v and v is the vibration frequency of the norma 1 c;:oordinatc. 

The ::;elution of this secular equation yields two values of /-. correspond-

ing to the two vibrational normal modes. Thus the solution to the equations 

uf rnotion for theae normal modes are simply 

k::;:: 1,2 

where I\ a.nd Ek are arbitrary constants giving the amplitude and phase 

of the normal coordinate, Qk' motion. Since tliis normal modes snolysis 

has been formulated in terms 01' the internal coordin13tes only the two 

norrnel coordinates corresponding to the two vibrational degrees of freedom 

have been obtained. The required third degree of.freedom is the motion 

of the center 01' mass of the system, and this corresponds to a third 

normal mode with t.. = 0. As discussed earlier the initial conditions 

are defined so Lhat the amplitude of this normal mode is intially 7.ero 

and therefore it mu.Rt. rP.ma in at zero for a 11 time. 



Equation (13) of Section 2-4 bf Ref. 5 gives the linear transformation 

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

. where 

and the Aik' s are 

3 
~ 

i=l 

(l)· 

Ai~ 

~. cP.. )2 ]1 2 
i=l ik 

a.ny solution for the set of algebraic.equations 

(:f .. - 8 .. A._)A.k=O 
. :LJ :LJ k i . 

j = 1, 2, 3 

(8 .. indicates the Kronecker delta). There are, of course, three sets of 
:LJ . 

.eik's, one for each·A.k. ·Now: by the linear transformation given in Eq. 

(1) the initial magnitudes and velocities of the Cartesian coordinates 

yield the initial magnitudes and velocities of the normal modes. Simple 

algebraic manipulation then allows the derivation of the values of ~ 

and Ek. for each normal coordinate. 

The next step is to determine the time that the interaction between 

the products is ass\lmed to terminate. Since harmonic.oscillator potentials 

have been taken to ap~roximate the true interaction potentials, the system 

cannot, of course, completely separate, but would continue to oscillate 

indefinitely. Therefore, a critical configuration must be chosen, and 

at the time that the system first r~aches this configuration the interaction 

is considered terminated. The instantaneous magnitude and velocity of 

each ~ can then be calculated and the inverse transformation back to the 

q. 's may be made by , 
i = 1, 2, 3. 
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'Jh.ese Cartesian coordinates and their velocities completely define the 

final state. Any desired parameters of this final state such as relative 

velocity of separation of the particles or amplitude and phase of vibration 

of a possible product diatomic may b.e easily extracted.· 

C. Applicat·ion to "Harpooning"· Mechanism 

1. Introduction and Formulation 

Center of mass angular distributions And nominal relative. translational 

energies of the products lrnve uuw Leeu mea.sured for many of the alkali 

. 6 
atom-halogen molecule reactions. · The foward peaking of the MX product, 

the large total reactive cross section, and the rel1:1 Lively low translational 

7 
energy of' the products are all consistent with an electron transfer model. 

Due to the high electron aff'inH.y of the halogen molecule and Lhe low 

ionization potential of the alkali metal the valence electron of the 

alkali metal may be transfered to the molecule at relatively large inter

nuclear dietancco (5 to lOA); this tr;;m:.fer oc~nr.s F.1t. t.he cli.stance of 

separation where, neglecting second. order effects, the Coulomb potential 

energy compensates for the difference between the ionization potential 

and the electron affinity. The reaction then continues as an ion recombi-

nation collision. The approaching alkali ion picks up the ueare:::;L ltalugen 

atom which, because of the electrostatic attraction, must have the extra 

electron. The pruuuct MX then separates from the other X atom without 

interacting with it to a great extent. However, the angular distribution 

is wiU.er and the product translational energy is larger than would be 

predicted for no interaction; these effects are very 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 recoil energies, although in all cases 

only a small fraction of the large (typically 50 kc~l/mole) exoergicities 

of these reactions, exhibit a general decrease with increasing alkali 

~ass; e.g. the results for the Br2 reactions are 6.6, 5.1, 3-.7, 2.8 and 

1. 8 kcal/mole for Li, Na, K; Rb and Cs respectively. The great degree 

of similarity found for all these reaction dynamics suggests that very 

similar forces control the dynamics of all these reactions, and that the 

small, observed differences may be due to the effect of the variation of 

the alkali mass. 

The normal modes model provides a very simple vehicle for investi-

gating this possible mass effect. Particle 1 is assigned to be the attack-

ing alk~l:l. atom and particles 2 and 3 represent the halogen molecule. The 

reactants are intially approaching each other (in a linear configuration). 

with a· prescribed initial translational energy, E... The halogen molecule 
. . . : . ). 

is assumed to be nonvibrating; .thus the zero point vibrational energy 

is ignored. The initial positions of-the three particles are set so 

that the exoergicity of the reaction is present as ·an extension of 

the MX bond and a compression of the x2 bond; the fraction in each bond 

may be varied as desired. This configuration is intended to approximate 

the state of the reaction partners at the moment that the ele9tr6n is 

transfered. These specifications .in conjunction with the constraints men-

tioned in the preceeding section completely determine the initial position 

and velocity~ each particle. · It s·hould be mentioned here that k2 and 

r~~ are not expected to be the values found for the x2 molecule; when the 

electron i:::; transferred, it is very likely that the resultant X~ ion will 

have considerably different bonding characteristics franthe neutral x2 



molecule. The absolute value of r~~ (as well as that of r~) does .not 

enter the calculation, but the magnitude of k
2 

which does require an 
. . 

explicit value will be· varied. as a parameter of the model. 

eq The reaction is now~llowed to proceed until r
23 

reaches r
23

. At this 

time particie: three is assumed no longer to interact with the MX molecule. 

Expansion o±' r
23 

into normal coordinates cind ~uluLluu fur Lhe termination 

time results in a transcendental equati6n. 

ion for the upper nnd lower bounds on the first solution m:;y he dP.t.P.rmined; 

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

desired. However, for nonzero E. an iterative process is necessary. 'l'he 
1 

value of r
23 

is calculated at each incremental time spacing until it 

. passes through r~§; then, as in the former case, the time may be found to 

any degree of accuracy. The .Lime spacing used in the iterative procei:;i:; 

is 1 to 4 percent of the period of the normal mode with the largest 

vibrational frequency. Once this termination time has been evaluated, 

the relative translationaltenergy of the products and the vibrational 

excitation of the MX molecule are easily calculated. 

2. Results and Discussions 

Figure 2 shows the results of the calculations of the product trans-

lational energies for these systems. The abcissa of this graph· is the 

ratio oi' the alkali mass to the halogen mass .. This h; appru.1:n:iate be-

cauce, fo!'. a given potential energy surf;;ice, the r.lassical trajectories 

are not altered if the mC$Set'.l Of' Sll the p1:1rtiele::; 01' the system ;:ire 

8 changed by the same factor; the speed at which these trajectories are 

traversed, however, varies as the inverse ot' the square root of that 

factor.· Each of the calculated curves of' Fig. 2 are labeled with 1:1 
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. . . 

Figure 2. Prediction of energy partitioning as a function of particle 

mass ratio. The decimal and percentage numbers labeling the 

curves give the value of the ratio k2/k1 and the percent of the 

reaction exoergicity included as X-X repulsion, respectively. 

The data points give the experimental measurements of the 

nominal energy partitioning of the indicated reactions . 

. ;-. 
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decimal number indicating the. ratio of k2/k
1 

and a percentage giving R 

which denotes the fraction of the reaction exoergicity included as repul-

sion between the two halogen atoms. Changing both force constants by 

t~e same factor is equivalent to multiplying each of the coordinates of 

the potential energy surface by the square root of that factor (for an 

example of such a potential energy surface see Fig. 1 of the following 

chapter.) Such a coordiriate scale ~hange does not affect the energy 

partioning which is a function of the ratio of the force constants; . . 

however, the trajectory transversal time, ·for a given force constant ratio, 

is directly proportional to the inverse of the square.root of the magni-

tude of the force con$tants. As one would expect from the harmonic 

oscillator characteristics of this model, the fra.ctional energy partition-

ing and the time to traverse .the trajectory· are constant if both V and T 

are multiplied by the same factor. This multiplication simply increases 

the amplitude of each normal coordinate by a proportional amount, but it 

does not affect the frequenc'ies nor the phases of the normf.) 1 modes. 

Consequently, foT E. = 0 the curves of Fig. 2 are independent of the total 
. . . 1 . . 

re1::1ction e:Xaergicity. ·'!'he percent of reaction exoergicity that appears 

in product translation may be calculated for the reactions of the.alkali 

atoms with the homonuclear halogen molecules fr,om experimentally measured 

quantities. Thus, the available .experimental results may be directly 

compared with the predictions of the model on. the single g:r:aph presented 

in Fig. 2. 

All of the calculated curves for·the reasonable range of parameters 

have several features in common. If the attacking alkali has a very light 

mass, one hundred percent of R enters the tra11slational energy of product 
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separation. This feature arises because the relatively slow separation 

of the x
2 

molecule takes place· essentially independently of the rapid 

vibration of the MX molecule.. This limit is closely approached on the 

left side of Fig. 2 by all of the calculated curves. This effect of the 
. 8 

light mass .has been noted previously, and has .been labeled the "light-

atom anomaly". As the alkali mass becomes comparable to the mass of the 

halogen atom, the translational energy decreases rapidly due to the .heavier 

rm::ll::il::i uf Llit! dlk-'li ~tom allowing it to :mt ~s 1=1n RT)rhnr Ann thP.reby 

pulling the nearest halogen toward itself.. Since the transferred halogen 

ion is departing from the spectator halogen 1::1 Lum et L etu i11l.'.:rett.::ied i·atc, the 

repulsive force is less effective in imparting translational energy to 

the departing atom. This can be explained by the fact that. the repulsive 

force acts on t.he spectator atom.through a smaller distance than it would 

if the massive a]Jrnli atom.were not present. 'l'hus, all ot.R <:ioe:::; uuL 

appear as product translation; a significa.nt traction is converted into 

MX vibration. This effect has been labeled "mixed energy release" 

and has been discussed previously.8 As the mass of the alkali a.tom iG 

increased still further, the translatiomil energy continues to del!rt=ct::;t! 

but approach a non-zero limit for infinite mass. Second order effects 
a . ' ' 

due to the varying number of oscillations of the MX bond durirrg the 

superimposed on the general decrease. The slope of this general decrease 

is not constant however; a precipitous drop is common to all of the cal-

culated curves. This drop occurs when the magnitude of thevibration of 

the MX molecule during the X-X separation approaches. one-half of a vibra-

tiona 1 oscillation. .If' the MX bond is contracting· during the complete 
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time that the halogens are separating, the mixed energy release·is greatly 

enhanced. Since. as r (the· alkali to halogen mass ratio) is increased this 

half period criterion is approached first by the largest k2/k1 ratio, 

the resultant translational energy .is smallest for this largest k2/k1 

ratio at small r. 

It is useful to consider the resuit s presented in Fig~ 2 with refere_n,ce 

to the impulsive limit. At this limit all of R is inH.ially released as 

translational energy of· relative motion of the two halogens. Thus the 

X-X separation takes pl~ce without any influence from the presence of the 

+· + 
M ion. The free X .. ion then combines .with the M. ion to form the MX 

molecule .. This limit is approached when k2 >> k1 . At this limit the 

final partitioning of R between relative product translational kinetic 

energy and internal excitation of the MX molecule may be easily deter-

mined from conservation of momentum considerations (this deterrninetion 

is fully discussed inthe following chapter). Alternatively, the f m 

fa ct or which i·s defined in Eq. 12 of Ref. 2a gives the fraction of. R that 

appears as vibrational excitation of the product diatomic at the impulsive 

limit. If r is allawed to represent the ratio of .the· alkali mass to the 

halogen mass, Eq. 12 of Ref. 2a reduces· to 

.·f' = 
m 

r 
2r + 2 

Thus, at the impulsive limit, light M(r << i) gives f = 0 and a 11 of R 
m 

appears as product translation, but for heavy M(r >> ~) f 1/2 and fifty 
m 

percent of R is channeled into product translation. As r is increased 

f monotonically increases. On the right of Fig 2, it is evident that 
m 

less product translational energy is present than would be predicted at 

the impulsive limit. For a larger value of k2 /k1, the system is closer 
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to the impulsive limit~. this is the· reFJF;On that the product translation 

is greatest for the largest k2/k
1 

ratio at large r. 

As may be seen in Fig. 2, the experimental data exhibit a rough 

correlation with the model results for 20 percent repulsive energy re• 

lease and a force constant ratio of approximately-0.275 to 0.55. This 

correlation is by no means exact, but in view of the very approximate 

nature of the nominal recoil energy measurements, it is certainly as 

good as could have been hoped. In short the experimental results are 

certainly consistent with a mass effect of the magnitude predicted by·. 

this model. Furthermore the departures from an ex8ct t!01·1·elation cannot 

be due completely to a failure of this model to account· adequately for 

all important facets of the reaction dynamics; it is evident that the 

same potential ene:tgy' surface cannot rep1·oduce the e:Xperimental resnlts 

for all these systems. The reaction pair, Na+Br2 and K+I
2

, and the three 

react ions, K+cl2 , Rb+Br2 and Cs+I2 , form two sets of systems such that 

each member of a given set has nearly the same alkali to halogen mass 

ratio. As mentioned previously the energy partitioning is independent 

of the magnitude of the mass of the reactants, and therefore observed 

experimental differences within ea ch set r.an only be attributed to 

differences in the systems' potentia 1 energy surfaces or to a failure of 

the measured .. nominal producttran.Slational energy to refled CJde4uc:iLdy 

the true energy p1::1rL1Lluulng .. 

It should be emphasized that the linear configuration does not limit 

this model to treatment of solely collisions occurring with zero.impact 

parameter. Reactive events may occur with Mand X2 in a linear configuratio 

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



paths; these collisions would be much more probable .than. "he~~d-.on" 

cpllisions. For this reason all the calculations presented here are for 

zero initial kinetic ene~gy since th~ kinetic energy appropriate to this 

model is that due to the. component· of rela.tive velocity of approach thot 

lies along the line defined by the colinear configuration.. The magnitude 

of this energy would vary between the total ·:initial relative translational 

kinetic energy and zero; the lower values would have a higher probability.· 

Calculations have been~carr,:ied out .with Ei = 1, 2,. 4 and 6 percent of 6D
0 

for k2/kl = .55 and 2Cf{o repulsion; the resultant curves were·very similar 

in :::;hape to that for E. = 0 shown in Fig. 1 but at large mass ratio. 
1 

much lower limitwere approached. 

One other interesting feature of these calculations deserves comment. 

The reaction lifetime (i .. e. the time for the X-X-distance to reach its 

equilibrium value) generally decreases ·as the mass ratio .increases. Thus 

one must reach the striking conclusion that the lifetime of a reaction of 

Li must be longer than the lifetime of the same reaction with Cs. This 

effect is present because the alkali atom pulls the nearest hal.ogen atom 

Lo lL::;elf; when the mass ratio is large, this tug is. relatively efficient 

and the halogen atoms quicl,dy separate, .but when. the alkali atom is very 

light relative to. the halogen, the force rapidly.accelerates the alkali 

atom but. only slightly affects the halogens. Concomitant with the longer 

reaction lifetime at low mass ratios is a greater complexity of interaction 

between the alkali and the nearest halogen. The light alkali more rapidly 

approacheo the separating halogen molecule, but before it can completely 

separate, the M atom reaches its equ-ilibrium position and then begins to 

repel the halogen atom. This retards the separation of the halogens and 
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enhances the likelihood of secondary encounters. This effect.would be 

expected to correlate roughly with the width of the angular distribution 

of the products, and the reactions with the smallest mass rati.os have 

indeed exhibited the broades.t distributions. 
6 

An extended discussion of 

these more complex interactions has been giyen to ~xplain some results 

observed in three dimerisimal trajectory studies of these experimental 

. 9c 
systems. 

2a 
Poloiny:i. ;:inn l"'n-wnrkP.rs ·. hQve utilized a model very similar to that 

presented here to inves'tigate the dependence ot the ern:!L'gy lJa1·LiLio11il'1g 

on the percent repulsive energy release and on the ratio of the initial 

attractive M-X force to the repulsive X-X force. The parameters of their 

model were not intended to represent directly any physical system; but 

were selected to investigate conveniently the effect of mixed energy 

release. Without repeating their calculations our !'esulL::; l:dtmuL b~ 

quantitatively compared with theirs, but qualitative comparisons indicate 

that the conclusions are mutually consistent. Since their model a::rnumes 

three particles of equal mass, comparisons should be made to our ca lcu-

lations for the mass ratio equal to one. Several corrunon conclusions 

appear in the two studies: if the fraction of repulsive energy relea::;e 

is small(< 3Cfl/o), very little energy is channeled into. product translation 

nnc'l thuo.the repi.llsion rn1rnt. hP Afficient for exciting vibrational motion 

in the MX bond; the principal effect of increasing E. is the reduction of 
. .. . 1 

the resultant product· translational 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. 2). 
I 

. i 

I 



In summary it appears that a significant mass effect may be a large 

factor in the cause of the observed.differences in the e:nergy 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 would be required for exact, class ica 1 trajectory 

calculations. The_ energy r.eleased as product repulsion should be near 

2CJ{o and the force between the halogen atoms during the initia.l part of 

the separation when the majority of R is released, and the magnitude of 

the initial attractive force between M and _X must. reflect the relative 

values of the initial. forces that correspond to the range 01' f'orce con-

stant ratios that was. found to be appropriate here. Three trajectory 

~alculation studies have been reported;9 ea.ch 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 approximately conform to the predictions made above. 

When detailed product velocity analysis becomes available, for these 

t . 10 1° . . . th reac ions much more re iable values of the energy partitioning can en 

be ccmpared with the results ·of this model. It may then be 01' va l.ue to 

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

likely that the repulsive energy release would be primarily a function 

of the halogen molecule and relatively independent of the ~lkali atom. 

If this is the case, comparison of the reactions of all the alkali atoms 

with a 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,-NOnMAL MODES MODEL TO THE 
REACTIONS OF THE ALKALI METALS .WITH ALKYL IODIDES 

· A. Introduction 

The reactions of the· alkali metals with the alkyl iodides have been 

the subject of extensive investigati~ns in crossed molecular beams. 1 

Product velocity analysis oi' the reactive scattering of tl:1e::;e ::;y::;tem::; wet::; 

not included in the studies of Ref~ l(a}:..(d), but these additional data 

have now been collected for the reactions of the heavier.alkali metals. 2 

The full results of these later ·experimental studies have not yet been 

published, bu.t two striking qualitative results have been revealed .. · In 

the reac.tions of the series Cs+I-R' ~ CsI+R', where R' is methyl, ethyl, 

u-propyl, or n-butyl radical, the CsI is observed to be formed with 

roughly the same center-of-mass (CM) speed irrespective of then• group. 3 

Since the exoergicity of these four reactions cire ve1·y nearly equal, energy 

conservation requires that in order for the above observation to be true, 

the internal excitation of the products must increase as R' is varie.d 

from methyl to butyl. Secondly, in the series af reactions M+I·Cis ~ MI-teH
3 

where M is Cs, Rb or K, the MI product is oh8erved to be formed with 

approximately the same CM momentum regardless of the mass of the alkali 

4 
atom. The model developed in the preceeding chapter is here extended 

and applied to these two series of reactions. 

The M+JCH
3 

reactions have been extensively investigated by exact, 

classi~al trajectory studies. 5 Unfortunately, the potential energy surfaces 

chosen for these studies were selected to yield product translational 

energies in agreement with the.experimental results that were indicated 

at the· time the theoretical investigutlons were initiated. Improved 
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kinematic analysis techniques1a have shown that these early experimental 

results were significantly lower than· the presently accepted values. 

Consequently, the ·theoretical investigations can no longer be taken as 

indicative bf the dynamics of .these particular reactions. Much less 

attention h,as been given to the reactions of .the heavier Glkyl iodides, 

although Raff
6 

did report exact three-dimensional trajectory study compari

sons of the K+IC2H
5 

and ICIJ reactions. In addition, Ottinger3 has reported 

exact computer solutions of the energy partitioning in the Cs + methyl, ethyl, 

n-propyl, and n-butyl iodide reactions for a one-dimensional linear collision; 

his model treated each CH
2 

or CH
3
· group as a separate particle and his 

potential energy of interaction between the particles is more sophisti-

cated than that considered here. Nevertheless, his calculation failed 

to fit the observed constancy of the CsI product CM speed with changing 

R' gronp. 

The following application of the harmonic oscillator model to the. 

Cs+IR' reactions will (1) show that the observed approximate constancy 

of the CsI CM speed can be accounted for in the impulsive limit, where 

the R'-I repulsion is the dominant force in the coliision, (2) argue that 

the model should, in fact, provide fairly reG.iable estimates of the actual 

energy partitioning because the observed reaction features are so near the 

impulsive limit, (3) indicate that one should observe substantial internal 

excitation in the R' product, with the poss~ble exception of the methyl 

group, and (4) provide a qualitative indication of the important forces, 

which should help to provide.guidelines for the selection of an appropriate 

potential energy surface for any future exact trajectory calculations for 
·7 

these reactions. In addition, the model parameters that prove most successful 
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in reproducing the constant CsI velocity~ will be ta.ken without further 

adjustment to account for the approximate equality of the product CM 

momentum for the reactions of K, R.b and Cs with methyl iodide. This trend 

will be predicted to continue for the two lightest members of the alkali 

family, Li. arid Na, but the predicted·reaction dynamics are significantly 

different for these two alkalis and observable differences in the product 

energy distributions may result. Exper:i.mental studies. intended to deter-

mine these as yet uninvestigated features are cu~rerrcly plirnned. ln L11l::; 

laboratory. 

B. .Formulation 

The methyl iodide reactions may be treated directly by the model 

formulated in the preceding chapter, but the reactim s of the heavier 

nlkyl iodides with Cs are more reasonably treAt.ed by an extended model. 

The reaction of Cs+I-~ has been treated by both models to allow compari

son of results. The extended model will now be discussed. 

'l'he reFict.ion i8 treated as tl1at ol:' l'our v1::11·L.i.clt=s, wit1'l n 1 
·- CI·I0 -R, 

'-

which are constrained to a linear, one"'.'dimensiorn:1l collision with the bonds 

labeled as shown in Fig. 1. The particles are given the atomic masses of 

Cs and I for the first two particles and the s~ .of the atomic masses of 

CH
2 

and R for the second two particles, where R is H, CHy c2H
5

, or c
3

H7" 

'l'liu.s, this model t'.tcota the hydroc:.irl>m~ rHU.lt:al, CI·I::!~n, i:1.~ A nintomic· 

molecule and so predicts the same behavior for Cs + n-butyl and i-butyl 

iodide, whereas Cs + i-propyl, s-butyl, .and t-butyl iodides are not con-

sidered. The potential energy is given in terms of 6
1

,, 6
2

,, and ~' the 

displacement of each bond length from its equilibrium value, 

6i = ri-rie), as 

r.e (i.e. 
l 
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Figure 1 .. Effective ·potential energy surface,·with energies given in 

kcal/mole, for r
3 

held at its equilibrium: configuration. The 

t1 + t1 mark denotes·. the starting point of a reactive trajectory 

for 19.0 kcal/mole repulsion; 6. equats the displacement. of 
]. . . .. 

r. from its equilibrium value. 
]. . . . 
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V(6
1

, 6
2

, 6
3

) 1/2 
2 2 · I 2 

~ < 0 = kl61 + l/? kA + l.'2.k363 ' 
2 2 . (1) 

= 1/2 k16J. + 1/2 k363' ~ ·:: o. 

The force constants k1 and ~ are taken as equal to th.ose in a conventional 

Cs-I and C-C bond respectively, whel'eas r~ and r; do not enter into the 

calculations; thus, k1 and k
3 

are 5.44x10
4 

dynes/cm8 and 4.33x105 

dynes/cm3 respectively. The I-CH2 force constant,k2 ,is varied as a 

parameter of the model. 

At the start of the reaction all four particles are stationary, i.e., 

• (o) , •· (o) ··.(o) 
61 = ~ = 6 3 = 0. 

(o) 
Further, 63 = O, /\~O)< 0 and 6(0) > 0 c . 1 

such that 6D0, the diff,e.tence in Cs! and I-CH2 .bond dissociation energies, 

is equal to V(6io), 6.~.-0}; :· 0). Thus, V(6
1

, 6
2

,. 6J) has the correct 

limit of zero as ~ ~ + oo for 6
1 

= ~ = O; however, the limiting be

havior for separated reactants (~ ~ + oo) is wrong and this model effec

tively assumes that the ve·ry slowly approaching Cs and I-CH2 -R feel no 

force until a critical 6i is reached, whereupon Eq~ (1) applies and 

reaction is certain to take place. The energy intially present in 

compression 
(0)2 . . 

of the I-CH2. bond, 1/2 k262 =·P, is referred to as the 

repulsion and can be easily varied as a second parameter of the model 

while maintaining the total exothermicity, 6D
0

, constant by simultaneously 

changing t.he value of 4o). The exothermicities· of all these reactions 

are approximately the same and were taken as 6D0 = 28.7 kcal/mole. 9 

Having fixed these initial conditions, the subsequent classical 

motion of the system is followed by a normal coordinates analysis; the 

reaction is assumed to be completed when 62 goes through zero. At this 

point the products are assumed to stop interacting and the partitioning of 



the reaction exothermicity is determined by decomposing the instantaneous 

vales of the normal coordinates and their time derivatives into vibrational 

energy in each of the two product diatomics arid relative translational 

kinetic energy of separation, E'. Figure 1 shows an effective potential 

energy surface for a k
2 

value which is found to best fit the experimental 
0 

observations. The initial r 2 distance is 2.18A, the equiiibrium C-I 

di stance in ethyl iodide, lO representing a .36; compression from the C-I 

distance where the I-CH
8 

repulsion drops to zero;. the initial r
1 

distance 
0 0 0 

is 3.82A, the resultant of a .. 50A extension of the 3.32A equilibrium Cs-I 

distance reported in Ref. 8. 

It is very artificial to treat the methyl group as CH2 -H where the 

force cons Lant is set equal to the CwC bond force conGtnnt. Corniequently 

the calculations for the methyl iodide reactions have been L;arried out 

using the three particle model of the preceding chapter. Particle three 

represents the methyl radical i:ind it.i:; mH88 l::;. set equal to the sum of the 

atomic masses of C~. 

C. Results 

The solid curves of Fig.2 give the best results of the ·four particle 

model. The 19.Q kcal/mole in re~ulsion is dictated by the necessity of 

matching the observed CsI CM product speed from the Cs+cH
3
r reaction; 

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

over the whole range of I-CH2 force constant.A. Figure 2 also presents 

the results for Cs+I-CH
3 

when the more realistic three particle model i::; 

used for this reaction; over most of the range in k2 the two calculations 

agree, and the slight difference at very high k2 values is simply due to 

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

heavier CH
3 

group. 



-121-

Figure 2. Plot of product Cs I CM speed versus the I-CH2 forc_e constant 

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

of the four particle Cs-I-CH2 "'.'R calculations. The, dashed curve 

deviating from the Cs-I-CH2-H solid ·curve for high force constant 

values presents the results bf thethree particle calculation 

for Cs-r-crs; at lower force constants, this is indistinguishable 

from the four partic_le calculation. The dashed lines give the 

experimentally observed CsI CM speeds cit.ed in Ref. 3. The 

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

repulsion is released so slowly that it must all appear as 

product translational energy. The dotted lines in the middle 

of the force constant range give the three particle impulsive 

limit (never re~ched) in which th.e I impulsively kicks off 

of the "CH -R particle." 
2. 
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For the results presented in Fig. 2, it is possible to examine three 

limiting cases in which the dynamics may be understood as two particle 

interactions. The first of these, the adiabatic limit, is approached on 

the far left of the drawing where the I-CH2 force constant is so weak 

relative to those of Cs-I and CH2 -R that these two diatomics separate as 

if they were single particles. _Thus, the full repulsion must appear as 

kinetic energy of sepaO'.'ation, E', so that the CsI CM product speed is given 

in terms of µcsI-CH
2
R = mCsimcH

2
R/M: (M = mCsI +mcH

2
R) by 

-1 1/2 
ur.sI = mCsI { 2PµCoI-CH~) ; (2) 

uCsI can never exceed this limiting value. The striking aspect of Fig. 

2, with respect to this limit, is the large deviation of the actual 

calculation from the limit even for the smallest value of k2 examined. 

In the second limit, a three particle impulsive limit, the I-CH2 force 

constant would greatly exceed that of CsI but be less than that of CH2 -R 
,,. 

so that the I atom.would recoil from the rigid CH2R group and thus 

= 
-1 1/2 

me I {2PµI-CH R} . s 2 
(3) 

where µI-CH R = mimC~ R/(mI-fmCH R). ·Although this limit is never re.ached 
2 2 2 

for the values of k
1 

and k
3 

chosen here, it indicates the physical origin 

of the rapid rise shown in Fig. 2 of the ethyl, propyl, and butyl iodide 

curvei;;. as k2 is dP.r.reA,sed from its high limit. 

The third limit, the two particle impulsive limit, occurs when k2 

becomes much greater than either k
1 

or k
3 

so that the entire repulsion 

appears as recoil of I from CII
2

; in this case, 

( 4) 
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where µI-CH = mf1cH /(m1+ntH ) • The results of Fig/ 2 s.how that this 
2 2 2 

limit is reached for k2 ~ 106 dynes/cm where the cµrves for all four 

reactions coalesce to the value given by Eq_. ( 4). The q_ualitative shapes 

of the curves shown in Fig. 2 are similar over a wide range of repulsions 

from 5 to 25 kcal/mole, although, of course, the magnitude of the CsI 

speed varies w::i,th the repulsion; in particular, the impulsive limit is 

reached for k 2 ~ 10
6 dy.h_e~jdri civet this entire range of repulsions. 

'l'he near equivalence of Llll::l l:LJl..J,Jt:l·.l.tucutal C.!I CM 3pccdo indi<iata that 

the react ion dynamics must be near ·th is impulsive two particle . limit •
11 

This is of added interest to a model such as that presented here, which 

no doubt greatly oversimplifies the actual forces, because at the im-

pulsive limit the energy partition.ing is solely dependent on the fraction 

of the reaction exothermicity released as .I-CH2 impulsive repulsion; 

thus, the use of such a simple force model to explain small departures 

from th~ impulsive limit might be assigned a good deal of credence, 

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

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

Figure 2 indicates that the slight differences in f.he·experimental CsI CM 

speeds for these four reactions are best fit by a.·~ sol'.l'.l,ewhat below the 

impulsive limit, i.e., k
2 

= 2X105 dynes/cm; Table I indicates the q_uan

tite.tivc extent uf u.gn:H:1ll.l1:111l; of the ~xpe:ri:mfmt.n.l .dn.tn and the model for 

tM.s value of k2 • Although there is no a priori reason to expect it, it 

is interesting to note that this value of k2 is close to the C-I force 

constant in the alkyl iodides, where kc_
1
=2.6X105 dynes/cm. 
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TABLE I. . Product Energy Pa.rtit1.oning for the Gs. + Alkyl Iodide Reactions (a) 

Reaction 

Cs + ICH
3 

Cs + IC2H
5 

Cs + rc
3

H . 
.7 

Cs + IC 4H
9 

Experimental(b) 

CsI CM Velocity CsI CM Velocity CsI Vibration 
Energy 

1. 73 ·. 1. 74 11.49 

2.05 1.96 12.03 

2.09. 2.10. 12.41 

2.QO 2.32 13 .15 

CH2-R Vibrati.on 
Energy 

.03 

4.77 

6.71 

6.32 

(a)Vibrational energies are given in kcal/mole, CsI CM velocities in units of 4 . 
10 cm/sec. 

(b)Experimental results cited in Ref. 3. 

(c)Results for exothermicity = 28.7 kcal/mole, repulsion~ 19.0 kcal/mole, and 

I-CH2 force constant == 2.·0x105 eynes/cm. 
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It is also of interest to examine the partitioning·of the product 

vibrational excitation between Cs-I and CH2 -R. These data:a~e presented 

in Fig. 3 and the particular values shown in Fig. 3 for k2. = 2x105 

dynes/cm are presented in Table I as well. In the adiabatic limit, CH
2

-R 

is unexc.ited and CsI appears with the vibrational energy initially put 
. . . 2 

into Cs-I stretch, l/2kr6io~ In the two particle (I-CH2 ) _.(1;1pul~lve llmlL, 

the vibrational excitation in Cs-I and CH2 -R may once again be calculated 

from conservation of energy and linear momentum; the curves in Fig. ) sr~ 

6 ·; near these limits for k
2 
~ 10 dynes cm. Figure 3 illustrates that the 

Cs-I vibrational excitation is well above the adiabatic limit over .the 

whole range of k
2 

va·lues studied. However, the most striking feature of 

Fig. 3 is the very sharp rise in the vibrational ex.citation of CH?-R as 

k2 is increased from 1 to 5x105 dynes/cm. Since this range includes the 

k2 value necessary to best fit the CsI CM speed; it suggests that the 

CH2 -R internal excitation is probably the experimentally measureable 

energy partitioning parameter which is most sensitive to the form and 

strength of the I-CH2 repuision; unfortunately, this is the. energy 

partitioning parameter which is probably most difficult to determine 

experimentally. 

The CM momentum of the MI products from the alkali·metal-methyl iodide 

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

the repulsive energy ~elease equal to 19 kcal/mole and k
2 

eguc1l to 2x105 

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

further. The results of these calrn1lations are included in Table II; also 

shown are the empirical values of 6D
0 

and k
1

. These experimental values 

were used to derive the results shown except for the Na+cH
3

I re::i.ction wherP, 
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Figure 3. Vibrational e~citation of the produet diatomics: solid curves 

for. Cs-I and long-dashed curves for CH2-R. The short-dashed 

lines at the limiting low and high I-CH2 force constants give 

the adiabatic and two particle impulsive limits for the Cs-I 

excitation •. 
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TABLE II. .Product CM Momentum for ·the. Alkali Meta 1. + Methyl Iodide Reactions(a) 

k {c) 
·-

Reactions Lillo 
(b) Calculated (d)M:[ Experimental(e) MI 1 CM Momentum CM Momentum 

Li + CH
3

I 30.3±2 9.38 450.0 

Na +CH I 18.4±2 7.70 1~62. 6 __ ;. .. : 
3 

K + CH
3

I . 22 .5±2. 6.11 456.1 ---

Rb + CH
3

I 22.4±2 5.75 456.4 

Cs +CH I . 3 28.1±2 5.43 452.8 449 

(a)Lill
0 

given in kcal/mole. Momentum given :i,n 10
4 

gm-cm./sec/mole. k
1 . 4 . . 

given in 10 dynes/cm •. 

(b)Lill
0 

= D
0 

(MI) - D
0 

(cH
3
-r) is the reaction exmergicity. Bond dissociation 

data were taken from Ref. 9. For the Na + cH
3

I reaction it was necessary 

to carry out the calculation for 6D0 = 19.0 kcal/mole in order to allow 

19.0 kcal/mole to be included as product repulsion. 

(c)Calculated fro~ data given in.Ref. 8. 

(d)Results for repulsion = 19.0 kcal/mole and I':"CH2 force constant -

2.0><105 dynes/cm. 

(e)CalculEited from the results presented ~n Ref. 3. 

_. ·,,: 



.6D
0 

was set equal to 19.0 kcai/mole in order to allow the repulsive energy 

release to equal 19 .. 0 kcal/mole. The results agree well with the .one 

experimental value that is available and with the near constancy of the 

product MI CM momentum observed for the three heavier alkali rrietals. 

This constancy is a direct result of the· fact that all three systems are 

very near the I-CH two particle impulsive limit where the ·momentum is given 
3 

by 
= . (2J?µI-CH ) 

.. 3 

Wh'ire I' 1-~H = YrlI mCH I (uiI·lmCII } • 
3 4 3 3 

(in units of 10 g-cm/sec/mole). 

Fo1· P .. 19. 0 Y..ca l/mQ].i;>, ~ _ .. = 462. '5 
IMI-'. , 

Figure 4 .presents the energy partitioning 

as a function of k2 over a very extendecl range irt order to fully demon

strate the impulsive and adiabatic limits with the intermediate region 

where the MI oscillator. absorbs signif'ic!:tnL ornuu1iL5 .:if oncrgy. Tha 

impulsiv~ limits are indicated on the right by the <lotted lines and were 

calculated from MIMP. ·At the adialiatic limit which is closely approached 

l;l t th~ left of Fig, 11, the full P = l9. 0 kcal/mole enters the product 

translational kinetic energy. The secondary .undulations apparent in 

the curves are due to the varying number of MI vibrationa 1 oscillation.s 

that take place du:ring I-CH
3 

separation. The vibrational excitation of' 

the MX molecule may be simply obtained by subLrnding the product trans-

lational kinetic energy from .6D
0

. 

D. Discussion· 

1. Cs + IR' Reaction Series 

The model presented here is very simplit'ied in many re::;peds: linear, 

four-particle configuration, no initial translational ene:r·gy or reactant 

exc~tation, And very idealized forces. Ottinger3 presents arguments to 

·I 
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Figure 4. Energy partitionilrg in the M + !-CH
3 

.reactions as a function of 

k2 ; The dotted lines on the right indicate the impulsive 

limit for each reaction; for Na + I-CIS t_his limit. coincides 

with the solid curve. The Li + I-CIS results are presented 

as a dashed_ curve only to differentiate it from curves it crosses. 

The vertical dashed line. indicates k2 = 2xl05 dynes/cm which 

was used in the-calculations presented in Table II. 

'· 
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justify a linear model. A more important realization .is that these reac-

tions are near the I-CH
2 

impulsive limit where the energy partitioning 

should be independent of the actual intermediate configuration and detailed 

force laws, and should depend only on the r~cH2 impulsive energy released. 

In Ref. 3, the effect of an initial reactant.translational }tinetic energy 

was studied and found to be relatively small. ·The effect of reactant 

kinetic energy on the present .calculations is also readily estimated at 

the I-CH2 impulsive limit; an initial relative velocity ch0.racteristic of 

the thermal energy in the experiments causes a decrease in the predicted 

CsI impulsive limit CM speed from -%·for C~I to -17fo for c 4H
9
I. Thus, 

incorporation of initial reactant kinetic energy into the calculations 

would probably allow better agreement with the experiments·.,thah is shown 

in Table I. 

Ottinger' s 3 calculations for these reactions, based. on a similar, 

but somewhat more s9phisticated, one-dimensional linear model, represented 

the alkyl :radical as a chain. of CH2 particles with harmonic binding forces; 

in addition, a more complex potential function was used t9 represent the 

Cs-I-CH foLerC:tdlon. These ~alculations were unable to !!latch the .2 · .. 

experimental observations,. almost certainly because of thE;! potential 

energy.function employed. For the potential surface cif Fig. 1, Ottinger's 

p. parameter3 (ratio of initial I-CH? repulsion to Cs:-I attraction) has a 
..• . ! .. 

value of 2.68, which, by his criterion, represents considerably more 

repulsion than any case examined in Ref. 3. However, in.contrast to the 

results of Ref. 3, the pres.ent calculations indicate that the fraction of 

the exothermicity appearing as product 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 potential valley" shown in Fig. 1. Thus, 

the open exit channel of our surface allows the CsI speed to increase 

monotonically with the.progress of the reaction rather than exhibiting 

the undulations apparent in Fig. 5 of Ref. 3. On our surface, the energy 

in repulsion is released over a short period of time, before the Cs atom 

or R gruui.i has moved appreciably; conse']llPnt.ly, the I-CH2 impulsive limit 

is approached. In contrast, the tr~jectories shown in.Fig. 6 of Ref. 3 

indicate that the "kink" in the potential surface employed there prevented 

a similar behavior and the CsI bond undergoes one .half to one full oscilla-

tion before reaction is complete •. 

Another striking difference is the absence of any appreciable alkyl 

group excitation reported for the calculations of Ref. 3 in contrast to 

Lhe appreciable ulky·l group excitation predicted here. Although the 

representation of the alkyl group as A diatomic that is employed here 

is a rather crude model, the exitation CIJ:>lJearing in it nhould, neverthelesi::, 

be indicative of the internal excitation (both rotation and vibration) of 

the radical in the actual reaction because tl!e i·eaction is no near the· 

I-CH'"' impulsive limit where .conservation laws dictate that the internal c . 

excitation in the products can depend only on the impulsive I-CH
2 

energy 

released. Actually) these reactions do deviate somewhat from this impul-

sive limit and the diatomic representation of the alkyl group employed 

here should underestimate somewhat the excitation transferred into this 

radical for a given I-CH2 energy release; this effect should be more 

important for the larger radicals. 
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6 
Raff's three dimensional trajectory calculations for K + ICH2CIS 

treated as a· four particle reacti.on system employed a potentia 1 energy. 

function chosen to match the early .erroneous experimental reports of 

. 12 
slow separation of highly excited products. Since most of the energy 

was released as the reactants approached, Raff observed that the direct 

interaction trajectories· produced large K-I excitation and little energy. 

in either product recoil or internal excitation of the ethyl radical; a 

similar behavior is observed in the ·present model as both P and k2 .are 

decreased. Raff did however also observe a se;cond mode of reaction, via 

formation· of a long-lived complex, in which the ethyl radical was con~ 

siderably excited; the present calculation fails to reproduce this second 

reaction mode for any values of P and k2 considered, undoubtedly due to 

the lack of any attractive· interaction in the r 2 coordinate. 

2. M + I-CH
3 

Reaction Series 

Treatment .of these reactions by a three particle, linear model with 

no init.ial energy of appro~ch and with very simplified forces is very crude, 
.. 

but should yield rea~onabl~ results due to the fortuitous impulsive 

nature of the reacticn dynamics. The three particle treatment is partially 

justified because it is likely that the c~ group behaves as a single particle 

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

that the CIS group will adiabatically relax to a planar, essentially non

vibrot,ing conf'igm'aL.i.uu 1:11:; l.;he I atom departs at a relatively slow velocity. 

If the I atom were removed very rapidly with respect· to the vibrational 

speed of' the H atoms, the CH
3 

radical would be expected to be left in a 

highly exc:itecl vibrational state due to the initial pyramidal distortion 

from its planar, equilibrium configuration. Because the cross section of 
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1 these reactions is relatively small, the product is scattered predomi-

1 nately into the backward hemisphere, and only the iodine end of the 

th 1 . d. d 1 1 . t·· l3' 14 . t . l 0 k 1 th t th me y io i e mo ecu e is reac ive, .· i is very i e y a e reac-

tion does indeed occur for only approximately linear configurations with 

the iodine atom in the center. In the impulsive limit the effect of 

including a characterii:itle initial reactant energy iR Fl small decrease of 

~ 

~ : 5.'Cfo for CsI to 2.4% for LiI. Thus, incorporation of the initial 

product translational kinetic energy into the model would not affect the 

qualitative conclusions reached here. 

The previous three-dimensional, exact traje_ctory claculations .thaL 

were mentioned before5 reach qualitatively different conclusions than are 

found here due to the choice of potential energy surface. For all these 

reactions 00 Lo 9Cffo of the l.;otal enere;y was channeled int.o internal excita

tion of the products, l5 while hc~e, 4 to 4Cf1/o is the range of values• 'l'M 

win.e range of values found here is due primarily Lu Lhe difference uf 

6D0 among the reactions and secondly to the different fractions of P 

channeled into internal excitation. It is inte·resting Lo note thet the 

reaction mechanisms on the potential surface which best fit the observeo 

backward scattering were of the very direct type15 that is found for this 

model. However, the average value of the angle defined by the three 

particles in the reactive collision::> was only 108°; l'5 the· p:t'im3ry reason 

that such a Small angle was observed.is the sine probability weighting of 

the confi.guration angle. It should _be again emphasized though, that the 

energy partitioning between translational energy and internal excitation 

at the impulsive limit is iii.dependent.of the angular.configuration. 
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In closing it is appropriate to speculate on the possible implica-

tions of the models presented here. By virtue of the light" mass of Li und 

the relatively large force constant of LiI, the reaction of Li + I~cH3 is 

expected to deviate from the impulsive limit to the greatest extent. 

Figure 4 (which emphasizes the deviations since .it shows energy rather 

than momentum or velocity) does indeed show significant deviations. Care-

ful studies of the velocity distribution of the scattered LiI product 

are planned at this laboratory to determine 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 tha.t of KI. The angular distribution measured for the 

reactive;J_y scattered LiI in Chapter III shows.a significantly broader 

distribution than that measured for the heavier alkali metals. A possible 

explanation is that the Li does indeed interact in a more complex manner 

with the dissociating I-CJS than would be the case at the impulsive limit. 

The model predictions for the Na + ICH
3 

reaction also exhibit qualita

tively different behavior. It is the least exoergic of.all the alkali-

methyl iodide reactions with w
0 

= 18.4±2 kcal/mole. Since approximately 

19.0 kcal/mole must appear in I-CH2 repulsion, this reaction may be very 

restricted in the sense that the Na-I distance may be required to decrease 

all the way to its equilibrium value before reaction can begin; in con-

trast, the other M+ICJS reactions may be initiated at considerably larger 

M-I distances, consistent 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+ICH_ and indeed, 
."l 

1 
experimentally, the Na+ICH

3 
reactive cross section is reported to be 
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considerably smaller than that of 
1

Li or K+ICH
3

• It is even possible 

that such a restricted approach would involve a significant activation 

energy for this reaction; no indication of an activation energy_ has yet 

been found for a:ny of the reactions of the alkali metals with the diatomic 

halogens or alkyl iodides. An investigation attempting to measure the 

dependence of the reactive scattering of this reaction upon the initial 

translational.kinetic energy will also be attempted. A ~urther charac

teristic of' this reaction may also be predicted. Af> s:O.own. ;in Fig. 4 

the product translational kinetic energy is very close to the impulsive 

limit regardless of the assumed value of ~; since the initial kinetic 

energy has such a small effect, .the measured product recoil velocity. 

should be simply the single impulsive velocity imposed upon the dfotrj,bu-

tion in center of mass ve.locities in the crossed beams. An attempt will 

also be ma.cle to measure this velocity distribution •. Deviations of the 

distribution from that predicted here should be very indicative of finer 

details of the potential energy surface. 

Finally, the significance of the two derived model parameters should 

be discussed. The results can only be cons is tent with very close to 

sidering such data as bond ·dissociation ·energies, vertical electron 

affinities and probable shapes of potential energy curves, an estimate 

of the repulsive energy release was . obtained b.y other workers and it 
' . 16 

was also 19 kcal/mole.~ It should be emphasized that these two identical 

results were reached separately by independent studies. Secondly a 

value ~f k2 = 2><105 dynes/cm was foWld to best fit the available data 
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for the CsI product velocities. Not as much credence can be attached 

to the absolute value of this parameter, however, as there is no reason 

to believe that the potential surface is adequately.represented by the 

parabolic surface appropriate to this model. How.ever, it is believed . 

that the repulsive force .over the region. on the true potent.ial energy 

surface where the·majority of P is released must be comparable with the 

force found in this model. These two parameters should certainly serve 

as valuable input information in the choice of a potential energy sur

face for future exact trajectory calculations. 
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VI. APPARATUS FOR STUDY OF. THE VELOCITY DEPENDENCE OF 
ELECTRONIC ENERGY TRANSFER rN ATOMIC C.OLLIS IONS 

A. Introduction 

Processes of the type, 

* * ( 1) A + B -+A+B 

·X· '*' (2) A + B -+A, + B 

* . * (3) A + BX -+ AX + B 

* * (4) A + RX -+ IX'I: . + B 

* + - ( 5) A + B. -+ A + B + e 

* + (6) A + B -+AB + e 

* EX -+ As+ - (7) A + +X 

* ' + ·- (8) A +BX-+A+B +X · 

present very attractive sy§tems to study hy t.he technique of croooccl 

* molecular beams. A is an atom iri a m~tastable, excited electronic state· 

with a lifetime:: long with rei:;i,n:~et. l,o the t1tne required to travel from 

the excitation region to the collis.ion zone (approximately 10-3 sec). 

* *'' * B , A , and AX are species in electronically excitec1 st.ates with 

allowed radiative transitions with lifetimes short enough (~ 10-
6 

sec) 

that the excited species cannot move appreciably on a macroscopic scale 

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

Providing that the wavelength of the emitted photon is· in the proper· 

u u 
range ("' 1500 A to 8000 A), positioning a photomultiplier with a na.rro"W 

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 tn place of the photomultiplier would provide an extremely 
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sensitive detector with very little interfering background. An obvious 

extension would be to provide for optical excitation of atom A in the 

collision zone; with this excitation mode the lifetime restriction that 

* was placed on A could be relaxed and a much wider choice of incident 

excited species would be available. 

This chapter describes an apparatus that has been constructed to 

investigate the velocity dependence of the total cross sections of the 

processes (1) through ( 4). An investigation of a system that is a par-

* * ticular example of (1), Hg +Tl~ Hg +Tl , has been completed and will 

be discussed in the following chapter;· the apparat'\ls will be described 

here as it was constructed and operated for this particular ·system. The 

vacuum system as well as much of the auxillary equipment described in 

Chapter II was used in the assembly of this apparatus; for discussion of 

these parts see that chapter. The mechanical drawings, together with 
. . 

UCRL numbers, of the apparatus components constructed for this study are 

included in Appendix A,. and _the electrical drawings are given in Appendix 

B. Figure 1 shows a schematic of the essential parts of the apparatus 

that are contained in the vacuum chamber. 

B. Beam Sources 

1. Ovens . 

The two incident. beams are each formed by molecular effusion from a 

double chamber oven very similar in design ~o the double chamber oven 

used for the Li atom source in Chapter II. One important difference is 

that each of these two ovens is constructed as one unit; the two chambers 

are connected by a thin walled tube with all welded construction. The 

clu:u·geG are placed in the lower chamberG by means of. thimbles inserted 

from the bottom of the chamber and held in place by a yoke and screw 



assembly. The thimbles are sealed with copper gaskets. In the case of 

the Hg oven, this seal has been found to give leak free perf~rmance, but 

Tl attacks copper at high temperature, necessitating the_ replacement of 

the copper gasket in the Tl oven after each expe~iment. 

As indicated in Fig._ 1, the Tl oven is constructed .with the upper 

chamber beside, rather than above, the lower chambers. This design was 

deemed necessary in order to allow the oven to fit conveniently behind the 

velocity selector; however, it has been the cause of bothersome difficulties. 

When the source slit is aligned with the velocity ::;elector, the oveu is, 

of course, at room temperature; during operation, the Tl oven is at a high 

temperature and the accompaning thermal expansion results in a misalign-. 

ment of the Tl oven with respect to the velocity selector. In order to 

correct for this, the amount of expansion is approximately calculated and 

the oven is aligned accordingly. Since the alignment strongly affects the 

velocity transmitted by the selector, calibration of the alignment is nec

essary; this calibration will be discussed later. If the uppe1· oven were 

above the lower oven, expansion would t·a.ke place along the length of the 

slit; alignment is much less critical in this dimension and thus no prob

lem would arise. Perhaps the best coni'iguratfon would place the. uvper 

oven in front of the lower so that expansion would take place along tQ.e 

beam path. 

As with the Li upper oven, the Hg upper chamber has the connection 

tube extended above the level of the source slit to insure thermal equi

librium of the effusing gas. In the Tl oven, a rod screws into the upper 

chamber so that it blocks the direct path from 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 a copper gasket; such high temperatures 



-145-

Figure 1. 

Diagram of the apparatus as viewed. from above.. The beams effuse 
. 0 . . . 

from double chamber ovens and cross at 90 at the.scattering center. The 

entire sur·face ionization detector assembly (ionizing filament, ion 

optics, analyzing magnet,.electron multiplier, and electrical shield) may 

be scanned fn the horizontal direction in order to. center the filament 

in the Tl beam profile. 
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have been achieved in this .chamber that the copper gasket bas melted,. 

yielding a perinanent, leakf'ree seal. 

The Hg oven is supported by a thin-walled, stainless 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. Provision has been 

made to allow this oven to be removed arid then replaced in the same posi-

tion. This is accomplished by. holding the upper end of the ov:en support 

tube in a clamp that has a ridge around the inside; the end of the tube is 

inserted so that it is directly against the ridge, and thus the vertical 

height. of the oven is defined. The sides of the cl~ ensure that the tube 

is vertica.l. The other degree of freedom, rotation. about. the axis of the 

tube, is reproduced by a pin in the tube and one in the clamp; the.oven 

is properly positioned .when the oven and tube are rotated. to where these 

two pins meet. 

Heating of each chamber is accompiished with .02011 tantalum wire strung 

with ceramic beads and energized with a variable voit~ge, a.c. powerstat. 

No heat shielding is required for the Hg oven since only low temperatures 

are required (generally 398 and 490°K in the lower and upper chambers, re-

spectively), but extensive shield:Lng is required by the Tl oven in order to 

achieve the high operating temperatures that are required (typically 1()98 

and 1173°K in the upper and lower chambers, respectively) •. The system 

that has been found to work best ·is to first wind heating filaments through 

the holes in the oven, attach several layers of heat shielding ( .001" stain-

less steel foil), then add a second layer of heating coils around the out

side of this heat shielding and finally adding more layers of shielding. 

This is done to the lower and upper cl:u:WJ.ut:::r·i:;. Aclultional 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 temperature of each of 

the four chambers of these ovens is monitored by a chromel-alumel thermo"." 

couple. 

2. Shields, Collimating 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 lid is held stationary throughout this. experiment. Sur-

rounding this oven is a nickel plated cold shield constructed from .o625" 

copper plate; the nickel plate is necessary to prevent amalgamation of the 

copper. This shield is attached to the liquid nitrogen tra.p, and is cooled 

by conduction to it. The bottom of the shield is ·constructed in the form 

of a leak-tight tray in order to collect Hg condensed inside the shield 

and thereby reduce contamination of the apparatus. Mercury contamination 

has not been a great problem. Upon opening after completion of an ex-

periment, the apparatus is allowed to ventilate for ~ period of time and 

then all conuensed Hg is cleaned up. Periodic checks for dangerous Hg 

vapor levels are made and except for immediately.after opening, the cha.rn-

ber has been below prescribed tolerance levels. 

The Tl oven, its surrounding cold shield, and a further cold shield 

surrounding the whole velocity selector assembly are .mounted on an ad.di-

tional liquid nitrogen trap located directly above the selector. The 

oven shield is co~structed of .125" copper while the outer shield is 

also copper but of only .o625" thickness; both these shields are cooleU. 

adequately by conduction to the LN2 trap. The outer shield is effec

tively a cryogenically, differentially pumped chamber. 
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Both the Tl and Hg ovens are equipped with starniard knife-edge, 

adjustable width. source slits. Each beam is. collimated with an adjustable 

width slit; the Tl slit is mounted on the velocity selector housing while 

the Hg slit is attached to the lens and photomultiplier inount. Only the 

Tl beam. is eqµipped with a beam flag; it is simply an aluminum cylinder . 

that may be moved into the beam path manually with the same arrangement . 

used for the gas beam flag in the Li atom study .. 

C. Electron Gun. 

* In order to excite the incident atom A to its metastable state, A , 

(in the experiment discussed later, A*= Hg 63 P
0 2

) an electron gun 
' 

is instal],ed between the beam source and the scatter1ng center. Electron 

impact readily produces el~ctr~nic excitation of atoms, 1 and, in parti

cular, theoretical 2 and experiuenta13' 4 . studies have shown that the total 

cross section for the. excitation of the low .lying metastable states of 
.. . . . . . . . 0 .. . . . 3 

Hg by low-energy electrons ( '5.5 to 10;0 eV) is fairly large (- 3 A for 

3 6 2 P
2 

at. eV). 

Placement df the elel!Lron gun bet'Ween the sour.ce slit and collimating 

slit does not significantly affect the collimation of the Hg be<;lm. An 

upper limit for Lhe deflection of a·Hg atom in the ;plane of the beam may 

be set by considering a 10 eV electron undergoing an elastic collision 

with the atom and being scattered in a direction perpendicular to both 

0 the atom and the electron beams; a deflection of 2.5 would result. To 

exc:Lte the atom an inelastic collision must take place, and thus the de-

flection of the metastable atom would be sigflificaritly less than this 

value. 
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1. Design and Construction 

It was desired to construct an electron gun with three characteristics: 

high current density, reasonably narrow electron energy distribution, and 

tractable mathematical description. A schematic of the electron .beam 

design selected is shown in Fig. 2. The electrons are thermally emitted 

from the cathode and accelerated by the ac~elerating grid; When the cathode 

is operating such that the magnitude of the current emitted is space 

charge limited, the accelerating grid allowo v6riable control of the 

magnitude of the current. The electron beam is decelerated by a second 

grid and enters the region bounded by the two .plates and the two grids 

where it interacts with the atomic beam. Upon leaving this region 

through the second grid, ·the beam is collected by the collector. Through-

out the length of the electron path, divergence of' the beam is prevented 

by an intense magnetic.field parallel to the direction of the electron 

f·low. Brillouin5 has shown that a. sufficiently strong magnetic 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 velocity component. 6 Haeff has presented a complete · 

mathematical treatment for an electron beam flowing between two infinite 

parallel plates; the design of this gun approximates this situation. Table 

I gives the physical characteristics of the electron gun. The width of 

the electron beam is defined by the length of the accelerating grid while 

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

thus, the electron beam con.pletely fills the space between the plat es. 7 

.. 
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Figure2. 

Schematic of the _electron gun. .The electron beam is emitted. from 

the cathode,;' passes through the accele~ating grid, and enters the region 

between the. two plates where it interacts with the atomic beam. Finally, 

it is collected at the collector after leaving the plates through the grid 

at the top. A magnetic field,indicated by_H, is parallel to the electron 

flow and confinf?s the beam. 
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TABLE r: Summary of Characteristics of El·ectron Gun 

Cathode Emitting'.Surface 

Width 

Length 
' . . 

Distance from Accelerating Grid 

Typical Operating Voltage 

Accelerating Grid 

Width 

Length 

Distance from Plates 

Grid Plate Width 

Typical Operating Voltage 

Plates 

Distance Between Plates 

ThicknesB of·Each 

Height 

Length 

Distance :from Collector 

Collector 

Length 
,, 

Width 

;l'hickness 

Electron Beam (between Plates) 

Width 

o.406 cm 

2 .38 cm 

0.9 cm 

0.0. volts 

o.48 Gm 

1.27 cm 

0.159 cm 

1.905 cm 

50 to 80 

0.238 cm 

0.159 cm 

1.905 cm 

2 .2.22 r:m 

0.159 cm 

L.905 cm 

0 .318 cm 

0.0025 cm 

1.27 cm 

volts 

Thickw:~_ua 0.238 cm 
- I" , ... ~--.............. ~~-------------:.-'--.;::._.-----------
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TABLE I (continued)· 

Atomic Beam 

Height 

ThiCkness 

Magnet 

Pole Face Width.:· 

Pule Fe:n;t:l Leng Lli 

Pole Gap 

Calculated Field Intensity 

I • i,, .• , ......... --""' 
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0.79 Cm 

0.159 Cm 

d ~ 511 C"m . 

. 2 .:::;4 '.;Ill 

· 3 .61 cm · 

llOO gauss 

.• 
!." 

:, . 
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The accelerating grid is con_structed of nickel metal with tungsten 

wires serving as a grid; in order to minimize the diverging effect of the 

grid, only cross wires are included in this grid and the grids on the 

pl.B.tes •. The plates are fabricated from stainless steel and spot welded 

together with 0.318 X 0.318 cm spaces between the plates at each of .the 

four corners. This assembly has been nickel plated. The collector is 

simply a strip of platinum foil. A copper frame sc_rewed to the lower 

magnet pole piece serves as the mount for the above three pieces. Ceramic 

rods inserted through holes in the grid plate, su~ports .. and in the plates 

(through the spacers) and fastened with set screws provide electrical 

insulation and support. The ends of the platinum foil collector are simply 

wrapped around similar ce_ramic rods; electrical contact is made by a 

0.0076 cm tungsten wire spot welded to the foil. Nickel wire (0.05 cm dia), 

in spring contact with the element provides electrical connections for the 

plate assembly and accelerating grid. 

The cathode is of the indirectly heated type, similar to those 

described by Rosebury;8 it is machined from porous tungsten and impreg-

nated with barium calcium aluminates. This cathode was purchased from 

Philips Metalonics (Mount Vernon, New York) supplied with Type A im

pregnant. ·Although this impregnant is the most . resistant to poisoning, 

the lifetime of the cathode was severely limited by contamination from 

pump oil; mercury, oxygen and water from the air, and various substances 

driven from surrounding materials upon heating by radiation from the 

cathode. Efforts were made to minimize this, but they were not completely 

effective. Probably the only satisfactory solution is to enclose the 

electron gun in a chamber that may be kept evacuated and separate from 
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the rest of the apparatus except during an exper:iJJlent. The cathode is 

mounted by spot welding to tantalum supports .which also provide electrical 

contact. 

' ' 

The magnet yoke is fabricated from s.oft iron and .nickel plated to 

prevent corrosion. The energizing coils are similar to.the magtiet coils 

used in the magnetic deflection analysis experiments; 0 .476 cm .~D copper 

tubing carries both cooling wate:i.· and the- e11ergizing current .. · A magnfiLic 

field with calculated intensity of 1100 gaus13. is created by 100 amp 

energizing current. 

2. , Operation 

During the production of an electron beam the cathode is held at 

ground potential while the collector and plate are held at the same volt-

age (the nominal energy of the electron beam.) The.accelerating 

grid is held at the potential which is required to give the desired beam 

current; this is typically )0 to 8u volts •. ·During· uvera.L.i.un, the beam 

is modulated in order to allow signal detection by frequency sensitive 

'' 

techniques. This modulation is accomplished by applying a square wave Lo 

the cathode; the negativ,e half cycle is at ground potential while the -

positive half is at a, potential larger than the plate voltage, typically 

40 V. The magnetic field intensity is of sufficient strength that the 

rate o:t' increase of beam current (a::; ni.t:asured at the ·collector) with 

increasing field intensity has dropped almost to zero at typ.ical beam 

currents. 

Figure 3 shows the measured Hg metastable atom flux as a function 

of electron energy; the .fig beam was bombardell liy a 0.30 milliamp beam 

(current density= 0.88 ma/cm
2

). This .is the electron current that is 
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Figure 3. 

Excitation functions of mercury. The solid curves are the experi

mental curves measured for this electron gun with a current of 0.30 milli

a.mps. The abscissa is the voltage of the electron gun plate with respect 

to the cathode; it was calibrated by requiring the peak. in the potassium 

surface curve to coincide with the peak in the curve calculated from 

Borst's experimental data.· The two broken curves were derived by inte

grating the data from the two indicated references over the calculated 

. space charge potential in the electron gun. The mathematical treatment 

to derive the space charge potential is from Ref. 6. 
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used during all experiments. As discussed further in. Section E, the 

metastable.atoms are detected by collecting the electrons ejected from a 

metal surface by the impinging excited atoms~ The potassium surface, with 

a work function of 2.24v, 9 detects both the· lower c3P0 and 3P2)_ and 

(3 )3a upper n
3 

metastable states,; the potassium surface curve shows a peak 

near 6V corresponding to the lower states and a peak at higher voltages, 

probably due to not only the 3n
3 

metastable state, but also to high 

Rydberg states that would have lifetimes comparable to the time of flight 

. from the excitation region to the detector. If no potassium is deposited 

on the detector and if the mercury beam is allowed to hit the surface for 

a period of time, a signal is observed with qualitatively the same features 

at high electron voltages, but the lower energy peak is no longer obser

vable. These features are expected_ from the 4.53 v9 work function of Hg. 

The electron energy.has been approximately calibrated by subtracting 

4 volts from the nominal voltage applied to the electron gun plate. This 

value was chosen to allow the.peak in the potassium surface curve.to coinr 

c ide with ·the peak ·in the curv-e cal.cU:lated :('rom the excitation function 

4 
measured by Borst. This is the dotted curve shown in Fig. 3; it was 

derived by numerically integrating the curve from .Borst 1 s. paper over the 

space-charge voltage distribution in the electron gun. The ma t_hematical 

t,teatment used was that of Haeff6 using the infinite ·parallel plate approxi-

mAt. inn., Borst' c data is for th~ 3p ::;Late only and dee s not include the 
2 

3P
0 

state, but since the excitation cross-section for 3p
0 

is much smaller lO 

2 3 and peaks at lower voltages · than the excitation function of P2, this 

should not significantly Affect the peak ponit.:i.on. For courµ1:H·lson, a 

2 
similar curve calculated from t.he most recent theoretical results is 



included; as is obvious near the threshold voltage, the 3P0 state ls 

included with correction ma.de for different detection efficiencies. Both 

of these calculated curves are arbitrarily normalized at the peak heights. 

The four volt difference between the nominal electron plate voltage 

and that derived from the approximate calibration is ascribed to 1) the 

contact potential between the very low work function cathode and the rela-

tively high work function.nickel surface of the plates, 2) possible 

ourfaoc oharga on the plAt.Pi:;, H.nrl :'i) therma],. em:~1·1<v- of the electronc 

when they leave the cathode •. The present experimental curve extends· :.:o 

lower voltages than the curve derived from Borst's data; this is ascribed 

to several factors: contributions from the 3P
0 

state, presence of higher. 

energy el ectronG at the edges of the plates where the space charge vuLeuLfal 

is less and the infinite plate approximation breaks down, local diffe

rences in the surface charge on the plates, and presence of higher energy 

electrons due Lo the modulation of the electron beam (when t.he beam is 

turned off or on, the full space charge potential does not change instan

taneous l.Y) . 

The signal detected on the mercury aurf'a ce has a tail that . ext ends 

down to the peak that is ascribed to the lower metastable i:; LC:LL e::;. This 

is probably due to a residual detection of these. lower states on the 

mercury surface since the work function of mercury is low enough to allow 

a small detection efficiency. However, since it is desired to investi-

gate processes involvlug the lower states, one must be careful to det.P.rmine 

that any measured siagal ascribed to these lower states does, in fact, 

decrease proportionately to the metastable signal as measured on the potassi-.. 

surf'ace as the electron energy is inc.:L"eased above the peak voltage. As 
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described in Section F , the effect of the higher energy ele6trons due 

to the beam modulation is eliminated in the. eXperim(fats. by -the sigrial ' 

detectiOn tec,hnig_ue employed there. 

For the same electron current, the position of the excitation function 

on the absc·issa. changes slightly from experiment to experiment. This is 

thought to be due to changes in the work function of the cathode surface 

and to changes .in the. plate surface cha.rge. Consequently, the calibration 

is checked before each. experiment in orQ.er to· set· the nominal-voltage to 

the opti.muin value. 

n~· Velocity Selector 

1. Introduction 

In order to measure the velocity dependence of the processes mentioned 

above, it must be possible to systematically vary the relative velocity of 

the incident species. The· re],ative velocity, V, is given by 

v = 

· where V 1 and V 2 are the velocities of the incident collision partners. 

Therefore, if one velocity is considerab;Ly greater than the other, by 

velocity seleCting onl;y Lhe faster beam reasonabiy good control of the 

relative velocity may be achieved even when the slower beam retains a full~ 

* Maxwellian distribution. In our prototype system of Hg + Tl the Tl beam 

is selected; the ratio of the velocity of the Tl to that of the Hg is only 

1.5 and the resolution of the. relative velocity is therefore poor. How-

ever, as discussed in the introduction to the next chapter, this system 

has been widely studied and shown to have large cross sections for energy 

transfer; consequently this system was chosen for the initial investigation. 

I11 other systems of interest .the mass of the colliding partner is 



generally.considerably smaller than the mass of Hg, and thus the velocity 

resolution in future experiments should be considerably improved. 

The mechanical selection and transmission of the molecules of a 

molecular beam within a given velocity range may.be.accomplished by passing 

the beam through two apertur.es which are successively opened for a short 

period 01' time. In oruer Lo prevent tro.nomieEion of h::irmnnir.s (secondary, 

slower velocities) the 'time between two selection periods must be long 

compared to the flight. time of the slowest molecules; conse4u1:!I!Lly Lh~ 

transmission of such a ·system is low. 

An alternative that avoids this problem is a selector that not only 

transmits the design velocity but also eliminates high and low velocities 

from the beam; when this is accomplished the repetition rate can be 

greatly increased. One design that a ch:ie ves this and has been used f'or 

velocity s·election of neutrons as well as molecules consists of a rotating 

. . 11 12 
cylinder with helical grooves milled' lengthwise along the cu·euml'erel'lce. ' 

Molecu~es having rejected velocities are removed from the beam by collisions 

'With the sides of the groove, and the repetition rate is limited (up to cer-

bd.n other design considerations~· onl;v by the rotational frequency achiev-

able and the number of grooves that can be machined. However these groove 

are difficult to machine and the solid cylinder construction yields a high 
. . I 

moment of i.nertia with its accompanying i·t::q,uirement of a. larga motor and 
I 

bearings.for the achievement of high rotational speeds. 

ThP.se two difficulties have been overcome by construction 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 01' rriole-
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cules with ~ndesired velocities. In order to simplify machining most 

slotted disk velocity selectors (SDVS) 13 ' 
14 

have .been constructed using 

straight slots cut parallel to the axis of rotation to approximate helical 
15 . . 

paths. Recently Kinsey has suggested that straight slits be cut tangential 

to the desired helix; this has the advantage of a larger transmission and 

requires fewer disks to eliminate all harmonics.· In the same reference, 

a systematic method for calculating an efficient disk placement is presented 

Grosser
16 

has constructed a SDVS that will transmit two velocity ranges: 

high velocities when rotated in one direction and low velocities when 

operated in the reverse direction. In addition to the extended velocity 

range, a decided advantage of .this design is that• the alignment of the selec

tor with the beam (which directly affects the velocity transmitted) may be 

confirmed by co~paring the velocity analysis of the beam taken in one 

rotational direction with that taken in the opposite direction. Another 

improvement has been effected by Kristensen, et a1. 17 ; they have used 

electric discharge machining to fabricate .disks. with slots of closer 

tolerence and more complex design. It has also been reported that E. A. 

Greene has successfully fabricated a SDVS using disks of very thin foil; 

. .17a 
the slots are created by photoetching. Cowley, et al. have success-

fully designed and operated a mechamical velocity selector based on a 

radically different design; two concentric cylindrical shells 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 trad.ectory for a selected velocity· and eliminate all side--

bands. If the beam and selector are properly aligned, rotation in 

either direction yields identical transmission characteristics; this 



feature allows easy alignment. The rotor is a compact unit that mounts 

directly on the end of the motor shaft,. eliminating the requirements of 

high speed bearings for the rotor and coupling between two rotors. 

2. Design 

Decisions on the design features of a SDVS repre·sent a complex trade 

off between several competing ±'actors: velocity range, beam path length, 

transmission, velocity resolution, ease.of fabrication and speed of rota-

ti on. 
. . 14 

The paramotcra of thio oclcctor follow thoi::e of Trujillo, et <1.L 

to a large extent; it was necessary, however, to use thicker disks and 

wider slots. The proper.positioning of the disks was calculated by a 

method that closely parallels the suggestion of Kinsey; 15 this will be 

discu:rnecl more fully later. The resulting rotor may be used in two 

modes; placir;ig the oven between the last and next to lo.::;t cll::;k yields 

a low resolution, short path length selector, while the complete rotor 

gives a comparatively high resolution, l>uL wiLh a longer path length. 

and lower transmission. 

The parameters which characterize the geometry of the rotor are 

f3 = n/T,1 

. ·-y J.l/r¢ 

and the fractional open time, 

where d is the disk thickness, L is the length of the rotor, r is the 

disk radius, 1
1 

is the slit width, 1
2 

is the wall thickness between 

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

molecule with the desired velocity, v
0

,travels the length, L. The 

performance of the selector is given by 



VO = m L/¢, 

R - -y - . 13 

T = G v
0 

I(v
0

), 

and 

11' = t} (1 - 13/'y) 

where rn is the angular frequency, R is the half-width _velocity spread, 

T is the transmission of the rotor, I(v
0

) is the original beam intensity 
. . . 2 
at velocity v0, G = t} -y(l-~/-y) and ~' is the effective fractional open 

time. The above treatment of the principles of rotor design was first 

13" presented by Hostettler and Bernstein • The geometry and parameters 

characterizing the rotor constructed for this study are given in. Table 

II. 

When. the parameters have been set it is necessary to determine a place-

ment of the disks so that all side bands are eliminated. In the early 

. 13 14 
designs ' trial and error methods were used to discover suitable 

positions. Kinsey15 prese.nted a systematic method for determining the 

most efficient placement of disks with true helical slits; he 

generalized this method to straight slots of constant width, cut parallel 

to the axis of rotation. A corrected version of this generalization is 

develope~ here for use in placing the crisks in the present rotor. 

The principle involved in the placement of the disks. is that· ·a s·ingle 

slotted disk is a velocity selector, albeit of poor resolution. The second 

disk is placed so as to pass the design v.elocity,v
0

,and to eliminate the 

+· -maximum and minimum velocities passed by the first disk (v
1 

and v
1 

respec-

tively). This placement is shown in Fig. 4. The second disk should be 



TABLE II. Summary of Charateristics of Velocity S~lector Rotor 

Low Resolution Mode 

Number of disks 

Diameter of disks 

Number of. slits per disk · 

Radial length of slits 

Slit width, £
1 

Wall thickness between slits, .£
2 

at ba:Je of slito 

at top of slits 

average value 

Average radius 

Disk thickness, d 

Over-all length of rotor, L+a. 

L 

"Y (average) 

Tl (average) 

G 

Velocity spread, R 

Tl ' (average) 

Conversion from rotor frequency 

v (cps) to velocity v
0 

(cm/sec) 

6 

11.42 cm 

11J26 cm . 

0.0786 rad 

o.i4G 

0.0142 

0.0~24 

0.132 

15.24 

240 

0.635 

0.004 

0.099 

0.116 

0.107 

7,302 

0.160 

o.44 

High Resolution Mode 

cm 

cm 

l!lll 

cm 

cm 

cm 

cm 

cm 

'7 

22.63 cm 

22.47 cm 

0.1568 rad 

0.073 

0.0071 

0.0262 

0,066 

891xv 



Figure 4 

Rolle¢! out representation of the rotor showing·the placement of the 

first two disks. 

. ·' 
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placed as far as possible from the first, in order to obtain the best 

resolution without allowing any sidebands to pass. This proces_s is 

repeated with succeeding disks until the desired -resolution is obtained. 

If the selector rotor is given in ·cylindrica~ 9oordinates, the 
. . 

coordinate system of Figs. 4 through 6 is obtained by_"unrolling" the 

surface R = r where r i.s. the radius of :the disks to the bottom of the slits. 

The bottom of the slit is used because. this is the most unfavorable part 

. of the slit for the elimination of sidebands (the wall thickness between 

slits is wider at the top than at the bottom of the slits). 

It can be seen f~om Fig. 4 that_ the placement of the second disk is 

determined by the conditions that v
1 

is eliminated, i.e. 

(where a.. is the angle that the trajectory of' v 0 makes with the . cp 

+ axis) and that v 1 is eliminated, i.e., 

z2 c.at 0: ~- 12. 

The seemingly best solution is to adjust d until both conditions could 

be satisfied for the equality; hov;ever, due 4o the small ¢ required for 

the transmission of high velocities, it is necessary to.set o: somewhat 

larger. than this optimum value. In this case only the first equality 

need be satisfied and the second condition will be. automatically met. 

Using 
cot o: = r</>/L 

oue finds 

= 



As seen from Fig. 5 an analogous condition holds. for the elimination 

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

a.= 

where 

cot -y
3 

This yields the results 

= (.2 + 
1 

z
2 

cot a) /(z
2 

+ d). 

= 

(Here it.has been assUmed that all disks have thicknesses equal to d; 

the generalization to disks of differing thicknesses is obvious). The 

+ 
above equation for z

3 
is valid only if v

2 
is also eliminated. This is true 

only if 

and 

.2 • 
2 

Physically, this means that some .of the infinitely fast atoms pass the 

fir:Jt two di2k2 and that the "earliest" ones (those barely pa.ssing the 

+ second disk, thus composing v2 ) are stopped by the third disk. This 

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

ir 

and 

but 

( z. + d) ( 11') -1 
l 

z. cot a < 
J.. 

Zi+l cot a -

In the event that 

£ 
:ii. 

Z. cot 
l 

(z.+1 - Z.) cot a > P.,., 
l . l . c. 

a< 
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Figure 5 

Rolled.out representation of the rotor showing the placement of 

the third disk. 
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Zi+l must·be recalculated using the condition 

= 

+ .. 
in order to eliminate v., ·giving 

i 

z. + 
i 

In the case that Zi cot a> 1
1 

the condition for the elimination of 

v. is the same as above: 
i 

+ 
However, in order to eliminate v. the condition 

i 

cot a < 

must be met, as may be seen from Fig. 6. Substituting 

yields 

( z • - d) ( T) I ) -1 
i . 

Of course the smaller result must be used to prevent sidebands. 

Kinsey obtains the result 

= 
-1· 

(z. + d) ri 
l 

(1) 

for the placement of the third and all succeeding disks when helical slots 

are used. He then makes the evidently erroneous statement that for straight 

slots one merely substitutes Tl' for T} in the· above equation. This. 

positioning would eliminate v~ but would allow transmission of high 
l. 

velocity sidebands. Figure 1 in Kinsey's article5 suggests thiit in his 

anafysis he was assuming a v
0 

such that )le could position his. i + 1 disk 

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

Rolled out representation of the rotor showing the placement of 

disks when Eq •. ( 1) of the text applies. · 
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+ the elimination of bo~h v. and v .. This is achieved when both these velo-
1. l. 

cities are just barely intercepted. This would be accomplished if 

cot a = 

and 

cot cot oi+l = 

This imposes the condition on v
0 

that 

cot a =· 11/d 

l + I. 
l 2 

which requires that a = 'y . In this case the transmission of the rotor 
2 

would be zero at the design velocity, because ~ is the angle of the 
. . 2 

trajectory of v1 . Therefore a greater a ~p~ld have to be used, necessitating 

the placement of the disks according to the equation derived above. 

A bonus o:t· this method of disk placement is that any number of the 

last disks can be removed and the first ones will still be a sideband-

free velocity selector. This will, of course, reduce the resolution con-

siderably·, l>uL the rotor will be shorter allowing ·greater beam intensitidls.:; 

due to reduction of the inverse square law loss. 

In order to allow a tolerance in alignment of the disks, the above 

calculations should be made assuming a slit. width, t 1 ,larger than the 

actual value. Then to compensate for disk deviations fran planar con-

figuration, a suitable Va.lue shoulq be subtracte~_from the value of Z 

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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means of a 3/811 shaft which is threaded at both ends and inserted 

through the holeQ After turning to the final diameter in a lathe, the 

disks are clamped in a dividing head on a mill. The 24o.slots are 

milled t;1.Xially··· · around the circumference with a 0.032" thick circular 

high speed steel saw. The slots are cut in four groups of equally spaced 

cuts; after each set of slots is milled, they are filled with black wax 

and then the next set is cut. This is the procedure suggested by Trujillo 

14 
et al. except that the black wax was substituted for the epoxy resin used 

in the preceding reference in order to facilitate removal after completing 

the cutting. This procedure is necessary in order to prevent bending of 

the teeth away from the tool when the adjacent slot has alrea~y been cut. 

Before unclam~ang the finished disks, the teeth are marked so that it is 

possible to determine which slot in each disk'was milled by the same cut. 

Each disk is mounted on a spindle with a 3/8"shaft and clamped with a 

collar that has the same outside diameter of the final disk spacers. Each 

disk ii:; placed in a lathe and a dial indicator is used to measure any 

deviations fran planar configuration; these deviations as well as the 

thickness of each disk are recorded. The seven best disks are chosen 

and the length of the disk spacers and the phase angles are calcalated to 

compensate as much as possible for the deviations in each disk. The 

residual deviations are then well within the tolerances allowed when the 

spacings of the diskswe~e calculated. These tolerances were ±0.019° in 

the phase angle of the disks and ±0.003" for the spacing between disks; 

deviations of these magnitudes will allow no sidebands to pass but will 

reduce the transmission of the selector and therefore should be eliminated 

to as great an extent as possible. 



The rotor is finally assembled on a 0.9525 cm dia. drill rod that 

is threaded at one end and drilled and tapped for a 1/4 28 NF . s·ocket 

head screw. The disks with the 3.8i cm dia. disk spacers of the proper 

length are placed on the shaft; care is taken to ensure that all disks 

are facing the way that they were when milled. A collar and a bearing 

with collars designed to constitute the proper shaft housing are added 

at each.end; also a waffle lock. washer is included between the bearing 

collar· and the outer disk collar. A pair 01· ) /8 - 24 NF lock nuts uu l,ht:: 

threaded end with the socket head screw on the other end allow the whole 

system to be tightened together to prevent both· slipping of' the disks with 

respect to each other and rotation of the inner races of the bearings 

with respect to the shaft. 

The bearings selected are Barden SR6 - FFTA5 G6. This heAring has 

a phenolic retainer which keeps the ball bearings separated and is porous 

to guarantee complete lubrication of the bearing. Lubrication is pro-

vided by a grease that is included in the bearing at the factory;·the 

bearing has shields which hold the grease ~n the bearing, prevent . 

contaminants from entering and minimize· outgasing. The bearings are 

stiff when new, but when put in use, the grease "channels" and bleeds in 

oil slowly. This bearing has a large radial play in order to accomodate 

more lubrico.nt. Thcac bca.:ringo have giveu very guuU. .!J~rfv.t•man·=:~, but. _,, 

similar bearing using a stainless steel retainer was less successful. 

Even with the phenolic retainer after extended use of these bearings the 

grease dries out, preventing good lubrication. This grease can be removed 

with acetone and the bearing relubricated with Aeroshell Fluid 12 (obtairred 

from Rotor Lab, Lawrence Radiation Laboratory, Livermo:r·e.) These rege:ierated 
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bearings have then been used and have given satisfactory performance. A 

major drawback of the design of this rotor is that in order to replace 

the bearings, the rotor must be disassembled, destroying the disk align-

ment ·; realignment and rebalancing of the rot or is then required. 

Alignment of the rotor is accompiished by the method of Trujillo, 

14 
et al. , utilizing a vernier height gauge. After assembling the rotor 

with a light coating of graphite between the collars, bearing and waffle 

washer at each end, the lbck nuts are set and locked at a position whe~e 

the tightening of the socket head screw will lock the assembly. The 

' 
screw is then backed off to allow easy but tight movement of the disks 

with respect 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 been carefully aligned with respect to each other. The vernier 

height gauge is used to measure the. d.istance that the top of the outer 

diameter of the bearing is above the.assembly surface. The method of 

measurement that is the easiest and most accurate is to set the height 

gauge on a piece of paper of uniform thickness to electrically insulate. 

it from the assembly surface; by attaching one lead of a resistance meter 

to the height gauge and the other to the assembly surface, the exact 

position.where thegauge 'makes contact with the bearing may be easily 

seen from the drop of the resistance. From the heights of both bearings 

the height of each end of the center of the shaft is obtained by subtrac-

ting the radiu15 of the bearing. From these data and the calculated phase 

angles of each disk and the disk radius, the proper height·of a given 

refer.ences 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 



given pass of the saw blade; this is necessary so that small inaccuracies 

in the milling cause minimal impairment of the operation of the selector). 

Starting with the first disk, every second disk is set to the proper 

positions by setting the gauge height and then rotating the disk until 

elect.rical contact is made at the radius (the procedure is exactly the 

same as that discussed in Ref. 11+,) These disks are then held in 

position with surface gauges; care must be taken to ensure that there 

is no tension in the disk which would cause the disk to move when this 

surface gauge is removed. When these four disks are properly positioned 

the three intervening disks are similarly positioned; however, surface 

gauges are not necessary to hold these disks. When all seven disks 

have been properly placed, the surface gauge:s are :gingerly removed and 

the socket head screw is tightened very, ver:y r.n.rP.fnlly. When the 

ocrew is tightened to the full extent possible, the.positioning is 

rechecked. Needless to say this procedure is a very u:rrsa.tisfactory one, 

consuming much time and nervous energy, and often the disks move during 

tightening, causing the repetition of the entire process. A further 

very·seriou~ failure of this system is caused by the differenee in Lhermal 

expansion coefficients between the steel shaft and the aluminum spacers. 

If the roter is allowed to cool to a low enough temperature the spacers 

contract enough to relieve t:he pressu!·e arnl alluw Ll1!:! U.isks Lo .slip, 

destroying the alignment. The waffle lock washers are partially success-

ful in preventing this catastrophe but it is has occurred once. A 

different method of mounting the disks would be desireable; The method 

present by Trujillo, et a1.
14 

is attractive but would not be possible 

for .the first few disk.s due to the close spacing required in the disk 

placement system used here. 



... 181-

Since the rotor was intended to .be run at speeds up to 4o', 000 rpm, 

it is crucial that it be very carefully balanced. After alignment the 

rotor was dynamically balanced at the rotor laboratory at the Lawrence 

Radiation Laboratory, Livermore. 

The rotor is held in.its houS'ing in bearing sleeves, each of which 

is suJ?ported around its outside diameter by two concentric natural rubber 

O-rings18 of 4o Durel Hardness. (These 0-rings are obtained from 

R. W. Scott and Co, 2345 -· 4th Street, Berkeley, California. Dimensions 

and index numbers are: '.o~T· - 31, l-7/8"X2-l/4''X3/16"" and. 6227 - 34, 
~:' 

2-l/4"x 2-5/8"x.3/16.jJ. The function of these <}-rings is the same as that 

of the springs described in Ref. 14: the flexibility allows the bearings 

to move slightly so that the rotor may find its own axis. of rotation. 

An additiona:).. similar 0-ring (6227-28, l-l/2"Xl-7/8"X3/16") .is situated 

at the outside face of each bearimlg sleeve; provision is made for adjust-

able coinpression of these 0-rings to provide the pro!ler axial thrust for 

the bearings. 

The rotor is coupled directly to a IlvK:! Magnetics Corp. Bl' 2910 H-1 

hysteresis. syncbrono~s< motor by means of a. coupling constructed from 

two brass caps connected with a 1-5/16" length of number 15 music wire. 

The c~ps fit over the ends of the rotor and motor shafts and are held in 

place with set screws. The music wire provides a flexible coupling and 

allows. the.rotor shaf~ to move with respect to the motor shaft. The 

motor is positioned with the aid of a dial indicator so that th~ two shafts 

are on the same line. 

The motor ha.s two ranges.of operation ul;llizing two sets of winn:i.ng::::. 

Low speed operation (13 to 131 ~) uses a four pole, two phase system whtle 

> ' 
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the high· speed mode (66 to 660 Hz) utilizes a two pole, two phase winding. 

The motor was specially designed to produce at least 1 oz. in. of torgue 

throughout the 4oo to 4o,ooo rpm rotational speed range; a power input of 

approximately 130 watts is required at 4o,ooo rpm. 

4. operation 

The velocity selector motor is driven by a synchronous motor driver 

designed at the Lawrence Radiation Laboratory. This design incorporates 

o N. J, E. Gorp. Modal QR-15-'.20 dopoweri\.lpply to drive the oAc.ilJ;:i.t.or. 

system. A very ragged square wave is ~reduced which, nevertheless, drives 

the motor very satisfactorily; however, it is necessary to use only the 

minimum voltage possible to operate the motor in order to prevent over 

heating. The power input is monitored on an oscilliscope; a slight, slow 

oscillation of the shape of the input waveform indicates that the motor 

is locked in. This oscillation is also observable in the output voltage 

guage of the power supply. The frequenc~ of rotation is measured with 

a Hewlett - Packard Model 522B electronic counter which is triggered by 

the power supply. In the low frequency, four pole mode, the input po;.•er 

t'requehcy is twice the r6U.t1ortal fl':'equency ot the motor, while in Lhe 

high frequency mode, the two frequencies are equal. 

A light sensitive diode placed on the opposite side of a disk from a 

light bulb so that the slots pass between the two provides a convenient 

means for verifying that the velocity selector rotor. is turnine; a.t the 

same speed ns the motor. 

5. Performance 

In Fj_g. 7 a comparison of a measured velocity distribution with 

theory is presented. At these extremely low source pressures, 



Figure 7. 

Velocity distributions of a thermal, effusive beam. The data points 

-4 were measured for Tl at a pressure of 5xl0 · Torr and at a temperature 

of 1150°K. The dashed curve is that expected for a Maxwell-Boltzman 

gas effusing.from a slit and passing through the selector. The solid 

curve is the resul'L obtained by numerically integrating the dashed curve 

over the geometrically calculated transmission function of the source 

slit, rotor and detector assembly; the angular divergence of the parent 

beam is taken into accounj;, but. a complete lack of slit clogging in 

the first disk is assumed. The data points and the solid curve have 

been divided by a factor of velocity to correct for the increase of 

transmission with velocity. The intensities, normalized to 1.0 at the 

peak heights,are plotted against reduced velocities. V is the most mp 

probable velocity in each of the distributions. For the experimental 
4· 

poiut8 V = 3.79><10 cm/sec assuming perfect alignment of the source 
. mp 

slit and detector with the rotor shaft. For the dashed curve, V mp 

J°(3/2) a= 3. 75xio
4 

cm/sec where a= J°(2 i<r/m). The integration yieldS 
4 . 

V = 3.70><10 cm/sec for the solid curve. mp . . . 
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excellent agreement is typical but at higher pressures, the experimental 

distribution narrows.and moves to higher velocities due to departure from 

effusive flow conditions. A computer program has been written that in-

tegrates the parent velocity distribution over the transmission function; 

this function depends not only on the geometry of the rotor, but also 

on divergence in the beam, partial clogging of: the first disk's slots and 

misalignment of the detector and source slit ·with respect to the rotor 

shaft. All of these factors are treated in the computer program. A 

complete discussion of this transmission function as well as calibration 

of the selector will be preseqted in the following chapter which describes 

experiments carried out using this velocity selector. 

In Fig. 7 the shi~ of V of the integrated curve with respect to 
mp . 

that of the Maxwell-Boltzmann curve is due to the lack of symmetry in the 

transmission function; the dev:i..a tion of the experimental V is ascribed mp 

to a small 1Uisalignment angle of the beam with the rotor axis. 'rhe discern-

able narrowness of the data points with respect to the solid theoretical 

curve can be partly accounted for by assumin~ a partial blocking of the 

first disk's slots:. The distribution was run after the selector had been 

used for a considerable time without cleaning and this clogging was neg-

lected in the integrat.ion. 

Clogging of the slots is a problem when a Tl beam is ·being selected. 

'l'he 'l'l is. very readizy removed by amalgmating with Hg; however,. this 

procedure has its drawbacks and a solution of KI is generally used to 

dissolve the Tl. A graver difficulty is presented when an alkali metal 

beam is bt::!ing i:;elected; when the rotor is exposed to moist air, th~ 

alkali hydroxide is produced which gradually hydrolyzes the aluminum disks. 
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Therefore, care is ta:ken to quickly clean the disks after an experiment 
.~ ... 

with an alkali metal. 

The magior problem encountered in using this selector is achieving 

proper alignment of the beam with the selector rotor axis. The problem 

is exaggerated by the thermal expansion of the beam source oven which 

was discussed in an earlier section; consequently a calibration procedure 

to be discussed later·must be relied upon. If this thermal expansion 

can be eliminated the alignment procedure suggested by Richman and Wharton19 

may prove very helpful; in their work a mirror. mounted perpendicular to 

the shaft axis is used for alignment by autoreflection along the beam 

path. 

The velocity selector ha..s given reasonably trouble free performance 

when operated at low speeds. An improved coup~ing between the rotor and 

the motor would be desirable; the use of a speedometer cable with ends 

shaped to fit into square holes in the ends of the motor and rotor shafts 

has been suggested but not tried. The highest speed reached was 33,000 

rpm. but the bearing changes which have been made will hopefully allow 

the achievement of the design rotational frequency in the future. 

E. Beam Monitors 

'T'hA ~11rf'~r:-i: ion;7.:zat;i.~m detector that. :in n,.~i:-r~h~d in Chapt'ilr II h: 

used to continuously mo~itor the Tl beam intensity. The tung§ten. filament 

is operated at 1300°K and no oxygenation is required. Except for a very 

large, unexplained background that occasionally appears it bas given 

excellent results. 

fl. continuously depositeU. potassium surface is used to monitor the 

metastable beam intensity by measuring the current due to the electrons 



ejected by the Auger ·de-e~citation of the excited atoms. The details of 
. 20 

this detector will be described elsewhere; the current is measured 

by a Cary Electrometer, or aiternatively1 for accurate calibration curves, 

such as shown in Fig. 3 by a Princ·eton Appli-ed Research Model HR-8 Lock-

in amplifier. DI.iring an·experiment the signals from the two beam 

monitors are continuously ·recorded by a Leeds and Northrup Speedomax 

G, two pin recording potentiometer:. 

21 Hagstrum has presented a complete theory of Auger ejection of elec-

trons: from metals •. His theory treats atbmically clean surfaces only; 

this s itua.t ion c.erlairily. do.es not' pertain to :.our apparatus., but ·a.pp lying 

his results to a-_potassium surface allows upper limits of the ,detection 

efficiencies to be set: for Hg 3P0 and 3P
2 

the values .057 and .084 

are obtained, ·respectively. These results coupled with the maximum 

current measured allows the calculation of a lower limit of 0.0013% for 

the fractional excitation of the mercury beam by the electron gun. A 

crude calculation using the excitation cross section from Ref. 4 suggests 

t.hA.t thP. percent excitation should be approximately 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 clean 

surface and acceleration of the ejected electrons into an electron multi-

8 - 9 plier should increase the detection efficiency by a factor of 10 ho 10 · 

The above calculations have assumed that the lifetimes of these 

two metastable states are long wi t.h respect to L11e Lime of flight from 

the electron gun to the detector. The 3p
0 

state can only radiate to the 
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l' 
ground s

0 
state; this radiation, therefore, is forbidden for all types 

of radiation by the selection rule J = 0 does not combine with J = 0. 

-4 
In view of this consideration, the lifetime of 4.2 10 sec given by 

Cvetanovic
22 

must be held in some suspicion. Indeed, in his discussion 

of forbidden transitions Garstang23 ·quotes a calcuJa tion that gives 

'.Y<10•9 as the value o~ the intensity ratio of the 3P
0 
~ transition 

3 1 to the P
1 
~ s

0 
transition; taking tl1e lifetime of tl1e state as 

-7 24 
1.1 10 i'9C a lifetimQ of 2.4 ieoiis: derived for tho 3p

0 
cto.tc. 'l'hc 

above intensity ratio is reportedly23 in·,good a.g!-eement"with an experimental 

measurement. The theory used to.derive the above intensity ratio assumes 

that the transition is brought about in only the Hg isotopis with odd a.tomic 

weights due to perturbations of the electronic energy levels by hyperfine 

interactions with the nuclear spin; the nuclear ~pin is zero for the isotopes 

with even atomic weights. Grastang also reports that tnis treatment· 

was substantiated by an experiment with a Cd resorance lamp using Cd 

that ha~ the odd isotopes enriched; the analogous intensity ratio was 

increased in proP,ortion to the amount of.odd isotopes present. This 

discussion is rather academic since the 3P0 accounts for probably somewhat 

less than 14% 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 3P
1 

state is forbidden for electric 

dipole, but allowed for magnetic dipole and electric quadrupole. A life 

time of approximately 0.1 sec.3b is derived if the principal mode of 

decay is assumed to be a magnetic dipole transit.ion to the 3p 
1 

state. 

The conclusion from this discussion is that no significant emission· 

attenuation' of the ·metastable' ·intensity occurs\ between excitation and 

detection. 



-189-

The Auger detector is expected to be sensitive to ultra-violet photons 

by means of the photoelectric effect. 
. 3 

Since Hg p
1 

(which radiates at 

0) . 2 . 3 
2537A has an excitation .cross section comparable to that of P2, 

emission from that state might be expected to produce a spurious signal 

.that would be dependent on the electron beam. However, since the life

time of the state is short (10-7 sec) all these excited atoms would 

radiate before leaving the excitation region• The Auger detector. 
. . 

subtends only a very srnall solid angle compared to the 4n steradians 

to the emitted photons. Thus, only a negligible effect is 

expected. This prediction was verified by moving a suprasil-2 window in 

front of the detector; the electron beam dependent signal was completely 

quenched. Care was taken to be sure that the window was not coated with 

mercury before moving into the beam; the transparency of the window 
0 

at 2537A was verified in a Cary ultraviolet spectrometer immediately 

upon opening the apparatus a~er thP. experiment. 

F. Phoi;;op Detection System 

1. Photomultiplier si~tem 

To detect the radiation from the collisionally formed, electronically 

excited species, an EMI-95-58 QB photomu1iplier tube is placed directly 

below the· scattering center. This tube was chosen with several considera-

tions in mind. It is fitted with a Spectrosil. (fused silica) window 
Q 

yi1:dding on extremely wide spectral range (1650 - 85oo)A. The S-20 
Q 

type trialkali cathode provides a very high (27{o at 2oooA) quantum effi-

ciency. A very low dark current (15 counts/sec) can be achieved by 

cooling t.o -40°C. The relativP.Jy ·1 ow ma.ximum gain (2'><J..o
6 

to 2>''10 7) and 

wide distribution of pulse heights· reduces the value of the tube for counting; 
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no plateau was found in the curve of count rate versus applied voltage, 

but satisfactory counting performance was achieved at 1000 volts corre-
. 6 

spending to a gain of 8xlO • In order to prevent interference of the 

perfovmahce of the photomultiplier by magnetic fields in the apparatus, 

the tube is surrounded by a tubular mu metal shield and an outer soft 

iron shield; these shields are fairly well standardized at the 

Lawrence Radiation Laboratory. 

A.very narrow band pass interference filter25 is located directly 

above the photomultiplier tube. The peak transmission and band width 

varied widely from filter to filter; tYPical values were 10 to 5Cfl/o and 
0 

20 to 75A FWHM respectively. The transmission declined and the bandwidth 

widened as the desired wavelength of the peak was shortened. Outside of 

the band pass region, the filter transmitted less than 0.1% at all wave-

lengths where the photomultiplier was sensitive. .Since the peak 

wavelength position 1S a.:l?ritiC.al function of tempera,ture, it is necessary 

to keep the filter close to room temperature; in order to do this the 

complete photomultiplier, filter and lens assembly was wrapped with 

heating wires and the temperature monitored with a thermocouple. 

Without this heating, .radiation to the surrounding liquid nitrogen sur-

faces cooled the assembly. Maintaining the photomultiplier at room 

temperature prevents ·the: ach,ievement of the. minimum .dark current, 

but counts from transmission through the filter of black body radiation 

from heating elements were much more numerous than the dark current 

counts. 

A system of three lenses and a diaphragm, located above the filter 

collects the emitted light and .renders it parallel for transmission 

through the filter. The first two .lenses collect and refocus the 
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light at the aperture of the diaphragm; this refocusing is intended to 

allow only light originating from the collision zone or passing through 

it to reach the filter. The last lens then makes the diverging light parallel. 

A spherical mirror.with front surface silvering is suspended above 

the scattering .center to increase the fraction of the emitted photons 

which may be collected. By iocating it at a dista.ncP. equalto its focal 

length above the collision zone, it shou:id reflect most .of the upward 

directed photons back through the scattering region to the condensing 

lenses. 

The mirror, lenses and filter are held in a tubular, light tight 

mount (see Fig. 1). The beams enter and exit through ports in the side. 

Various arrangements of tubular light shields surrounding the beams have 

* been tried; Fig. 1. shows· a tube completely enclosing the Hg beam path 

except ·for a small slot at the collision zone. This arrangement was used 

when investigating a state 

emission line of Hg jP
0

,or 

0 

that emitted at a wavelength near 2556A, the 

0 3 
227JA, the emission line of Hg P2 . When one 

of these lines was within the tail of the band pass of the filter, a h:ig h 

photon signQl, which depended on the electron beam, was observed, and the 

· indicated light shield minimized this signal. 

2. Pulse Amplifer and Discriminator 

The electronics of the counting system are depicted in a block dia-

gram in Fig. 8. The pulses i'rom the photomultiplier are amplified by 

a Lawrenc·e Radiation Laboratory pulse amplifier with an input impedance 

of 50 ohms and a gain of greater than 200. With this amplifier it is very 

difficult to prevent echoing and even contintwus oscillations in the 

transmission cable; a balance between large amplification and reasonable 
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Figure 8. 

Schematic diagram of'. the electronic components of the counting 

system. 
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pulse shape had to be struck. Performance i is adeqlate, but a better 

• I 
system incorporating a discriminator would be desirable. 

A pulse discriminator is n~cessary to eliminate pulses below a 

certain height and render the larger ones a uniform shape and height. 

A Lawrence Radiation Laboratory surplus 10 megacycle descriminator is 

utilized; however, pulses near the threshold are transmitted with 

reduced amplitude. Since each pulse is transmitted through separate 

C!ables to the two channel& of the scalar, small differenes in the cable 

impedance and input characteristics of the channels c~use some 

pulses to register on one sccile but not the other. By including a second 

identical discriminator after the first, the difference between the two 

count rates is reduced to less than .01%. 

The scalar requires a negative pulse_, but the pulse amplifier pro-

dlces a-positive pulse. Consequently, a pulse inverted is included 

between the discriminator and scalar. 

3. Countine .system 

In order to separate the emission signal fr.om the large black-body 

radiation back ground, it was deemed desirable to use a frequency sensitive 

detection system. By chopping the electron beam,and thus the beam of 

metastable atoms, and by counting for a period of time while the beam 

was off and then for an equal period with the beam on, the difference 

in the _counting rate, apart from the statistical fluctuntiono, should 

represent the signal. For a typical experiment wiLh a total counting 

time of 100 seconds approximately 50,000 counts are recorded on each 

chanm~l with a difference of' about 3000; this would imply a stu.Llr::ticul 

standard deviation of 10.'J{o in the signal. 

i 
J 
I 
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At the heart of the system is a Transistor Specialties, Inc., Model 

1535 Dual Channel, 100 megacycle pulse counter. It is designed so that 

each channel may be gated separately; however, the rise time of the gating 

. systan was slow in the design mode ct: coupling. Also one pulse was needed 

to start and another to stop the gate. A modification was made to allow 

the gate to be open only when ·+2 volts or greater is applied to the gate 

input; the rise and fall time were decreased to 30 and 5 nanoseconds 
I. 

respectively. 

As discussed in previous sections the electron beam is chopped 

by applying a square wave to the electron gun cathode. The frequency 

of the square wave may be varied from 7 Hz to lOKHz but all experiments 

have been run with a period of 25 milliseconds. The square wave also 

triggers the two gate generators. 

Each of the delay and gate generators is a Berkeley Nucleonics Co., 

Muuel CT-1, Del-A-Gate. It is capable of generating a pnlse with rise 

and fall times of 10 nanoseconds and a period of from .05 microseconds to 

10 milliseconds; the pulse may also be delayed from .05 microseconds to 

10 milliseconds after triggering. Triggering may be accomplished by 

either a positive o.r a negative· going· pulse. 

During an experiment the negative going leg of the square wave triggers 

Del-A-Gate "A" and turns of the electron beam; a delay of 2 msec and then 

a pulse of 10 msec is generated. This pulse gates channel 11A11 of the 

scalar and thus it counts for 10 msec starting 2 msec after the electron 

beam is turned on. This delay allows the electron beam to reach its 

equilibrium current fluw a.nd the metastable team at the scattering center · 

I 

to reach its maximum intensity for all atomic velocities before c;ouni,:Lriv. 
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commences, The gate ends before t_he electron beam is turned off. 'l'he 

operation of Del-A-Gate "B" and channel "B" is identical, except that the 

positive going leg provides the trigger; thus channel "B" counts only. 

while the electron beam is off and all metastable atoms have left the 

scattering zone. The internal test function of the scalar is used to 

set the two gate periods to be eqmil within at least 0.1%; this un-

certainty in the relative channel readings has always been much less than 

the statistical uncertainty in the recorded ce>unts during nn experiment. 

For statistical analysis of the data, both-channel readings, not simply 

the difference between the two readings, are recorded. The counting 

times required varies depending on the signal to background ratio and 

total counting rate, but is typically 50 or 100 seconcls; however, 

a counting period of 500 seconds has been used with some success. 

G. Performance 

The apparatus ls currently, r:r tenuou.sly, operating. The next 

chapter describes some experiments which have been carried out;. 
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APPENDIX A 

* List of Appartus Drawings and UCRL Numbers 

1. Ovens and Cold Shields 

Low Temperature Double Chamber· Oven 

Oven Thimble 

Oven Thimble Clamp 

Oven Clamp 

Velocity Selector, High Temperature Double 
Chamber Oven 

High Temperatur.e Oven Cold Shield 

High Temperature Oven Support Tube 

High Temperature Oven Clamp . 

High Temperature Oven Clamp Support 

12N 

12N 

12N 

12N 

12N 

12N 

12N 

12N 

12N 

2. Velbcity Selector Liquid Nitrogen Trap and Cold Shields 

Liquid Nitrogen Trap J2N 

Velocity Selector and Trap Support 12N 

Liquid Nitrogen Trap Insulators 12N 

Velocity Selector Support Spacer 12N 

Flange Mount 12N 

Flange Attachment 12N 

Cold Shield Support Plate 12N 

Cold Shield Front Panel 12N 

Cold Shield Side Panel 12N 

Liquid Nitrogen Fill Tube Flange 121'J 

,, 
,. 

1401 

1381 

1)91 

1951 

2622 

2653 

2561 

3621 

2601 

2704 

2694 

2571 

2021 

2043 

2053 

2683 

~64~ 

2673 

)633 
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3. Electron Gun 

Impregnated Cathode 12N 3411. 

4. Velocity Selector 

Rotor Assembly Diagram 12N 1053 

Rotor Shaft 12N 1073 

Slotted Disk J2N 1063 

Front Bearing Collar 12N 1011 

. Inner Bearing Collar 12N 1021 

End Disk Spacer 12N 1041 

Bearing Sleeve 12N 2971 

Front.Mount Plate 14D 2992 

Front Cover Plate 14D 3002 

.Back Mount ~late 141) . )01~ 

Motor Mount Plate 12N 1582 

Side Mount Plate 12N 1613 

Mot.01~ Pl H t.e Support. l2N 1481 

Mount Plate Support 12N 1531 

5. Photomult~plier Mount 

Fluorescence Light Shield 12N: 

¥.-. 
"See Appendix A, Chapter II; many of the apparatus components whose 

drawings are liste.d there were utilized in this study. · The above is only . 

a partial list of the new components construeted for this apparatus; the 

pieces not listed were constructed by the experimenters and there are no 

drawings on file. Extensive changes have been made in some·of the pieces 

depicted in the drawings and these changes have not.been recorded on the 

drawings. 

I 
.. I 

.. ,.I 
• i 

I 
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APPENDIX B 

* List of Apparatus Electronics Diagrams and UCRL Numbers 

Synchronous Motor Driver Bs 

Pulse Amplifier Bs 

10 MC Discriminator 3X 

Square Wave Generator 8s 

* 

6673 

6462 

9994 

8922 

See Appendix B, Chapter II; many of the apparatus components whose 

drawings are listed there were included in this apparatus. 
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\* 
VII. VELOCITY DEPENDENCE OF Hg + Tl 

COLLISIONAL' EXCITATION TRANSFER 
\ 

A. Introduction 

L'1 1922 Franck predicted that a transfer of electrontc energy c:oulci 

occur between an excited atom and a ground state atom of a different species.
1 

This prediction was soon verified when Cario and Franck observed radiation 

from the excited states of thallium when a mixture of' mercury and tha:Llium 

vapors was irradiated with the Hg 2537~ line.
2 

This process was labeled 

"srositized fluorescene"; it has also been referred to es collisions of the 

second kind. In the two decades following this pioneering study investi-

t . ff t A . 2a h · d gations were extended o many di eren systems. review as summarize 

this early work and has shown how the results conform to four selection 

rules: (1) as the difference between the energy level of the doner atom 

and the energy level of the r~cipient 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 emitted intensity is less 

than that found for a similar energy discrepancy but with the order of 

the energies switched (presumably this is due simply to the fraction of 

collisions which occur witl1out enough relative kinetic energy to make-up 

for the energy discrepancy in the former case); (3) the Wigner spin rule 

is obeyed, i.e. the total ::;pin of the system does not change; and (4) for 

the most likely transitions the total electron angular momentum of the 

system does not change. Later investigations have studied the effects of 

changing such conditions as the pressure of foreign gases end the temper2-

ture ~nd pressure of the two collision species. 3 As discussed in Ref.· 3 

the experimental conditions were· generally complex and ill defined in these 
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early studies; for example the identity of all initial excited states was 

often in doubt or the role of the Hg2 or the HgTl molecule was not established. 

Attempts have been made to study the temperature dependence of the energy 

· transfer.
4' 5 These experiments have all been performed in a bulb with 

solid or liquid samples of the reagents enclosed. In order to vary the 

translational energy of the collision partners, it was necessary to 

. 4 change the temperature of the experimental vessel. Concomitent with 

this energy change was a pressure change which obscured effects due solely 

to the energy variation. In addition, an unknown pressure of impurities 

due to outgassing from the walls of the sealed container must certainly 

have been present. This presence is likely to have a strong effect that 

would· certainly vary with temperature. Thus, it. is not clear how much 

credence can be attached even to the gross temperature dependence of the 

total cross sections that have been previously reported. 

Utilization of the apparatus described in the previous chapter allows 

not only greatly improved control of the identity of the incident species, 

but also permits the incident relative translational energy to be varied 

independently of any other parameter of the system. However, it would 

be very difficult to obtain absolute values of the cross sections (which 

can be obtained with good accuracy in the bulb experiments) and thus the 

two techniques are complementary. Low velocity resolution measurements 

af the velocity dependence of the effective cross section for collisional 

excitation of the Tl 5350A fluorescence by Hg 3P0, 2 have been made in this 

apparatus and they will be presented. here. 

Figure 1 presents an energy level diagram for thallium. All of the 

thallium emission lines that have been reported iri previous studies of 
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mercury sensitized. fluorescence 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. Experimental Conditions 

A complete discussion of the apparatus and data gathering procedures 

is given in the preceding chapter. The two beams are prepared in the 

double chamber oven sources; the temperature of all four ch9mbers 9re 

periodically checked and maintained as constant as possible throughout 

the experiment. The upper chambers are maintained -100°C above the lower 

chambers to prevent any condensation or clogging in the upper oven or 

at the oven slits; this temperature differentia 1 a·lso minimizes any possible· 

dimer concentration. Typical operating pressures are one to two Torr in 

·each oven. The Hg2 molecule is known but its measured bond dissociation 

energy is so. sma115athat its concentration is inconsequential in this 

study. The· dimer of Tl has not bP.P.n reported 8 nd no evid.ence of' it ha :o: 

been seen in the velocity distributions measured in this study. 

The electron beam is set to 0.30 mamps before starting the experi-

ment. The plate and collector voltage is adjusted to the peak of the 

excitation function (see Fig. 3 of Chapter VI). Throughout the experi-

ment the electron beam current is monitored and held at its initia 1 value. 

Before the Tl oven is brought up to its operating temperature to 

start Lhe experiment, a velocity distribution of the parent beam is me;:is-

ured at very low source pressures. These data in the form of transmitted 

beam flux intensity as a function of rotor rotational frequency are 

necessary to calibrate the veloc:it.y selector. This calibration procedure 

is discussed in detail in the next section. 

. I 

. l 

I 
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Figure 1. 

Thallium energy level diagram. All energies are gj.ven in electron 

volts. For Tl levels below 4 eV the energy of the level above the ground 

state is indicated, but for the higher energies the difference between the 

Tl level and the nearest metastable Hg level is given. Note the scale 

change at 4 cV. ·The two lower da::;hed lines indicate the energies of the 

low lying metastable Hg levels~ while the upper dashed line gives the 

Tl ionization potential. The diagonal lines indicate the emission lines 

observed in the mercury sensitized fluoresence spectrum of thallium; the 
0 

number labeling each line gives the wavelength in A. 
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The two scalar channels must also be set to count for equal periods 

with proper delays after the electron beam is turned on or off. The cali-

bration procedure is discussed in the previous chapter. The data are 

not a critical function of the delay times so no effort is made to set 

ihem to great accuracy nor to constantly monitor them; they have been 

found to remain approximately constant. The counting times, on the 

other hand, are extremel.y critical and are subject to slight drifts; 

therefore they are periodically monitored and adjusted if necessary. 

During an experimental run the photomultiplier is heated as necessary 

to maintain the temperature of the interference filter near 20°C; the 

peak wavelength transmitted is reported to shift toward shorter wavelengths 
0 

at a rate of lA per 5.5°c. Typical background pressure in the apparatus 

is l.5Xl0-
6 

Torr (uncorrected ion gauge reading). If the background 

pressure were high enough to appreciably attenuate the Tl beam, the 

measured.Tl beam flux at different Tl velocities would not accurately 

reflect the true Tl flux at the collision zone because the extent of 

attenuation would be expected to be a strong function of velocity. The 

good agreement· ot' measured 'l'l velocity distributions with the theoretical 

Maxwell-Boltzmann distribution indicates that this attenuation effect is 

negligible. No problem is expected from secondary collisions in the 

scattering region because of the relatively low intensities of the beams. 

In an auxillary experiment, a beam flag was installed on the Hg beam; 

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 on. the metastable Hg atom 

flux. Approximately fifteen settings of the velocity selector are chosen 
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before beginning the experiment; these settings are selected so that 

as large a range of relative velocities as possible is scanned with a 

due regard for Tl flux expected at each selector setting. Typically a 

range of 0 .85 a
0 

to 3 .90 a
0 

has been found useful. The failure to reach 

lower Tl velocities is due both to the increase of selector transmission 

with increasing velocity selected and to the shift of the velocity dis

tribution to higher velocities due to the Laval effect. A counting period 

is chosen .that allows the extraction of the signal from the bAr.kground; 

typically 50 to 100 seconds is used. At each velocity selector setting 

the rotational frequency, the counts on each of the two scalar channels, 

and the exact counting period as measured on a stop watch are recorded. 

* Concurrently the Tl beam flux and Hg bea~ flux arc being recorded on 

the cha rt recorder; the posit ion on the cha rt provides a :rec.:orcl of the 

time during the experiment that the data ·point was Laken. This procedure 

is executed at each of the selected settings; if the signal is particularly 

low, the process is .repeated two or more times at a giveu ::;eLLlrig. Perio-

dically during a scan through the velocity range, a counting period 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 two scalar channels continue 

to count for equal periods. As many scans as possible are made throue;h 

the complete velocity range; termination of the experiment comes when 

some apparatus component malfunctions. In the event that it were deemed 

that enough scans had been made, it would be desirable to repeGt the 

measurement of the velocity distribution of the Tl beam to check for .any 

shift, but this situation has not orjaen. 

. i 
I 
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C. Data 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 of atoms excited to the emitting level per second 

(denoted by N'). Now 

where 

g 

P( vTl), P(vHg) 

= 

= 

= 

* number density of Tl, Hg atoms in collision zone of 

volume V 

* v=locity of Tl, Hg Atoms 

initial relative velocity = ( 2 . 2)1/2 
v'I'l + vHg 

* number density velocity distributions of the Tl, Hg 

atoms in the collision zone. 

Qeff(g)= effective total cross section for excitation to the 

observed level. 

It should be noted here· that Qeff is .the total cross section not only for 

direct excitation in a collision of the level monitored but also for forma-

tion by ca,scade emission from higher states that are directly formed. In 

* the present situation the distribution of Hg velocities, P(vHg), is almost 

a full thermal distribution15 and the distribution of Tl velocities P(vT1) 

is the fairly broad distribution transmitted by the velocity selector. In-

stead of attempting to treat the experimental data directly be deconvoluting 

Qeff(g) from P(vT1) and P(vHg)' an indirect two step method is resorted to: 

by assigning single velocities to both beams the total cross section as a 

function of velocity may be approximately extracted; then this curve is 

averaged over the initial relative velocity distribution to reproduce 
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the experimental data. If necessary the approximate curve may be adjusted 

until a satisfactory fit is achieved. Only the first step will be dis-

cussed here. Another member of this research group is completing the 

process. 

To.derive the approximate curve all mercury atoms are assumed. to 

have the most probable source velocity and the transmission throu.gh the 

velocity selector is assumed to be a delta ft.met ion. Since the obser.vec'I 

photon .counting rate, Shv' is directly proportional to N', F.q. (l) yields 

8
hv 

ex: 

Within the framework of this approximatim 

~l ex: 

where SHg' STl are the measured beam flu.x: intensities, aHg is t.he most 

probable mercury source velocity and v
0

1 is the most probable velocity 

transmitted by the velocity selector .. Consequently 

Qeff 

8
hv 

( ~2 + 1 
2 
r1

/

2 

(2) ex: s 8
Tl Hg VO °Bg 

The determination of v
0

' and the data 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-

. ; 

i 
I 
I 

..! 
' 

,. 

1 
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divergent beam aligned perfectly parallel to the rotor the nominal velocity 

transmitted is given by 

= 

(See Chapter VI for notation). The most probable velocity transmitted 

is v
0 

but velocities in a range on either side of v
0 

have smaller but 

. 6 
finite probabilities of being transmitted. Hostettler and Bernstein 

have derived equations for the transmission function. If perfect align-

ment and a non-divergent beam are assumed the velocity qistribution can 

be derived from these equations. Considerations of probable alignment 

error indicate the calculated peak J:>Osltion should deviate no more than 

'Jfo from the true experimental value, but the width of the true transmission 

function is probably a factor of two greater than that calculated. In 

order to obtain a more accurate idea of the true transmitted velocity 

distribution, complicated calculations and an involved calibration 

procedure are necessary. The remainder of this section will be devoted 

to deriving the.sc relatively minor cor-rections which arise :f:'rom (1) a 

small misalignment of the center line of the beam with the rotor axis, 

(2).the ~ffect of the divergence of the beam about the center line and (3) 

clogging of the slits of the first disk. Throughout this treatment, great 

simplicationis achieved by using the small angle approximation which is 

very accurate for the magnitudes (~ 1°) of the angles that are involved. 

First the distribution of the transmitted velocities is calculated for a 

a non-divergent beam misaligned by an angle a. The divergence of the 

beam has the effect of introducing a distribution of misalignment angles. 

Thus, the transmitted velocity distribution is obtained by integrating 

the transmi::>sion function f'or a non-divergent beam over the distribution 

of misalignment angles. 



Gillen7 has generalized the equations of Ref. 6 to describe the 

transmission function for a non-divergent beam aligned at an angle a to 

the rotor shaft. A further problem has been encountered in this study: 

the Tl tends to collect on the first disk of the velocity selector and 

partially clog the slits of this disk. This clogging effect is expected 

to affect the transmission function .. Visual observation indicates that 

primarily the beam material collects on the face of the disk and on the 

side of the slit moving toward the beam. Elementary considerations of 

the geometry involved irtdicate:that the closing of the slit is more 

important than the thickening of the disk due to building-up of the beam 

material on the disk face. Using a treatment similar to that of Ref. 6 

:;inr;1, 7 Arn'l nFmoting the l?moµpt oi' "Erie slit tllci L l::; t.:lugged in unit.::1 e.f 

length l;>y ,,Q yields: 

B( v) = 0 

B(v) 

B(v) 

B(v) 

= 

;::: 

B (v) 
1 

B
2

(v) 

~(v) 

B( v) = 0 

= 

m(L-d) 
v 

v < v max· 

(L+d) mr 

v < v . min 

v "t cr.1 
< v < v : 

0 

+¢+ a(L-d)+o ) r ] 

r -r;-J 
v 1 <v<v 
.0 - max 

~r + ~~ + (L+a)a 

(3) 

(4) 

(5) 

(6) 

•' 

. ; 

. ; 
I 

I 
I 
! _, 
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L ror 
¢r ·+La+ o 

= (1 + ~~ )-1 

(L-d) ror v = max ¢r - £1 + (1-d)a+o 

(7) 

(8) 

(9) 

Physically, v . is the lowest velocity transmitted and v is the highest; min max 

v
0

• is the most probable velocity transmitted and v .t is the lowest 
. cri 

velocity attenuated by the slit clogging. The other notation is as defined 

in Chapter VI. Equations (6) and ( 8) are equivalent to the equations of 

Ref. 7 that give v . and v ; however here v given in Eq. ( 9) is less min o max 

than the v that was derived in that eariler work. The sign of a is max 

defined so that the rotor has to rotate through an angle greater than ¢ 

to transmit the nominal velocity when a is positive. The neglect of both 

the slit clogging from the other side of the slit and the beam material 

deposited on the face of the disk introduces small errors in the calculation 

of B(v), but since clogging on only one side of the disk is considered the 

treatment presented here places an upper limit on the distortion of the 

transmission function due to the clogging. Equation (4)' and (5) are valid 

only when o does not exceed 7C!/a of the slit width; they break down at a 

somewhat higher degree of clogging. It should be noted that the four 

characteristic velocities given by Eq. (6)-(9) are each propcrtional 

to the .rotational frequency, m. Thus, the velocity transmitted is not 

only directly proportional to ro, but also the width of the transmission 

function (v -v . ) is proportional tow. . max min This feature implies that 

the total selector transmission increases directly proportional to ro. 

For a non-divergent beam, the above generalized transmission function 

accounts for all possible effects that this writer has been able to recog-

r. 
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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 transmitted beam. If a equals zero and 5 equals zero, 

variation of r does not affect B(v), but if misalignment or clogging occurs, 

a small dependence of B(v) on r is observed. Calculations with values of 

5 and a believed td be upper limits for clogging and misalignment that 

could be present in this investig.ation show that the effect is very small 

(< o.3'f,) for the range of r due to the slit height. If an aver1::1ge value 

of r.is t~ken, the effect largely caneels and, therefore,it has been 

neglected. 

Now it is necessary to consider the distribution of misalignment 

angles which arises froth (1) the error in alignment that is likely to 

result when optical alignment must be relied upon, and (2) the divergence 

of the beam that is present in any experiment. The procedure that has been 

adopted is to integrate the product of 't(v) and B(v) over the dist:t'il;nrtion 

of misalignment angles tI(v) denotes the flux intensity as a. function of 

velocity that is incident upon .the selector and is related to P(v) in 

Eq. (1) by I(v) ex: v P(v) .J) 

In the apparatus employed here, the divergence of the beam may be 

geometrically calculated from the known slit parameters, but the misalign-

ment of the center line of the beam with the rotor axis is unknown and 

5 can only be roughly measured visually. Consequently a calibration 

process is necessary if it is desired to determine the absolute value of 

v0 to better than the ryfa accuracy which can be easily achieved by optical 

alignment. This calibration process is rather involved due to two r.nmpli-

eating factors: the thermal expansion of the oven causes a (this symbol 

" 

\ 

,.j 
''i 

I 
I 
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now represents the beam center line mis aclignment) to be a function of oven 

temperature and.l(v) is a function of the source pressure. 

The first step of the calibration procedure was the writing of a 

computer program to integrate the product of.J:(v) and B(v) over the dis-

tribution of misalignment angles and then over the complete velocity 

range transmitted by the selector; By carrying out this calculation at 

various values of m a theoretical curve is derived which may be compared 

with experimental measurements of STl versus rotational frequency. At 

very low source pressures, the Maxwell-Boltzmann flux distribution is the 

appropriate I(v) to integrate over, i.e. 

I(v) ex: ) 

(a
0 

denotes the most probable source velocity). For this integration a; 0 

and 8 = 0. Multiplication of v , the experimental rotational frequency max 

that corresponds to the flux intensity peak, by 27r gives an effective 

angular velocity equal to a> (1 + rajr¢)-l where ID· is equal to the 
max . max 

angular velocity of the theoretical curve that corresponds to the peak 

of the flux intensity (Eq. (8) indicates· why this is true). The equation 

allows the value of 

v 
0 

I 

v max = ( Ia -1 
(J) . l+--) 

max r<P 

a.to be determined. Now, from Eq. 

[ 27rL (1 + La )-1} = 
¢ . ¢r . . 

8 

( 10) 

where v is the rotational frequency of the rotor. The factor in brackets 

(which will be denoted by R0 ), should be very close to 897, the factor 

derived for perfect alignment (see Table II, Chapter VI); in all completed 

1711p17~im.ent,s. this has been true to within 'Ji,. 'i'he above discussio11 is 
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strictiy applicable only to the situation with no clogging. Since 

clogging attenuates the higher velocities more than it does the lower 

velocities, a distortion of the velocity distribution results. Thus for 

5 f o, the factor derived above will not give v
0
', but will give a 

slightly smaller, weighted average of the transmitted velocities. This 

is no problem in the approximate derivation of Qeff' but this small 

effect should be taken .into account by visually estimating o when the 

velocity averaged total ef'fective cross section curve is calculated. 

The calibration is made at the start of an experiment with low source 

pressures; therefore it is justified to set B = 0 in the integration to 

derive the theoretica 1 curve. Later in the experiment 5 may b.ecome finite 

but the value of a is not affected by the clogging. An example of a 

calibration curve is shown in Fig. 7 of the preceding chapter. 

The first complicating factor· must now be taken into account. Before 

proceeding however it is perhaps worthwhile to stress that it is a mino:r 

effect resulting in less than a 2.'J{o change in the value of R0 derived in 

Eq. (10). When the temperature of the oven is increased, a thermal expan-

sion takes place perpendicular to the beam axis. Thus, the misalignment 

ongle changes. The situation is further complicated by the fact that the 

beam entering the col-lision zone is defined by the source slit and the 

collimating slit while the beam detected is defined by the detecto~ width 

and the source slit. Only when the detector is placed at the center of 

the total beam profile is the same value of'. o: appropriate to both beam 

distributions. This particular complication could have conceivably been 

avoided by constructing a detector that was larger than the beam profile? 

but this was not practical for several compelling experimental reasons. 

.1 
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The procedure that has been· adopte.d is to center the detector in the beam 

profile and then to measure a velocity distribution. Unfortunately, the 

velocity distribution was usually taken at lower oven temperatures. 

Consequently, the value of R0 (see Eq. 10) derived from the measured 

velocity distribution must be corrected for the thermal change of a to 

yield R
0

' appropriate to the temperature at which the ovens were main

tained during the met:isurement of the beam profile. In the small angle 

lim:i.t 

R' = 
0 

La' )-1 
(1 + CP.;- (11) 

where a' = a+6£/D. Here 6.£ is the displacement of the source slit due 

to the thermal expansion and D is the distance from the source slit to 

the detector. This adjusted factor is now also appropriate at this 

temperature to the total beam defined by the two slits. A final calcula-

tion must be made to yield R0
11

, the conversion factor appropriate to the 

beam entering the collision zone at the higher oven temperatures that 

are required during the experiment. 

a' + 6.£ '/D' is substitute for a'. 

R" is given by Eq. 11 if a" = 
0 

Here 6.£' is the thermal expansion 

due to changing from the beam profile ·oven temperatures to the experimenta 1 

oven temperatures and D' is the distance.from the source slit to the 

collimating slit. In these calculations 6.£ and 6.£' are roughly calcu-

lated by estimating the temperatures of the various components of the 

6\reri: and clamp assembly •. · .. 

Due to intensity limitations it has sometimes been necessary to 

.· jriea~ure velocity distributions at source pressures high enough that 
. "·· . . . , 

". · ·a:eviations from the Maxwell-Boltzmann distribution becane appreciable. 
l 

These deviations cause a narrowing of the velocity distribution and, 
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more importantly, a shift of the peak position to higher velocities. 

Consequently, it is difficult to estimate I(v) which is required to calcu-

late the theoretical calibration curve. 
8 A study of the velocity distri-

bution in a molecular beam indicates that the simplest version of the 

Laval nozzle theory gives fair agreement with experiment. (A beam of 

metal atoms originating from a source equipped with a slit rather than 

a circular orifice was investigated.~ tnus the results should he Appropriate 

here.) This theory predicts 

I(v) a:.) 2 2 
,exp · [-p (w-.cr) ] (12) 

where w = v/a0 and p and a are related by 

M = (2/'Y)l/2 P a 

p = [l + 1/2 ('Y-1)rJ?J1/ 2 

where 'Y is the heat capacity ratio cpicv and M is the Mach number which 

is rigorously defined as the ratio of the gross velocity of the volume of 

gas to the local speed of sound. In practice M is varied as a parameter 

of the calculation. Extensive computor calculations integrating Eq. (12) 

over the selector transmission function show that the measured velocity 

distributions at given values of a and p should have very nearly identical 

shapes when plotted on the reduced units shown in Fig. 7 of Chapter VI 

regardless of the extent of clogging and magnitude of the misalignment 

angle, at least over the range that is considered possible in these experi-

ments. The ordinate dimensionless units are obtained by dividing the 

intensity by the intensity at the peak and the abscissa 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· noted that the peak velocity is a critical function of 6 and a. 

Figure 2 shows the curve that is used to calibrate the selector. The 

long curve which (as will be discussed later) failed to give good results 

was derived from Eq .. 12; it plots the peak position versus the full width 

at half maximum (FWHM) of the integrated distribution plotted with reduced 

units. By determining the FWHM of an experimental curve, the magnitude 

of the corresponding peak velocity may then be read off the graph if Eq. 

(12) adequately describes the true I(v). This peak velocity and the 

rotational frequency at which the peak appeared yield the value of R0 

when substituted in Eq. (10). From this point the calibration is identical 

to that of the Maxwell-Boltzmann distribution. This theoretical curve 

&rived from Eq. (12),. however, does not give consistent results for several 

velocity distributions taken with the same alignment but at different 

source pressures. This observation is ascribed to a failure of Eq. (12) 

to adequately describe the velocity distributions. Consequently, an 

empirica_i curve (shown in Fig. 2 with the data points) was derived from 

four velocity distributions measured for various source pressures but 

with the same alignment. This empirical curve was used for the calibration 

in all experimental runs. 

Table I presents the reru lts of a 11 of the velocity selector 

calibrations. 

:;i. · nAta Reduction -~pd_ Statistical Ap~_J.ysis 

It is desired not only 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 stati'stical 
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analysis. There are essentially three steps in this process: calculation 

of the magnitude and standard deviation of Qeff for each data point, time 

normalization of the calculated values, and calculation of the most 

reliable value and standard deviation of Qeff at each relative velocity 

that was investigated. These three steps will now be discussed consec-

utively. 

a. Calculation of relative magnitude and standard deviation of Qcff 

for each data point. 

No attempt is made to directly calculate the absolute Qeff; all 

calculations are for relative values and are obtained from (2) using a 

proportionality constant equal to 1. SHg and STl are read from the chart 

recording taken during the experiment. The product of the measured rotational 

frequency with the conversion factor derived by the calibratbn of the 

velocity selector yields v0 '. The value of~ is calculated from the 

measured temperaturl:;! of the H~ beam f;nnr~~- CRlcul~tion of Sh- , however, 
l' 

is complicated by the observation that a small positive photon· signal in 

phase with the electron beam is registered when the Tl beam is blocked. 

This signal could possibly arise from several sources: a small detection 

efficiency for the fluorescence of the metastable atoms in the collision 

zone; a greater:· photon counting efficiency on one channel; or a small 

difference in counting periods between the two channels. This back-

ground has been found to be cori'e~ted with time but not. with the Tl 

beam intensity. This latter observation indicates that this background 

s igna 1 is not due to a sma 11 amount of the Tl beam passing the beam flag. 

Shv is the difference between thP. two sea lar readings ( expre03P.d, in units 

of counts per hundred seconds) minus a correction for the background. 

I 
I 
! 

1 
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TABLE I. Summary of Velocity Selector Calibrations 

Date v max FWHM RO R ' 0 R " 
0 

11 ~ R0" /B97I x ioo 

,, 3/24/70 45.00 .8465 902.9 902.3. 910.1 1.5 

4/ 8/70 43.64 .. 9290 856.6 856.5 864.7 3.6 

4/22/70 41.90 .9395 835.7 836.9 853.6 4.8 

7/ 7/70 46.25 .86~5 879.0 877.7 887.5 1.1 . 

7/10/70-A 42.22 .9410 875.7 877.7 887.5 1.1 

7/10/70-B 42.29 .9480 876.5 877.7 887.5 1.1 

7/10/70-C 42.49 .9460 877.2 877.7 887.5 1.1 
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Figure 2. Variation of peak veloc~ty, VMP' in the measured or integrated 

velocity distribution as a function of the FWHM of that velocity distri-

bution plotted in reduced.units .. The long solid curve was calculated 

using Eq. (12). The shorter curve with the data points was derived from 

four experimental velocity distributions taken with the same alignment; 

the difltribution measured at the lowest source pressure (see Fig. 7 

Chapter VI for this curve) was assumed to be unshifted from the Maxwell-

Boltzmann peak. The numbers running along the theoretical curve indicate 

the Mach nup~ber. The most probable source velocity is denoted by a
0

. 

I I. 

I 

i 
! 
l 

, I 

' I 

I 

! 
I 



0 lO 

1.6 ~ C\J 

1.5 

1.3 

1.2 

0 
C\j . 

-223-

0 

· · 0.5 · 0.6 0.7 0.8 0.9 l.O 

NORMALIZED VELOCITY DISTRIBUTION FWHM 

(FRACTION OF PEAK VELOCITY) 
XBL 709-6671 

Figure 2 



This background correction term is calculated from an expression 

which is a function of time and is obtained by fitt·ing the measured 

background magnitudes to an appropriate functional form. In the experi-
0 . 

ments investigating the 5350A Tl line (the results will be discussed later) 

the measured background showed no correlation with SH This background 
. . g 

was very. small (typically lCJI, of the maximum Tl fluorescenre photon signa.l) 

and a least squares linear fit of the background ve1·sus time:: was as h:i.gh 

an order fit as was justified by the statistical scatter of the dwt.a. 

The background to be subtracted at each data points was-calculated from 
0 

this linear fit. In experiments involving the 2816A Tl line, the measured 

* background (due to Hg emission) was much larger (typically 9<:11/o of the 

total photon signal) and.was found to be, within statistical limits, directly 

pr.npn:r.tional to SHg~ consequently a more sophisticated treatment was 

necessary. The. measured background data point, in units of counts per 

100 seconds, was divided by SHg measured simultaneously with the photon 

signal. These data points were theu fit to o Legendrr-> polynomial e.xv.3n

sion9 in time. In both fitting procedures the deviations of t.he measured 

_points from the·fitted curve were consistent witp the statistical uncer-

tainties in the measured signals. 

For experiments where the linear fit to the background is sufficient, 

the above discusoion results in the equation 

Qeff [(NA-NB) 100/TN ~ (A+!Jt)] ( 
1 + = 

2 

where 

NA,NB · -

TN = 

VO'. 

counts recorded on channel A B .. ' 

eounting peI'iod 

2 (~H 
l )-1/2 . 

C\ig g 

A = intercept of linear fit to background 

(13) 

' 
i _, 
I 
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B = slope of' linear fit to background 

T = time during experiment that data point was taken. 

. . 10 
Simple error propagation theory allows an approximate standard deviation. 

crQ' to be assigned to each data point. Appendix A' details the calculation 

of crQ. 

b. Time normaU,7.ation of calculated values of Q ff 

If the detection efficiencies of the two beam monitors and the photo-

multiplier assembly remained constant throughout the experimental run, the 

values of Qeff calculated in the preceding section would be the final 

data points. However values of Q-eff 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 nonnalization procedure is necessary. 

The use of a time normalization process is resorted to in many 

molecular beam studies. Usually in other studies one reference data 

point that is relatively noise-free has been chosen and its value periodi-

cally measured to follow the time variation of the signal. Here all of 

the data points are relatively noisy and the measurement of each is repeated 

several times. Therefore, a more sophisticated time normalization treat-

ment is required. The procedure adopted here is (1) to calculate the most 

probable value of the mean of all the measured.data points taken at each 

relative velocity, (2) to caiculate reduced data points by dividing each 

data point by the calculated mean of a 11 the data points taken at that 

relative velocity, (3) to fit all of these reduced data points to a 

Legendre polynomial expansion :i.n time, (4) to ·obtain time normalized data 
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points by dividing each original data point by the· value of the Legendre 

expansion corresponding to the time that the data. point was taken, and 

(5) to repeat steps (1)-(4) with the mean recalculated from the time 

normalized data points obtained in step (4). This repetition continues 

until the sum of the squares of the deviations of the reduced data points 

from the Legendre expansion converges to a minimum. A paragraph will 

now be devoted to each of these steps. 

At ·a given relative velocity the most probable value of the mean of 

an infinite number of measurements of Qeff at that velocity may be approxi

mately calcul.ated from the finite set of measurements made during the experi-

10 
ment by a weighted average, 

( 14) 

.(Here as elsewhere a bar over a symbol indicates the average value.) 

The value of Qeff is calculated for each relative velocity. 

·R 
.l!:ach :reduced dat1:1 poluL, Qeff' lll<:l.Y Le calculated by dividing c3oh 

Qeff by the appropriate Qeff" The uncertainty of each reduced data point 

must also be calculated from 

2 
2 2 

2 
a R Os a - 2o -
.Q ·=. + Q. QQ 

QR 2 2 - 2 Qeff Qeff 
· eff Qeff Qeff 

The estimated standard deviation of the mean is calculated from 

2 
a- = 
Q 

(~ 
2 -1 

l/oQ. ) 
l. 

. · 10 
and oQ Q' the covariance of Qeff and Qeff' is approximately equal to 

i 
l 

'! 
'" ! 

\ 
I 

i 
1 · 

I 
I 
: 

·' 

' 
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The computer program LEGFrr from Ref~.10 is used to fit the reduced 

data points to a Legendre polynomial expansion. This expansion .is defined 

by F(t) = z 
n 

a P (cos t) 
n n . 

(17) 

where 0 Kl: t < 180. Thus, it is necessary to ·express the time span of 

the experiment on this scale. This coordinate change is accomplished by 

t = cT -d 

where c = 0.96 [180/(T -T . )] and d = c T . - ( .02)(180). A maximum max min min 

of ten terms is used in the expansion, but the expansion is terminated 

at a lesser number if an additional term is not statistically justified. 

The F distribution test of an additional term as described in Ref; 10 is 

applied after the calculation of each additional term to determine if that 

term is statistically justified. If the probability is 'J'/o or greater 

that a ·set of points with random deviations from the n-1 term. expansion 

would be fit by the n term expansion as well as the true data points are 

actually fit, then the expansion is terminaLed at n-1 terms. Each of the 

2 :reduced data points is weighted by l/aQR . A special case is presented 

if only a single measurement of Qeff is made at a given relative velocity 

R 
because Qeff will always be equal to 1 on the first iteration. Since 

this single data point cannot contain any information about the time varia-

tion of the signal, i.t is given essentially zero weighting during the cal-

culation of the Legehdre polyr}omial expansion. 

The time normalized data points may now be calculated by dividing 

each data point by F(t); ea~h such data point ifl denoted by. Q~ff" The 

expected uncertainty, a T' may be approximately calculated from 
Q 



2 
cr T 
Q 
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= 

where crF is the uncertainty of F(t) and may be estimated from 

= ~ P 
2 

(cos t) 
n n 

(18) 

where cr
8 

, directly evaluate'd by the co111.1,.1uLu1 program of Ref. ·in, rP.pre
n 

sents the uncertainty in.the value of a ~ n 

Now these four ~tepf may be repeated with a few changes. The 

-T 
new ·averages, Qeff' for step (1) are calculated from Eq. (14) by substituting· 

T 
Qeff 

for 

are 

In step (2) Eq. 15 is still the appropriate expression nd a ., 
a T • 

Q i 
cr R if the time no~(llized values of the average and its uncertainty 
Q 

substituted. Howeverj the covarionce is more complicated, and is 

estimated from 

~ . 2 
= :c~ o: T [F( t ) 

Q 

2 
cr T 
Q 

-1 
(19) 

Repetition continues until the sum of the squares of the deviations of 

the reduced data points from F(t) decreases by less than lC!{o between two 

successive calculations. For all sets of data analyzed, three sucessive 

iterations have sufficed. Figure 3 shows the final fit of F(t.) for the 

experiment with Lhe most extenoive data; th].s experiment also exhibited the 

greatest range of values for F(t). 

This procedure for time normalization has proven very valuable for 

the limited number of completed experiments that have.shown a reasonable 

signal to nbise ratio. When the data becomes noisy enough that a signif-

icant number of data points lie below zero, the average va.lue of t.he data 
. -~ ---:--.-·. -.,-·? 

'...) .~ 

I 

i 

I 
I 

~I 
I 

I 
I 
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I 
I 
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I 
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I 
I 
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Figure 3. Legendre pol;Ybomial fit to the reduced data points. :Five 

terms were considered justified according to the criterion 

given in the text. The function giving the solid curve is 

the factor that is divided by in order to time normalize 

Qeff' the measured.effective cross section . 



-230-

'-, 

7 I 
I 

i 
i 

0 I 

6 ~I 
' ' i 
I 

! 

5 
+j 

I 
I 

0 I 0 I 

4 I 
I 

0 I . Do 0 

1 
0 

3 I 
I 
l .... 

a:: 'Q; 
2 0 

i 
I 

I . I 
I 

I 
I 

0 I 
0 I 

I 
I 

CJ 0 
I 

-I I 
I 

0 I 

-2 I 
0 30 60 90 120 150 180 l 

t 1 
i 

. XBL 7010-6783 . ·I 
Figure 3 I 

I 

I 
I 



-231-

points at a rarticular velocity becomes small with respect to the absolute 

values of the data 
R 

points .. Thus the Qeff values diverge and the procedure 

breaks down. It is unfortunate that we have not yet succeeded in the extrac-

tion of meaningful results from data with a signal to noise ratio of zero. 

This procedure becomes dangerous to use under two conditions: when the 

number of terms in the Legendre polynomial expansion becomes comparable to 

the number of data points and when many measurements of each data point 

have not been made at scattered times. ·By testing the significance of each 

term in the expansion, one has a safeguard against achieving a fit that 

passes through all the data points thereby removing not only all scatter 

in the data but also all reliable information. Another check that will 

:10.rther substantiate our belief that we have not over-corrected for the time 

variation in the data will be discussed in the next section. In order to 

avoid the second danger, repeated scans through the selected velocities are 

made in varying sequence; the experiment shown in Fig. 3 repre.sent.:::; At 

least five measurements at the majority of the points and up to twice 

that many at the nosiest points which lie at the· edges of the Tl velocity 

distribution. 

c. Calculation of most reliable values and estimated standard 

deviations of Q ff 

The weighted mean (denoted by Q for the remainder of this chapter) 

of the final values of Q~ff (the time normalized effective cross sections) 

calculated from Eq. (14) where the final values of a T (the estimated un-
T . Q . 

certaintieo of Qeff) have been used are the most reliable values that 

may be extracted from the data. Two methods may be used to estimate the 

stand1:1rd deviations of Q: direct calculation fr~m the deviations of the 
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T 
experimental points, Qeff' from Q and calculation by E.rror propagation 

theory from the original data. Direct calculation gives crD from 

N 1/2 

2: (Q~ffj - Q)2 

aD = ( 
j=l ) (20) 

N-1 

while treatment by error propagation results in crE expressed by 

(21) 

where the cr T values are the final calculCJted unc..:ertainties of the time 
0 

normalized data points; see Eq. (18) for the calculation of these values. 

These two estimates of the standard deviations of the averages should be 

mutually consistent. If crD were found to be consistently significantly 

smaller than crE' it. would indicate that the time rtorma liza t ion might hci v·e 

been more closely fit to the data than was st~tistically warrented. 

Figure 4 shows the fina 1 results for the da tCJ in dueled in Fig. 3 . The 

two standard deviations are of comparable magnitudes and neither seems to 

consistently dominate the other. Calculations have been made replacing the 

5% probability cutoff in the ti.me normalization by 5afo. In this case nine 

terms were included, and it could be discerned that, for the points most 

heavily weighted in the time normalization, crE was cons.istently lCJrger Lhan 

crD. However, it should be emphasfzed that the magnitudes of the resultant 
I 

values of Q showed only very slight differences from those shown in Fig. 4. 

D. Results and Discussion 

Studies of two Tl lines have been concluded. No indication of the 
0 

velocity dependence of the 2826A Tl fluorescence could be extracted be-

cause the modulated background photon signal was too· large. The inter-

ference filter transmitted too great a fraction of the fluorescence of 

•'. ·, 'l 

I 
! -, 
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Figure 4. Final results from one experimental run. The circles indicate 

the individual time normalized data points. The diamonds give 

the calculated means. Two error bars .a re shown for each mean: 

the left ones give Q ± .. aE while the ones on the right show 

Q ± aD. 
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the metastable mercury atoms. The values of Qeff before time normalization 

do indicate, however, that th.ere is a positive Tl fluorescence signal and 

further studies with jmproved wavelength resolution a·re contemplated. 
0 

Re~ults have bee·n obtained for the 5350A Tl fluorescence, end t:riu3 -;-,[,::

effective cross section for the formation of Tl 7s 
2s

1
; 2 level is obtained. 

Figure 5 presents the velocity dependence of this cross section. It is 

clear that the cross section decreases rapidly with relative velocity and 

that the measured values·;· of the cross section are fit well by a curve 

proportional to the inverse of the square of the relative velocity. 

A curve fit to the derived values of Q is being integrated over the 

experimental distribution of relative velocities by another member of this 

research group. Final integrated curves are not yet. available, but pre-

liminary results indicate that the averaging process has very little 

-1 
effect, at least for cross sections that decrease as V . 

-2 The significance of the possible V dependence will not be discussed 

here. A comprehensive discussion will await the results of further 

* experiments on the Tl-Hg system as well as other collision partners. 
0 

The 5350A Tl line is due to emission from Tl 7s 2s1; 2 (see Fig. 1). 

The energy discrepancy between this level and the two metastable mercury 

levels is so great that it very likely that direct excitation is negligible 

compared to excitation by cascade radiation from higher Tl levels. Since 

Hg 3P2 is the most prevalent metastable level (see Chapter VI) and since 

there are Tl levels closer to this level than to Hg 3P 
0

, it is also very 

probable that the 3P0 level contributes only slightly to the effective 

2 
total cross. section for the collisional excitation of the Tl 7s Si/2 

. level. The four selection rules of Ref. 2a can yield some indication 



of what Tl levels are originally excited. The Wigner spin rule is fulfilled· 

for all of the transitions; therefore this rule is of no help here. The 

2 
first two rules involving the energy discrepancy suggest that the 9s s1; 2 , 

2 .· 2 2 . 
9P P1; 2 , 3; 2 , 8d n3; 2, 5; 2 and 6f F5/ 2, 7; 2 states are perhaps the most 

likely candidates for direct excitation. The initicll resultant electronic 

angular momentum, J, of the collision partners, ·Hg 3P2 and Tl 
2

P112, is 

2 2 2 
P.ither 3/2 or 'J/2; .thus.Tl 9P P)/?' 8d n7/ 2 ,'5/2 and 6f F':>/2 are the 

states in the preceding list of candidates that satisfy the fourth, partial 

~lection rule. 
2 

Since of these four levels only the P
3

/ 2 state can readily 

radiate to the 7s 
2s1; 2 state in a single transiti~n and moreover since 

it has nearly the smallest energy discrepancy, it is likely that this is 

the predominate state directly excited in the collision. However_, signif·i-

2 
cant contributions from other states, especially 9p P112, cannot be 

ruled out. 

'l'he study of the velocity dependence of electronic energy trnnsfer 

bet.wP.en atoms is potentially very interesting. These processes are generally 

. 11 12 believed to be curve crossing phenomena. ' Consequently, collisions 

involving electronic energy transfer may proeeeu Ly· ~ither of two trajectories. 

During the traversal of one of the possible trajectories, the collision 

partners cross to the final surface on the incoming path and. then do not 

recross bn the outgoing leg. 'l'he other trajectory i:::; l!haracterized. by no 

curve crossing on the incoming path and then the transition to the final 

curve takes plaee on the outgoing part of the trajectory. Thus, scattering 

from two potential energy functions occurs simultaneously. Semi-classical 

analysis of systems where similar phenomena occur13 ' 
14 

indicate that if 

both curves give scattering at the same center of mass angle (i.e. i1' the 

·' 

I 
·! 

' 
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Figure 5. Velocity dependence of the effective cross section for 

the f'ormati6n'.·-of Tl 7s 
2s

1
; 2 in collisions with Hg 3P

012 

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 
. 4 . 

value at V = 6xl0 cm/sec. The error bars (Q±crE) give the 

estimated two-thirds confidence limits evaluated by error 

propagation. 
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deflection functions intersect for some value of the orbital angular 

momentum in the partial wave formulation) interference ef°fects can occur. 

The experimentally observable manifestation of this phenomenon should be 

undulations superimposed upon the cross section versus relative velocity 

curve. If these quantum undulations can be resolved, they should yield 

detailed information.concerning the potential surfaces. Such quantum 

effects have been observed in an experimental study of the velocity depen-

. 13 
dence of the total cross section for resonant charge exchange · and have 

. 14 
been predicted theoretically for Penning Ionization. Experiments ::ire 

planned with an improved signal to noise ratio and better velocity resolu-

tion to attempt to observe these features for non-resonant electronic 

* excitation transfer. TheLi +Hg system is the likely candidate for this 

study. 

\ 
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APPENDIX A. CAI.CULATION OF crQ 

The techniques of simple error propagation as presented :i.n Ref. 10 

are used here. 

(JQ 
2 2 2 

0
II:r2 crI 

+ 
0
II + (Al) == 

f II2 IIr2 2 
Qeff 

where I, II and III denote the first, secortl ahd third term~ u.C Ll"~I!' 

right side of Eq. (13). The dist:r:ibution·of many measurements of the 

counts recorded during a certain time interval should be well repre-

sented by the Poisson di(stribution. ·in );~hlis 
2 a [NA-NB] . 

crI2 == [NA + NB + TN . J /. 100 )- crBkG2 (A2) 
· "TN \TN 

is the estimated uncertainty in the counting period 

crBkG gives the expected uncertainty 111 L111: (;elculotcd b:;ickground 

Using 

value. It is approximateJY evaluated by 1; 2 

[ 
~J. (BkGi .~ .. ~~,~Bri ])

2 
] 

crBkG == (A3) 
J-2 

which is simply the calculated standard deviation of the J 

experimental measurements,. BkG., of the background from the 
. l. 

linear, least squares fit. 

approximate analysis: 

2 
[ ~4 . 4 

cr~2] 0
II 2 v ' 

(O}r 2 +v I 2) -2 0 

II
2 == 0 I + ,2 VO 2 g 0 

VO C)ig 
(A4) 

a , is the estimated uncertainty in v ' and :i:s approximet.ely 
VQ Q 

evaluated by 

(A5) 

-· 

,, 



... 

FREQ is the rotational frequency of the rotor and its estimated 

uncertainty of measurement is aFREQ" The uncertainty in the 

factor that converts rotor frequency to v
0

• has been neglected 

because it must be the same for all data points. 

a°lrg represents the expected standard deviation in °Hg and is approxi

mately given by 

a . = 
°lrg 

1.2897 
2 

(A6) 

T is the Hg source temperature and a~ is its expected un

certainty. M is the molecular weight of Hg. 

2 2 2 
a III a Tl aH 

= + g (A7) 
rr? 2 s . 2 

8
Ti Hg 

aTl and a Hg give the estimated uncertainties in the measure-

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 aQ may be derived. 
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