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MOLECULAR BEAM KINETICS
ShenfMaw Lin
Inorgéhic Materials Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry; University of Callfornla,
Berkeley, California

ABSTRACT
VA.crossed moleeu1§f beam apparatus has been constructed to measure
angularbdistributions of reectively scatteredvproducts'of Group ITA
aikaline earth metals by employihg an electron—impactfibnizer-massfilter
detector.' PfodﬁCt eenter-of—mass (CM) . recoill energy and angular

distributions have been fit to the measured laboratory (LAB) angular

 distributions by averaging over the measured (non-thermal) beam speed

distributions.v'Studies have been ﬁade of the reactions of Ba, Sr, Ca,

55 CL,, CH3I, CH212, cc1,, CHNO,, and

C 013N02 These reaetions have been found to spah a wide range of

chemical behavior; in the CM coordinate system,vthey vary from forward

and Mg with Br CF3I, (CH

3)2

29 vlz’ CH2I2’ C Cl3N02, and (CH3)2 CHNO2 to backward

scattering for CH3I, with intermediate behavior for C C14 and CF3I

For the halogen reactions, there is no indication of a dihalide

scattering for Br;

product (MeXz) and the fraction of the product scattered into the
forward CM hemisphere increases in the sequence: Mg, Ca, Sr, Ba. The

similarity to the alkali atom reactions is most pronounced for the Ba

atom reactions and least pronounced for the Mg atom reactions. In

this work, not all of the alkaline earth atoms have been observed to

react with the six organic compounds studied here; for Mg, no product
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has been found. Of the six organic reactants, measurements of product
1, CH ~1'2, and C Cl

37 &

with alkali atoms have been made; similarities and differences between

LAB angular distributions for the reactions of CH

the present resultsjand'ﬁeatures of the reactibns of alkali atoms are
discussed.
A comparison is presented between traﬁsitiph probabilities for

photodiséoéiation;of HI and of Nal obtaiﬁed by two methods: (1) by

exact numerical evaluation of the Ffanck—CondQn overlap iﬁtegrals and .

(2) by:the "delta éppréximation" wherein the vibrafionai Qavefunction
of the'bound sfate is reflected onto the cqntinuum.state pbtential.
>Bo£h;methods were'uSédvto~consfract the repulsivé_potentials from the
observed contingous spectra in the two moleéules; for both molecules,

~ the délca approxim;tioh provided estimatés fétential energies which
were Significantiy Io&er than those obtained from the é#act Franck-
Condon'Calculationé;énd f-ceﬁtroid aﬁalysis indicates that the Franck-

Condon pfinciple‘is'a good approximation.



1. INTRODUCTION

~The ideal exoeriméntai approach to dynamic problems in a chemical
or ph?sical syéﬁem conSists in probing the molecular, of microscopic?
picturo rather than the ﬁacfoscopio ensemble ;n which a loss of detailed
information is entailed doe’to statistical averaging effécts. The
technique oflcrossed molecolaf'beam experimeots offers the chemists a
unique opportunity fo achieVe‘tﬁis ultimate goal. Although there are
certain practical problems 1imiting the choice of feasible experiments,
some potential,advantages of employing a suitable crossed beam
arrangement.are selection of a specified translational and internal
energy stgte for the reaotants; identification of product energy states
and recoil directioﬁs which are not masked by any subsequent collisions;
and direct location of threshold energy for chemical reactions and
other collision dynamics{ |

Thevobservatioﬁ of fhe‘shattering of molecular Bea@s by gases was
first demonstrated by Dunoyer1 in 1911. 1In the 1920's beams were used
to Ve%ify kinetic theory of gases in a number of semiquantitative
measuremenfs.2 Concurrently, Gerlachvand étern3 observed the quantiza-
tion of angulaf;momeofﬁm_by deflection in an inhomogeneous magnetic
field. This led to the growth of magnetic (and later electric):resonahcev
spectroscopy whereby_many properties of atoﬁs and molecules wero
ﬁeasured as a result of theif deflection in inhomogeneous magnotic and
eléétric fields. 'The psefulness and versatility of these powerfol
beam methods for the elucidation of atomic and molecular stfucture

have been extensiveiy discussed in Ramsey's manuscript.4



The SCatteting'prbéésses that take placevih ¢r633éd molecular beams
may be‘generally dividgdvinto three catégofieé: "elastic, ihelastic aﬁd.
réactive scatteripg; In ﬁhe process of elastic scatteriﬁg neither change of
internélvqﬁantumisﬁate of gdllision'particieé nor chemiéal.rearrangement
occurs. The ihteraéting force that dominates thevdynamics of such a |
collision cah bé determined from measurements ofvangdiar'distribution
of elastic scattering of a non—reaétive Systém;s Invaddition,'fhe
élastic.scattering from a cheﬁically reacti#e.System also provides
indirect information ébqut the reaction probébility as a functioﬁ of
collision impact parameter;6 On the Other_hand,-inelaStic scattering
is chafacfeFized by a chaqge of the infernai Quantuﬁ-states of the’col-
lisionvpartLers during the-bériod of interaction. Ianrinciple, the.
collisiopal»e%change of enérgy among electronic, vibrational, rotational,
and'translationa1 energy is ppsSible;‘thus, compared to elastic scat-b
terihg, a ﬁﬁch-more ébmpliqéted and diverse situatioﬁ'éXists.7

A collision proceés_that:involveé a chemicalvchaﬁgg,is defined aé
reactivé.scatteripg. One of the first successful beam experiments was
.‘éarfied out BvaullvaﬁdlMoonB in 1954. 1In 1955, Taylor and Datz9
developed a two fiiamént‘surface ionization detecpbr.whicﬁ provided 
differential detecfion»of bqth scattered alkali atoms and alkali‘halides ‘
produced by'crossihg beams of K + HBf. 'Followingvthis'discovéry, Y
“extensive iﬁvestigationg of fhé dynamics of alkali reactioﬁs have been -
successfully buféﬁed fdr;tﬁe past éighteen yéars.lo :Inébrﬁatioh oﬁ
“the dynamics of a chémical reaction in crossed molecular beaﬁ experi-A

ments 1is iﬁ principle derived from measurements of both angulér‘and
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‘beams have received a great impetus recently.

kinetic energy distributions of reaction products. Measurement of
angular distribution provides information on the reaction cross section
which is closely related to the traditional macroscopic rate constant

and the lifetime of .the collision complex; On the otherbhand, the

-partitioniﬁg of the available reaction energy between internal ahd

external degrees of freedom in the products can be evaluated from a

measurement of the spectrum of product kinetic energy. Even in

" experiments which méasuré only the product angular distribution in the

laboratory coordinate system (LAB), however, energy disposal in the
products ﬁay also beneétimatedvfrom the traﬁsformation of the LAB
angular distribution intb the center—of-mass coordinate system (CM).ll
Ccosséd moleculafibeam studies of reaétive scattering of both
ionic and pedtral sbecies have'de§eloped very répidly‘in the past few
years. Two main thrusts have become apparent in the‘évolution of this

field. One is dedicated toWards diversification of the various types

of chemical reactions studied and the other seeks a greater apparatus

.sophistication‘so,as to be able to measure cross sections for a few

'reactions as fuhctions of quantum states of both reactants and products.

With the improved technical development of the nozzle beam source and the

universal detecting system employing electron-impact ionization, investi-

- gations of the collision dynaﬁics of neutral speciés in crossed molecular

12,13 Results presented

here from chapters II td IV extend investigations of feactive.séattering '
on crossed beam experiments to the Group TIA alkaline earth atom

reactions, Emp]oying two beams with full velocity distributioné, the



producf_angular distributions are measured and nominal values.of tﬁe
product transiational recoil energies are extracted.

vChapter \Y deéls with theoreticéi célcﬁlations of‘transition .
»probabilities for phqtbdissoéiation of a diatomic molecule from its
ground electroﬁic stéte inté'excited continuum statéé-whose wavefhnctions
are obtained from one—dimensional box (enefgy) normalization. Results
ére compared with continuous spectra measured experimentally and potential
curves of continuum sfates of HI and Nal molecules are'eitracted by
means Of a trial and error methodf Comménts on traditional delta-
'approximation treatmentslavwhich simply reflecf the ground state

vibrational probability deﬁsity function to the corresponding turning

point of upper continuum state are also given.



REFERENCES

1. L. Dunoyer, Radium, Paris. 8, 142 (1911).

‘2. (a) M..Born; Z. Phys. 21, 578 (1920). (b) F. Knauer and O. Stern,
z. Phys. 39, 764 (1926); 53, 766 (1929). |

3. W. Gerlach ahq‘0{3sfern, z. Phys. 9, 349 (1922).

4. N. F. Raméey,,Molecular Beams. (Oxfofd University Press, London,

1963).

5. (a) H. Pauly and J. P. Toenniés, Methods of.Experiméntal Physics.

VII A. Atomic Interactions. p 227. (Aéademic Press, N.Y. 1968).

(b);R. B. Bérnstein,aﬂd J. T. Muckerman, Advances in Chemical

- Physics. XII. Intermolecular Forces. p 389. (Interscience

Publishers, N.Y. 1967).

6. (a) J.'Ross and E. F.vGreene,‘Proceedingé of the International

School of Physics. Course 44. Molecular Beams and Reaction

Kinetics. p 87. (Academic Press, N.Y. 1970). \v'

(b) E. F. Greene, A. L. Moursund, and J. Ross, Advances in Chemical

~ Physics. X. Molecular Beams. p 135. (Interscience, N.Y. 1966).

"(¢) F. T. Smith, R. P. Marchi, and K. G. Dedrick, Phys. Rev. 150,
79 (1966).

7. (a) R. B. BernStein, Froceedings,of the Conference on Potential

Energy Surfaces in Chemistry. Santa Cruz. p 27. (IBM Research
Laboratory, San Jose, RA 18, No. 14748, 1970).
(b) see Ref. 6-(a). R. J. Cross Jr., p 50.

8. T. H. Bull and P. B. Moon, Disc. Far. Soc. 17, 54 (1954).



9.

10.

11.

12.

13.

14.

E. H. Taylor and S. Datz, J. Chem. Phys. 23, 67 (1955).

~(a) For a review, see F. Westley, Rates of Reactions of Alkali

Metéls with Halogens in Gas Phases. NBS66 (1970).

(b) see Ref. 6-(b). D. R. Herschbach, ) 319,

(a) D. D. Parrish, Ph. D. thesis, University of California;
Berkeiey. (1970). |

(b) E. A. Ehtemaﬁn, th D. thésis, HarvardvUnivgrsity, Caﬁbridge,

Mass. (1967)Q

~ (a) For a review,.see J. L. Kinsey, Intern. Rev. of Science (Phys.

Chem.). vol. 9. Chemical Kinetics. Chapt. 6. Molecular Beam
Kinetics. (J. C. Polanyi, Ed., Med. Téch. Publisher, 1972); énd
réferencesvgifed therein.

(b) see Ref. 7—(a); D. R. Herschbach, p 44. _

T. J. Odiorne, P. R. Brooks, and J. V. Kasper, J. Chem. Phys. 55,
1980. (1971). |

(a) J. F. Ogiivie,-Traﬁ. Far. Soc. 67, 2205 (1971).

(b) H. G. Hanson, J. Chem. Phys. 23, 1391 (1955).

(c) G.vHerzberg, Mo1ecu1ar Spectra and Molecular Structure. I.

Spectra of Diatomic Molecules. p 391. (Van Nostrand, Princeton,
1950).
(d) A. S. Coolidge, H. M. James, and R. D. Present, J. Chem. Phys.

4, 193 (1936).



‘II. APPARATUS FOR CROSSED MOLECULAR-BEAM STUDIES

A. Introduction

The crossedvbeam”aoparatus used in this study'coﬁsists of three
distiﬁct chambers, each with its own high véCuum pumping system. The

first chamber is differentialiy pumped by a combination of a 150 1/s

~ion pump on the top‘andva 11 1/s ion pump at the bottom; each'ion'pump

is assisted by a liquid-nitrogenACOoled titanium sublimator unit. This
chamber is furthér'divided into 3 sub-chambers; the Secoh& sub-chamber

coﬁtains most of the esSehtial partsIOf the detector: an electron-impact

- jonizer, quadrupole mass filter and electron multiplier. This entire

deteotion chamber may be rotated through é large rangé of angles with
respect to the statiooafflovens, thereby making possiblo the measuremont
of the in;plane ahgolar‘distrioutions of scattered species. Another
chamber oouses the high"temperature oven'whioh produces a beam of
alkaline oartﬁ étoms.:.THis,beam is.admitted to the collision chambef ;
through é'collimating olittand is'intersected pefpendicularly at the

center-of-rotation (COR) by a second gas beam which is formed in the

‘collision chamber.  Although it may be less sensitive, this apparatus is

someﬁhat similar tootﬁe onivefsal detector molecular Beam apparatus
described in Ref.~l;.,‘
. v : , _
The design of:thisfapparatus was guided by three considerations.
In ordér to maximiéé thebscatteréd ihtensity, the apparatus was designed
50 a8 to minimizo dispuncog between the oven slits and the COR and also

the distance between the COR and the detector without the sao:ifice of an .

ultimate scanvregioh of the detector. On the other hand, since the



molecular beam experimenfs;are "not all.é»mattéf of<intehsity," the
‘technique §f beam modulation and phase-sensitive detectiqn is ptpvided
to allow the discrimination against background.. As a seéoﬁd consideratién
it was.desigﬁed tQAavdid the so-called viewing faCtorg by insuring that
the detector could See the entire collision zone at vérious‘scan angles.
With theSe desigh vohsidetatioﬁs in mind, the defining slits associated
with each oven and the deteétor werevcarefully choseﬁ, Finally, the
achievement of a flexibility to allow for future modification or
substitution of components was also considered.

Figure lvshows the-génetal schematic of apparatus coﬁfiguration.‘
The deséription of the appqratus presented here will.cohcentrate on
the features of the two Beam sources and the vacuum chémbers housing
them. A detailed disqussion of the detection chamber and its associated
components 1is given inARef; 3. Lists of the mechanical and electrical
drawings for thiS'appéfaﬁus; withvthe excéptioﬁ of those pertaining to

the detector, are given in Appendix A and ﬁ resﬁectively.

B. Vacuum System

.To énsufe that the molecules in the beams suffér ﬁo collision with'
the ambient.baékgrdund gas, a sufficiently low bressu;é is required; it
is provided by théﬁhigh ﬁumping speed of oil diffusion pump énd,liquid:
nitrogen cold trap. Héﬁever, because of the excéss residual gas
fesulting from-housing the.gas.source oven in the collision chémber,_ﬁhe
studies reported in this fhesig have been limited to reacfions with

gases which are elther condensable or moderately condensable at liquid

>



m
Y,
Y
o
1%
o

F R

Ly e
ey o

Titanium
Filament

~N
N

N\
Cold Shueld N\
8° FWHhﬂ-‘// \ 4

( : Isolation

‘ Gate Valve: Beam Flag /

Mechanical
Chopper

/@ High Té_mperoture

Oven

Cross Bea\m
Qven

/

. :"To_' To
" Collision Chamber . " Oven Chamber |
“Pumping System , Pumping System

XBL 721-5921

"Fig. 1. Schematlc dlagram of . experimental arrangement as viewed from :
“above. The reactant beams, which cross at an angle of 90°, effuse
from the ovens ‘located in separate chambers. The detector,
mounted on a platform indicated by the dashed circle, can be
scanned from —20° to +120° with respect to the stationary alkaline
earth beam.
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’ﬁitrogén temperature;' Figure 2 shows a biock_diagfam of éll pumping
components aséociated with each vacuum chambef; notice that the detection
chamber, which is mounted by means of a rot#tablé seal'bh_the top of
collision chamber with its bottom half'éxfending'intovthg collision
chamber, is also shown in the figure. |

1. Vacuum Chambérs

The collision‘chamﬂer and the high_tembefature oven chamber were
constructed as largé fectaﬁgﬁlar'boxeé with sizes 70 cm X 45 cm X 72 cm
and 69 cm X 42 cm X 64 cm réspectively;' The main.bodies of both vacuum
chambers consist of fiat-top and bottom plates connected by vertical
suppbrts at each corher} they:were fabriéated from an aiuminum allpy
(Alcoa—6061),‘using wéldéd construction througﬁout. Tﬁree side walls:..
on each éhamber were-fébricated"from.the same aluminum alloy plates.
These walls are 1-97cm thick‘and are bolted onto the»éhambers by meéns'
of bolt holes drilledvéndftaﬁﬁed-directly into the frémeé_of each
chamber. Tﬁe two.chamtefs are.joined By meéns_of‘a coppér pértitionv
witﬁ a sméll rectangular hole (140'cm x 0.6 gm) thrbugh which the
alkaliné eafthvbeamgpasses. The-advantéges of this comstruction meﬁhpd'
are pointed oﬁt in Ref..Z. Thus, removal of any side wallvprovides é
_largevOpeﬁihgvand convenient access into thé’chambers; the walls them- -
selves are relati?ely inexpensive to fabriéate and furnish flat sur-
faces fof mpunting accessory compohénts by meané éfrbolt Héies tapped
directly inté the waiisb The detection.cﬁamber, which.was fabricéted -
from #304 stginless.s;eel and supported by a Kaydoﬁvlﬁ in. diameter

bearing (KC 120 x P) Which'seated.iﬁ é_counter—bored hole in the top
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of the collision chamber, may be rotated from outside the chamber while
maintaining high vacuum inside.

2. Pumps and Cold Traps. .

Eéch éhamber is pumped by a Consolidated'Vacuum Cbrporation PﬁC—lOC,
10 in; oil diffuéion’pump with nominal'pumping speed for air of 4300 1/s;
these pumps aré mounted beneath the chambers. Dow Cérning DC704 silicone
fluid is used as pump oiig tﬁis fluid has the characteristics of low
ultimate pressure and high resistance to decomposition. Two aluminum :
tanks with cafacities of 21 liters and 17 lifers are housed inside of
the collision qhamber énd the high temperature oven chamber respectively
to serve as liquid nitrogen reservoirs. Each tank covers the entire
bottom of the chamber, except for a 10 in. diamefer hole'through.each
tank which is immediately above the diffﬁsion pump dpening. A diffuéion
pump baffle was ﬁolted.onto each of these holes;.thesé baffles were |
designed to prevent the backstreaming of pump_dil_into the chamber,'at “
the sacrifice of about 50% of ;he diffusion‘pump speed. Copper boxeé
with removable walls, which_were nickel plated, were firm}y bolped to
each aluminum'téﬁk. Clearénces of ~ 1.5 cm were provided between the
fnner wallg of the vacuum chambers and.the outer walla o% thesge Coppef
boxes, -so that eaéhvvacﬁum chamber enclosed an inner chamber which was
effectively cooledvby»liﬁuid nitrogen, thereby providing extensive
cryogenic pumping fof condeﬁsable vapors. These aluminum tanks are
supported b& thin stainiess steél straps, so as to thermally isolate
them from the outer Qaéﬁum chambers.' A standard 1 in. sﬁedgelock fitting

is used to couple a liquid nitrogen filling tube to each aluminum
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reservoir. They are filled autdmatically'by means of a thermostat
interlocked witHAa solénqid valve equipped on a preésurized dewar.

A Kinney KC-15 double-stage mechénical pump served as the forepump.fqr
the collision chamber. Realizing that the halogen molecules and other
highly reactive gases employed as beam ﬁaterial_ﬁlthese studies may
attack the mechanical pump, a liquid nitrogén cqid trap was iInserted
between the diffusion»pump and the forepump; it was periodically cleaned,
while the.diffusion pump was 1idle.

As it was originally designed as an F-Atom sourcé éhamber, an extra
baffle which would contain hot sodium chlofide crystal was also inserted
bétween the ﬁigh.témperature oven chamBer'and ité diffusion pump; this
baffle was ﬁo con?ert the very destructive F2 gas into Cl2 gas so as to
minimize,thebdamage to the pump. This baffle has remained in the system
without the hot sodium chloride crystal for the experiments reported
in this thesis. A_Kihney KDH-80 siﬁgleéstage mechanical pump served as
the forepump for thisvﬁighftemperature oven chamber. Here again, the
mechanical pump was pfotected by a liquid nitrogen cold trap, which
was periodically.cleaned;

The early attémﬁts to study alkalinebearth reactions failed,
because of the existen¢ebof‘a high background noise level extending
over a broad massvrange; it seemed likely that this was mainly due to
residual gases (notably diffusion pump oil) which entered the detection
chambervwhen the machine was éllowed_to warm up. Accordingly, a
Consolidated Corporation BCN-101B, 10 in. liquid nitrogen cooled baffle,

was then placed above the diffusion pump in the collision chamber and
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a small motor-driven gate&alve was also added to méké poésiblé isolation
of the detectionvchamber when experiments weré not in brogress. ‘This -
resulted in a very significant reduction of the bapkgroﬁnd mass spectrum
and made possibié the experiments reborted in this thesis.

3.  Pressure Gauges

The Hastings thermocouple vaéuumvgaﬁges are ﬁsed independently to
.monitor the pressures in the forepump systems for each chamber; they
control the interlocks which in turn shut off the diffusion pump power
whenever the pressure exceeds a preset value and reset themseives to turn
the power on once the pressure sufficiently decredses. The diffusion
pump power is also intérlocked to the,cdoling water flow rate and to ther
pump temper;ture. The pressure in each chamber is monitored by Veeco
RG—75 ionization gauges. An ionization gauge switching panel is used
'to read either gaugevwith one power supply; a vacuum relay is also
provided to automatically turn off the power supply'of the detector'
electronics if the pressure in the collision chamber dréstically
increases.

| The preésure pbserved in these chambers was tyﬁically maintained
“at 1-2 X 10"6 torr in the collision chambér and in the ﬁigh temperatufe
oven chamber and‘at ~ 20X 16—8 torr in the detection chamber while
running an expériment. After an initial outgassing period, much lower
pressures (by a factor of ~ 10) could be achieved in the.absence of
molécular beams.

The power supply for_the Hastings gauges, the ion gauges, .the

diffusion pump interlocks and the automatic liquid nitrogen filling

~
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system‘were all designed and constructed by the Lawrence Berkeley

Laboratbry.

4. Vacuum Seals and Connections

Rectangular rubber_géskets are used to seal all side flanges of
eachvchember; while rubber O-rings and Viton O-rings in grooves of
standard‘LBL dimensions'are‘used in other static seals. The moveable
seal for. the 12 iﬁ.rdiemeter rotating 1id to which the detection
chember.wes welded is provided b& a double O-ring grooves with a pump-
out ring.between.the grooves; however, this pump out provision‘was'not
necessar& during the exbeﬁiments‘reported here."Ail.gaskets and
O-rings are greased lightly with Apiezon L and N vacﬁﬁm grease except
those on the’ rotating seal where Dow Corning 33, a medium con31stency,
heat stable low temperature silicone grease is used because of its
lower viscosity. |

Electrical feed—throughs to these two source chambers are all made

by either (1) drilling holes in epoxy plugs, threading a bare wire

through the hole and sealing with epoxy, or (2) using stupakoff kovar-

- glass seals. Inside the vacuum chambers, connections for the cooling

water lines and 1iquid'nitrogen system were made of swedgelock fittings; -
although no trouble has been encountered with water lines, relatively
rare (~ a few a year)'leakes have developed in the liquid nitrogen

systems.
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C. Beam Sources

In constrast to alkéli metals, there is negligible»équilibrium
.concentration of alkaline earth‘dimers4 ihtie~vapor.phase at the tempera—l
tures and pressurgs'empléyed here. Thus a standard double chambervoven2
commonly used for producing alkali atom beams is not necessary fér the
alkaline earth beams. - The block diagram shown in Fig;v3 illustrates
the general schematic: for the oven syétem and its pqﬁer supplies.

1. High Temperature Oven

The alkaline earth beam is produced by a direct resistance-heated
oven. 'Therebare certaiﬁ édvantages in favor of this ﬁype of oven.
First,'becausé it can sustain high power inpuf, a véry'high operating
temperature can be reached within a short period of time so that a
steady beam can bevimmgdiately achieved. Second, it can be designed
and‘constructed easily to hold a relativeiy large quaﬁtity of alkaliﬂe
~earths at each loading, thereby reducing the frequency of oven recharges
(a time consuming procedure). A third advantage is that it tfpically
provides a more reliable performance than wire-wound oven becausevthe
éommonly used tantalum heating wire usually becomes brittle after |
repéatedly heatings at highvtemperature.

The'gven is made of two stainless steel cylinders; the smaller
cylinder, which is charged with the alkaiine earths, has a capacity of
~ 65 cm3,‘while the 1arger cylinder, enclosing the fofmér, has a thin
wall of 0.04 cm and is 16.4 cm long X 3.8 cm 0.D. Eleéfrical inSulation"
between the Ilnner ahd outer cylinders 1s provided by.ceramic spaders; ”

The oven is heated by passing an AC current of ~ 400 amperes at ~ 3 volts
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Fig. 3. Block diagram of oven system and its power supplies.
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through tﬁe outer cylinder whose resistence at room tembefature is
2.5 x 10—3 ohm, for'a.temperatufe of approximéte1y~10006K and the inner
cvlinder attains the same temperature by radiant heating; it took about
10 minqtes to registef;a steady temperature when thé'oVen‘was previoﬁsly ' \
heéted to a temberature'typically ~ 200°K beéelow the operaﬁing tempéra— |
ture. The power suppi&_fér this oven waé COnétructed by the Lawrence
Berkeley Labofatory to'give a maximum output of 600 émperes and 10 volts.
A chtomel?alhmel thermpcouﬁle is used to monitor the oven temperature.
In constrast to the,molybdenum oﬁen emplojed in Ref. 5,'the stainless
steel oven used here‘was.relatively eésy to fabricate; no evidence has
been found thus‘far that alkaline earth atoms attack stainless steel
at the temperatures employed. Moreover, this oven has a much bigger ca-
' pacity§ it makes'possible opératidn for ~ 80 hours at ~ 0.3 = ~ 0.5 torr
after each 1oading. An attempt to use a graphite oven in éarly studigs
failed because ofvthe:poor strength 6f the graphite thin wall (~ 0.12 cm).

v In order to reach the desired high temperature, thé outer cylinder
was polishedltb reduce ifs emissivity and several layers of stainless
steel foil werévﬁsed-to éurround the entire oven és heat shields to
further reduce heat 1¢sé thrbugh radiation. An improveﬁent‘was found
when carbon cloth waé‘inSefted between each léyer of stainless steel v )
foil.

The oven CUrreﬁt is‘supp1ied by water—éédled coppef blocké which : : N

secﬁre the outer‘éylinder at the top and bottom. The oven is firmly
tighted to the top copper block, but is not bolted to the lower Blbck_

80 as to avoid possible strains due to thermal exﬁansion. Good electrical
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contact with the botfom copper block is achieved by aliowing the bottom‘
of thé_oyeﬁ to-"fléat in a pool" of indiuﬁ metal which is contalned in
a hoie in the bottom'cbpper'block. No evidence for Vaporization of
this indium "s&lder" has been Qbserved. Figure 4 shows fhe oven
assembly and.ité elemenfé.i The position of'the'oven‘slit is guided by
a ceramic wafer. 'Thé iﬁner énd outervéylindérs areveieétrically insulated
by ceramic guideé as well. | |
Typical operating temperatures ranged from 820°K for Mg to 1060°K
fpr Ba, corresponding'co:a source pressure of ~ 0.3 torr in both cases,
as interpoiatéd from‘thé tabuiated values given in Ref. 6. These beams
are produced from a knife—edge'slit whose width 1is compafable to the
mean.free path wighin-thevsource and thus considered to be characterized
by fhe‘moieculér_effusion,7_ Thé actual beam velocity distribution has
been measured for Ba and is discussed in a later sectionm.
A col1imatoerf adjﬁstablevsiit.width mounted on the ﬁop copper
bloék providés»éollimation for the beam; it ié Separately heated by a
0.0ZQ in. tantalum wire strung with ceramic beads and wqund through
holes in the'ébllimato: plate from a 110 v AC variac to a temperature
typiéallyb505K‘higher thaﬁ oven tgmperature.v Avsolénoid cohtrolledv
beam flag, used to intercept the beam path, is mounfed on the copper
partitioh betwegn #wo‘chambers: the coilision chémbef and the high

. temperature oven chamber.

2. Gas Source Oven
The gas source oven was designed as a two-chamber oven so as to

permit the use of beam materials with vapor pressure less than 1 torr
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Fig. 4;1 ComponentSjbffhigh temperature oven and its'aSQembly.

A. Water—codled'hlgh current low voltage terminals. These are
' fabricated from copper plates, the top c0pper block is used
to support the entire oven
Stainless steel alkaline earth crucible _
Stainless steel direct resistance-heated oven
Quartz .- '
Carbon cloth
Stainless steel foil :
Indium pool for electrical contact

. c .

OmmUoaoaow



o -21-

./ -
2= :
/1

XBL 727-648!

Fig. 4.



-22-

at robm,temperatufgi- However,.alljexperiﬁEnts were ébnduétéd with
Secondary'beam'qf ﬁaféfiais_with a VaporvpféSSure exéééding 1 torr at
room temperaturé éd.that:the vapors were prepafed-dh an. external gas
line at the desiréd.p:essufe. In thié casé, fhe gas‘waé admifted~to
the lowe; oveh chamber‘througﬁba staiﬁléss tube;.and botb oven chémbgrs'
were maintainea at the Same féﬁéératuré{' The desired pressure of a
cfossed beam gés, typiqaily a$6u£ 3 torr; is prepared on the extefnal
vacuum line by eithef using a barosﬁat temperature bath or a slush bath
if it is in the lidpid phase at foom teméerafure or by meanskbf a |
Cranville—?hillips Qa?iable iéak valveiin the case that the substance is
gaseous at'roo@ temﬁerature. The slush bath is prepared:by slowly
éddithliquid nitrégen'to-a dewar,:inrwhich the proper organic éolveﬁt
was. previously added, while constantly stirring untilithé consistancy of .
a thick malted milk is aéhieved;’ Appendix C lists the organic sdlvents
used in the siuéh'béthffér various rangés_of temperatufes.v The barostat
temperétufe batﬁ is simpiy a mixture of acetone and dry ice. Tﬁe desiréd
vépor pressure is achieyed by plaéing the‘sample inva 1hner flaék, ﬁiﬁding
this fiaék witﬁ heafing"wires, and isolafing'the.héating wires from
thé acefbne—dry iéé mixture b& ﬁeans of a concentric'outer flask; The
"pressure of the crésséd beam gas was measured by'meéns of a Datam;trics‘
manometer at.the exterﬁél:gaé 1line. o

The oven, madé,of_stainléss steel, is equipped with a multiehénﬁel.'
source_ar:ay. :The o&énrconétruqtioq_ié similaf tp,fhe doﬁble chamber'
oven used in producing thevLi éfom beam in Ref. 2. The'standar&.‘ |

"crinkly foil" hahy channel array was constructed by alternatively_'A



stacking lsyers.of fletfend 0.01 cmrwide corrugated stsiniess steel
foil-(0;0025 cm foilpthickness). hThe tno.chamber oven is heated by
0.020 in, tantaium_wires strung‘with ceramic beads and wound thrcugh :
holes in the oven; thefnires‘srevenergized byvlio v AC veriac. ‘The
vtemperatnres'of the'twe chambers were measured with chromel—alumel
_thermocouples and typicaily maintained at 340°K and'3ZQ°K in'the npper
and lqﬁer'chambers'respectively.

A mechanical chcpper which is partiticned‘between the oven siit
and the collimator slit s0 as to’ square-wave modulate the crossed beam.
. The chopper is a three bladed disk and is indirectly ‘driven by a Globe
two phase synchronous—hysteresis ‘motor by means of a pinion gear linkage.
With'this constrdction,{the crossed beam can be modulated at very low
chopping'freduencies, ~ 10 Hz,_so that a lock—in—smplifier with long
time ccnstant_may be used'torimprove the signal-to—ncise ratio. A
l1ght source ‘and a phototransistor are provided to pick off the reference
signal for the PAR HR—8 lock—in—amplifier employed in ‘the detection
system. The chopping-frequency-used in most experlments reported here v
was typlcally maintained at ~ 41 Hz and the crossed beam was 100/ |
chopped at this frequency. ’ | |

The entire oyen is snrronnded by a copper box with an open end
at the'bottom. ;This.bon:is,ccoled by liqdid_nitroéen¢to.condenseithe
crossed beam‘moleculeshWhich are interceptedtby the chopper and.the
'collinator.l In order to maintain theisufficiently'lcw pressure in the

collision chamber, thishcooling system was important.
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D.  Beam Profileé; Véldcity Distributions, and Product Intensities

Tablé I gives the dimensions that characterize the’beaﬁ geometries
and the détectdf resblution. ‘These dimensions were caréfully chosen
so that the Qiewing,factor, which is defined2 as the fraction of the
collisioﬁ zoné_seen by the détectdr at:vériOus'scan'angle,'was essentially
unity at all viewing angles. Theoretiéal viewing factor calculations |
for the apparatus gé@metry employed in these studieé are presented in
Ref. 3; |

‘Thé beam profiles éf 0.9° FWHM and 2.8° FWHM for alkéline earthf 
atdm beam and gas.ﬁeaﬁ‘réspectively,'whiéﬁ are shown on Fig. 1, are
caléuléted from the oven and collimator siit geometries. Ho&ever; two
correc£ibns are of‘important before comparing with experiméntally _
measured beam préfilés. Firsf, the finife width of thé detector has
to'Bg'considered.' Secondi'since the detector is pivoted about the COk;
the beaﬁ profi1es measuréd e#périmentally are referred'tobthis origin
ratherﬂthan'an‘origiﬁ situated at the oven slit. When :heée considera-"'
tions ére included, the resultant beam profiles are 3.2° FWHM for
alkaline earth beam'agd'5.19 FWHM for gas beam. The.measured profiles
at low electron emiééiqn are 3° FWHM and 4° FWHM for the alkaline earth
beam and gas\beaﬁ reépeéfively. The agreement for the aikaiine earth
beam iévfairly good; howevéf, the measured beam profile is narrower -
than the qaiculated,valqe for the gas beam. This.disagfeement isv
likely to be due to'a.nozzle'efféct in the "crinkly foii" multichannel
source array, sinéé'th}s mul tichannel source array may have a certain

collimating effect. It should be remarked that the measurements of
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i ‘Table‘l. ‘Geometry of Beam Alignment”
Elements Height Width Lengthb
High ~ Oven Slit 0.48 0.051 17.1
Temperature _ - -
Oven Collimator . 0.71 0.11 9.5 -
. Gas Oven Slit 0.71 0.16 5.1
Source . ~ . — )
Oven . Collimator 0.71 0.079 2.5
o ~ Front slits, A 0.95 0.206 2.5
Detector ’ : '
' x 0.41 6.3

Reérvslits,'B

0.051

2 Dimension is given in cm.

bLeng‘th is thevdistanée‘measured'from COR.
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beam prdfiles, at ieast'tﬁe gas beam, had to be condupted at low
electron emission3 CS lvma)_to avoid saturation of the lonizer by the
highly intense beam.

Sinée experiments afé carried out by-e@ploying two beams with full
" velocity distributions;lit:shouid be important to.knoy fhe actual beam
velocify diétributioﬁs;' Ipbtheory, moleghleé_which effuse from an |
orifice should suffer no collision after they emerge ffdm fhe oven;

- thus, froﬁ the beaﬁ”éourée‘pressuresVénd slits widths used here, one
might expect that the alkaline earth beam would retain the thermal

_ velocity,distributioh gﬁd'fhe beaﬁ intensity and geometry characteristig
of an effusive soﬁrce.7 bn the other haﬁd, since a "ecrinkly foil"
multichannel source array_is used to produce the gas be;m, it is very .
likely that this gas beém may have a non-thermal distribution under

the experimental conditions. 'Other.workérs8’? have reported a non-
thermal distribution.for a beam source similar to the multichannel
source employed in tﬁis stu&y;  A small, slbttedVCylindrical velocity’_
seiector3 was thus’designéd to measure the. actual beém velbcityv
_diStributions..

Due to the limitation onSpage and 5ackg£ound noise, the>velocity 
distribution of the'alkaiing'earth beam was.measured for Ba atbms only;
a slight deviatioﬁ from a thermal distribution at the 1ow:speed'p6rtion
was observed at the typical operating temperature.1030 ~ 1120°K o
(correépénding‘to‘0.2v4vi;0 torr source pressure). 'A-number of reportslo’ll
" have :31‘10@ a si’m:i.].;j‘r ch'u].t;"it has béen attributed to the cn]]iisi.m.m
within the beam in the jmmcdiate vicinity of the oven slit. .Ve1001ty

measurements for crossed beam were conducted for a number of gases.
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Empirically, these measured number density speed distributions, including

those of the Ba beam, are all fitted by

f(v)

(y—vs)z exp[_(v;vs)Z/QZ];' V> vé: ‘ | M

=0 . vSv
. vy

Here, vy is a flow speedbwhich increases with incréaSing source pressure.
For the gas beam, 0 is the most probable thermal source speed which is

independent of source pressure, i.e., O = (2kT/m)l/2

. Thus, the gas
beam'veiocity distributions maintain the breadth characteristic of a
ﬁhefmal distfibution, but éfe displaced to‘higher speeds ﬁith increasiné
éource‘preSSures. For the Ba beam, hbwéver, o is a function of source
pressure; detailed diécuséion will be found in Ref. 3. Table II lists
the pressure dependenée of flow speed for é number of gésesL

Aithough.the.évefall detector sensifivity is not &ireCtly calcuiable,
it may‘be‘roughiy éalibraced‘by comparing the measured umbra iﬁtensity
of the alkaline earth beém withkthe predictediinteﬁsity éalculated from
molecular effusion. The uﬁbra ﬁa beam ingensity may be evaluated for |
the apparatus geométrflgiven in Table I aé‘~ 6 % 1012.atoms/sec; this

would’cor?espond to a éurfent of ~ 1 ><_10--6 amp if»the 6véra11 detection .
‘gain Weré unity. .Thé measured umbra Ba intensitj is 3 x 10_?.amp at

»2,4 Kv-applied‘to thé.electron multiplier. From the measgured électron
mﬁltiplier‘gain, 1.5'per 100 volts increment'from 2.4 Kv up to 3 Kv,
this is equivaigntvtb };5 ><_10"_.6 amp at 3 Kv where the.éréduct signal_
was ﬁeashred; or an‘overail gainv of 3.5 for the detector. We cah now

proceed to calculate the expected intensity of scattered product BaBr
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TableﬁII.'_Flow speed of gas beam.?

P 0.53

Br _
2 v . '0.56
s : "
P o 0.41
c1 c
2 v ©0.55
s v
P 0.45
C Cl o
4 v 0.71
s 071
P 0.4
CH.T ’ : .
3 v 0.6
S :
, i ~ 0.60
CH.I ,
22 v, 0.67

0.80

0.75

-0.74

1.00

0.72

1.04

1.25

1.25

1.40

1.10

1.60

1.58

1.7

1.54

2.5

1.5

2.50

1.32

13,60

2.00

3.6

1.65

3.50

1.4

%Pressure is given in torr and speed in 100 m/sec.
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from a prototype rééqtioh of Ba + Br,. We know that fot1two gaseous

species with uniform number'densitieé NBa and NBr in an intersection
. ) 5 .

volume V, moving toward each other with relative velcity vr, and with
" reaction cross section Q(vr), the rate of forming reaction product will

béfgiven by -
R o= Ny v V. @

We estimate N. = 1.5_X”1010 cm_3 and N, = 7.7 X 1012 cme'in anv
Ba . _ ‘ o Br2

intersection volume of approximately 0.036 tm?é the relative velbtity
was eétimatédvto be 4.2 Xi104 cm/sec fof»these two beams intersecting
- at 90° and'thevtémperaturgs employed. The reaction cross ééctibn wés
estimated as ~ 150 Az,,as this is the value accepted12 for the analogéus

Na +‘C12-reaction;'itﬁmay be a factor of two too high, as Jonah and

Zare13 repdrted ~'60-A2 for the Ba + Cl2 reaCtion.

Substituting these estimated values into Eq 2, e obtained
~ 2.5 x 10" sec-—1 as ‘the formation rate of BaBr at the COR. As shown

in Fig. 1, the detector is_characterized by the rear slit (slit B)

with a croés_section area 0.021 cmz. All molecules travelling through

the rear slit will reach the ionization zone and be detected; thus, the
detector subtends a solid angle of ~ 5.3 X 10_4 Sr. Assuming an
isotropic scattered BaBr angular distribution, we expect the BaBr signal

at-the detector as to be 2;1;3 x 109 Sec-l. If the detector has the

same overall gain for Ba as well as BaBr, the calculated intensity

-10

would be ~ 7 X 10 ‘ amp,‘in reasonable agreement with the measured

value of ~ 5 x '10—1-0 amp at the peak of measured angular distribution.
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Finally, the potéﬁtial effect §f background scatteriﬁg deserves
somé comments here. jThe_background scattéring has tﬁé iargér effect bn .
the alkaline earth ﬁeam,énd results in an attenuation of the beam |
intenéity as well as é broadening of the beam profile;: In this 1atfer
‘case, the correction for Viéwing factor éould become important.
.Méasurements of the dependende of the Ba beam intensify indicated that
é ~ 7% reduction of beém intensity occurred when tﬁe pressure in the
collision chamber rose from 1 X 10_6vtorr tp 3 x 10—6‘torr; this
attenuation increased to_élmost 307 at 1 % 10*5,tqrf Béckground pressu:é.
These figures éte considetably.higher‘;han the attenuation of the |
alkgliné earth beam by the seéondary gaé beam (typiéally ~ 5%). Except_.
were noted, éll reéctive sc#ttering angﬁlar distrib;tions-ﬁere‘ﬁeasured

for background pressures <1x 10_6 torr so that this pressure attenuation

factor was negligible.
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* APPENDIX A
R o *
"List of Apparatus Mechanical Drawings and LBL Numbers

1. Vacuum chambers

,A.v'Collision chamber

main chamberv o ' | - 12N 2?46
gidé flangesr(Z) o | o o | , 12N 2833
,back'flange o - | | = | ) 1N 2843
liquid n1trogen reservoir V | 12N 2804
liquid nitrogen shield chassis '_- o 12N 2784
liquid'nitrogen £111 tube - . 12N 2913
eide fienge'liquid nitrogen shields (2) . 12N 2863
back flaﬁge,liqeid oitrogen‘shield | v'_ 128 2823
o1l diffusion pump baffle (2) o 12N 2962
ion gauge flange  *' f : ' ' | 128 2952
.chamber support stand. : _ . h .  - 12N. 2933
:‘adapter to high temperathre oven chamoerf v ' e 12N 2764

‘B, High temperature oven chamber

main chamber K : - | r S | '12N_ 2754
side‘flanges‘(Z) - : o : o 128 2923
f oéckkflangeb o - o o 12N 2794'
liquid'nitrogen.fili flange i' 128 2903
'11§uid eitrogep reserVOir o o iZN ,2943
1iouid nitrpgen'shieid chaseis'_ o — _ .. : 12ﬁ 2774

These drawings are filed at the Lawrence Berkeley Laboratory; coples of "

" LBL drawings whose. ‘numbers are cited here may be obtained by writing to

‘Lawrence Berkeley Laboratory, Technical Information, Bldg. 90, Rm 3118,
Berkeley, Calif. 94720.

i |
S
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si&é‘flaﬁgégliquid nitfogen'éhields‘(Z)

back‘flangé liquid nittogeh'shield.
adapter‘to cqllisionrchamber
flaﬁge‘tévé&épter _

pump baffle

chamber support .stand

. corrosive gas exchanger

2. Ovens

1iquid nitrogen cold traps (2)

high temperature oven

- oven suppdrt copper blocks

ceramic adaptor

ga‘s source oven

12N

12N

12N

128
1N
12N

128

12N

12N

- 12N

128

12N

2893

2883
3812
3153
2853
2873

3193

13203

4693
4682
4672

3162
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' APPENDIX B

List of Apparatus Electronic Diagrams and LBL Numbers

System wiring diagfam , S _ a : o v 88
Dugl_liduid nitrdéen‘¥é§ei control N o 8s
Siﬁgie vacuum‘interlqckr(?).. : ‘ o 8s
Hdstings gauge ddalvvaéuum"iﬁtérlock o : . 6z
‘Hastiﬁgs gauge‘dual vaguum‘intérlock y o 52
Ion gauge 5»position-swifching panel f ' - 88

High temperature QVQn pdwéf supply : 88

8405
7252
2803-1A

4664E

4994-1D

7392

7351
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' APPENDIX C -

Slush Bath
Beam Materials_' :  ,' - Solvents
CHZIZ’ IC1, SnCl4,’IBr. : - 1ice-water
2-nitropropane,'terf-b@tahbl'v ,
12’ C2C14, C Cl3Br, C VC13N0,2'
52612 e |
. . _ . x
CHZCIBr, CHZBrz, iso-amyl nitrite ice-brine
Br2, C;C14, PCl3 - S Carbon tetrachloride
5iC1, | ethylene dichloride
CH,I ' - - n-hexanol
NOCl . A dry ice-acetone
- S S _ ‘ methanol

;: . : ‘ "v . _' _ - carbon disulfide

Temperature, °C

0 to 20

b to -20
‘—22.9
-35.6v
~-48.0

- =78.5
-97.8

-111.6 -

.
It is simply a mixture of two solvents.
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‘ITI. REACTIONS OF ALKALINE EARTH ATOMS WITH Br, AND Cl

2

2
-_A. Introduétion

. The main squeét-in the deve1§pmént'of'crossed molecular beam

studies during.the.pas£-few'years Has appearéd to be.either the
elucidatioﬁ of more defaiied information of the reaction dynamics of
a few simple'alkéli_atom féactions by refining the crossed beam
apparatus,’or else év"cheﬁical séanﬁing" of the reaction dynamics of
various non-alkali afom reactions by means of a suitable mass spectrometer
detector. .In ﬁarticular, the intoveddction of the electron bombardment
ionizer-mass spectrometer detector has brought the chemical scope of
crossed beam studies of neutral reactions into a ﬁew era beyond the
"alkali age." This has prompted a number of studies of the halogen
atom,1 the.hydrogen étom,z and the alkaline earth af_om3 reactions. The
presént'chaptér reports results on the reaétions of Ba, Sr, Ca, and Mg
with Br, and c12.

By obsérving the,chemi&dminescent spectrﬁm of Ba and Sr reacting
with Clé,

products were responsible for the light emission and the reaction cross

Jonalh and Za_re4 showed that both monochloride and dichloride

section for the formation of BaCl was estimated to be 60 Az. In this
work, we have meaSufed produét laboratory (LAB) angﬁlar distributions;
via an elecﬁron-impact 1oﬁization pfocess, by.crossing two beams with
full velocity.distributions.' Only'monéhalide ion (MeX+) mass
spectrometer signals are Obéerved in-an& of these_feactioﬁs; these
peak near the_atomic:beam direction in the LAB angular distributién.

The predominant product for these reactions is considered to be the
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mdnohalide on the basis of an analysis of the.angular diStributionsf

Although alkaline earth monohalides haveLbeén known for many years,

manykof their physiéal and_chemical properties are still uncertain.
-Recently, however, there héé been a growing intérest'in the study of
bond dissociation‘energies of aikaline eafth mphoflﬁbrides and
monochlorides by eifher ﬁass spectrometrys_or flame'emﬂ.«ssion.6 These
experimentéi'resultsvare in fairiy good agreement with tae valués
evaluate& from.the Rittnef ionic model; thus,,Hildenbrandsé_indicated
- that an ionic model is likély applicable to BaCl, SfCl, and perhaps
to CaCl. | | |

' B. ‘Experimental Conditions

As deSCfibed{in a pre&ious chapter,"the'apparatus usedvin these
éxperiments consists of'thtee distinct vacuum chambgrég.the,first tﬁo
chambers act as the alkaline earth atom source chamber‘(‘~ 2 X 10-6
and the cdllisioﬁ éﬁamﬁér‘(<2 ><'10-6‘t:orr); this lattérvchambér also
houses the halogen beamrsource. ' The two beams are ¢roséeﬂ at an ahg1e
of 90°.with their full §eloc1tyvdistributions, The_atom béaﬁ is formed
by thermal effusion from a reéistance—heatédroven éource with a standard
knife-edge slits; the halogen gas is prepared bn an external gas line
and is chopped.at a iow frequency (~ 41 Hz)vaftér emerging from a
_"crinkly foil" multichannel source array. Table I suﬁﬁarizes the
experimental conditiéﬁs. o

The angula; distiibutioné of reactive products are measured by

means of an electron impact ionizer-massfilter detector and are recorded

on a‘PAR_HR-S_1ock—in—amplifi¢r referenced to the halogeﬁ beam chopping

torr)



Table I. Experimental conditions.®

System _ alkaline earth atom beam - Halogen molecule beam ~ - .
- source conditions speéd .distribution? source  conditions  flow speed . .. B
T pP o v T P v © | - <
v . \ s . _ s o
Br, + Ba 1060 . 0.35 3.1 1.1 340 4=5 1.4 . &
Sr 960 0.4 3.7 1.3 - 340 - 2.5-3.3 1.4 - &
Ca 1020 0.3 5.8 1.9 | 350 13-4 1.4 <
Mg 820 0.28 6.7 2.2 340 ~ 4 1.4
cl, +Ba 1050 0.32 3.1 1.1 360 2 1.7 . d
Sr 960 0.4 3.7 . 1.3 330 ~4 2.0 ! 2
Ca 1010 0.28 - 5.8 1.9 360 3.0-3.5 2.0 .
‘Mg 820 0.28 - 6.7 2.2 340 2-4 1.7-2.0

aTemperature is given in °K, pressure in Torr, and speed in 100 m/sec.
> @‘bVapor pressure of éikaiine earths is taken fyom J. L. Mafgrave, Characteriéation of High Temperature
Vapor. (John Wiley and Sons, Inc. N.Y. 1967), Table A.l and Figures A.l, sheet A, B, and C.

_ cThese values are obtained from the measured Beam velocity distributions (see section 4 of previous
chapter and Ref. 13). ’ "
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-frequenéy. These.detection elements are housed in a differentially
pumped UHV chambér 2x 10-8 torr) which is fotatéble‘inva plane
defined by the two.intersecting beams.  The ugse of an electron bombardment
ionizer detector makes it necesséry to consider the fragmentation

pattern of the.product_ion formed in the ionizer. The ébssible products

of the Me + X, reactions studied here are MeX, or MeX + X. Because X,

2 2 : 2
mdlecule itself produces an X+ signal upon electron impact, it was
impossible tq study this family of reactions by monitoripg the X+ mass
spectrometer sighal. Thus, all 8f the product angulaf distribution
measurements_reported here were obf#ined with the ﬁass spectrometer
tuned to the MeX& signal; Although the neutral precursor of this ion
ﬁight be either MeX or MEXZ; careful maés scans were matde for some of

. these reactions (notably Ba andng with Cl, and Br2) but no scattered

2

2+ mass peaks. Arguments presented

in a later section indicate that the MeX+vsignal arose predominately

signals have been observed at the MeX

(if not exclusively) from the ionization of MeX rather than MeXz.

C. Results and Data Analysis

The main object in the beam experiment is to detefmine the direction
and magnitude of the récoil velocity that carries the prbducts éway in
the CM coordinate system, thereby providing the necessary information
for insight into the reaction dynamics. This implies that we have to
transform our measured product LAB angular distributions fo the CM
coordinéte system where“thé restrictions imbosed by the conservation

laws make it possible to infer the final relatiﬁe translational energy




of , the pfoducts as well as the directions in which they recoil.
Since our measured product LAB intensity is limited to a plane.
defined by two intersecting beams, the LAB intensity, ILAB(@)’ may be

explicitly expressed as’
ILAB(G) = .£m .im .im -ILAB(@,V) f(vl) f(vz) dv1 dv2 Qv ' €9

where f(vi) dvi is beam number density velocity distribution and v is
the product LAB velocity at a given angle, ©. In this expression,
ILAB(O,V) 1s directly related to the CM differential cross section

Q(8,u,V) as

L (@5V) = VQ(8,u,V) ;"3 (2)

where V is the initial»relative.velocity and u is the product velocity
in the CM coordinate system. Since the product iAB.intensity measured
from an electron bombardment detector is a number density distribution
aﬁd siﬁce flux density but not number density is conserved in the
transformation between twb coordinate systems, one power of v has been
remdvgd from the Jacobian factor in the above expression. Thus, in
favorable cases the CM differential cross section, Q(f,u,V), may be
accurately determined from the measured quantity ILAB(G).

1. ‘Data analysis.

Both stochastic and SRE (single recoil energy) methods are used in
analyzing the experimental data.7 The stochastic procedure is embodied

in Eqs (1) and (2) and is actually the correct data analysis procedure.
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It stérts‘f;om a LAvi CcM transformation,'bf ésSumiﬁg a form of.Q(e,u,V)
and averaging over the.measured velocity distributions of the parent
beams to yield I(@).which'is subéequently'éompared with measured value.
This compafison is répeatgd'uﬁtil a satisfactory agfeement is achievéd
by varying Q(8,u,V).

‘Two ass@mpﬁions are made in the stochastic procedure; they are (1)
,tﬁe factorability of'CM Angle and product recoil energy and (2) no
"activation barrier invthe’reaction channels (i.e., Q(Q,u,V) = Q(0,u)).
-These aSSumptiohs have been commonly used in data anélysis‘for alkali .
atom reactions.8 The validity of this second assumption is challenged

9

of the K + Br,, BxCN, and CCl

2° 4

reactions. Employing a'supersonic atom beam (E = ~'5 kcal/mole), this -

somewhat by the recent observation

experimént showed an increased forward scattering but decreased total
reaction cross section with respect to results obtained using thermél
beamé-for these reacﬁions; however, the quantitétive'validity of some

of thesé tﬁetmal beam:studies is open to question because of uncerﬁainties
in the beam speed distributions so that it is uncléar whaf to make of
the'reéults of Ref. 9. Furthérmore, results of detailed produét veloci;y E
analyses experimenté on the K + 12 reaction10 with well defined collision |
energy, E=1.9 - 3.6 kcal/mole, iﬁdicated that the CM scattering

pattern is insensitive to the collision energy, although the total

.cross section décreases,rather weakly with increasing energy. Moreover,
this study alsofsupports the assumption of separability of the recoil
angle and energy diétfibutions becausg only a weak.coupling of these

distributions was found for the K + I, reaction. rThis weak coupling of

2
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the recoil aﬁgle and energy has also been indicated iu a few reports

of trajectory éalculations.lll As has been pointed oﬁt,lz produét
internal energy-(thereforé recoill velocity) distributioﬁs seem to arise
from the properties of the potential well at small interatomic distance
whereas the scéttering patterns depend on the details of the potential
surface at large reactant separati&n, so that this weak coupling
assumption generaliy gives a fairly satisfactory result in determining

the CM differential cross section.2>*113

Accordingly, the CM dif-
ferential cross section, Q(8,u), in the stochastic procedure is simply

expressed in terms of the product of two independent functions as

Q(e,u) = T(6) O(u) with T(0) and O(u) given in the conventional forms7a
- o b-6, \ ?
T(Q) = (1 --Cl) exp -1ln 2 —EI_ + Cl (3)
and 0w =1 u Su<u, (4a)
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where symbols with éubécripts are constants. Since the low velocity
portion of the O(ﬁ) distribution 1§ weightedvmore heavily in the
Jacobian factor du;ing the LAB < CM transformation, the measured LAB
angular dis;;ibution determines the form of Eq. (4b) moze uniquely

than that of Eq. (4c). Therefore, for a given T(6) distribution, the
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» LAB.anéhlar diétribution is, in general, relétively insensitive to the
full width of tﬁe O(u) distribution and results'of our kinematic
analysis shoﬁid.prévide a fairly good estimate of the T(8) distribution
but only a crude estimate of the b(u) distribution. Because of this
lack of senéitivity, the LAB  CM transformation was also performed
by eméioying é simﬁler‘procedure, the single recoil énergy (SRE)-method7’8
which has Been extensivéiy used in analyzing most of alkali étom
reactions. | |

.In addition to the assumptions included in the.stochastic method,
| the SRE appfoximation further assumes that the product recoilvvelociﬁy
may Behfrea;edvas a delta function and the entire LAB angular distribu-
tion arises from a CM angular spread, Thus, the CM angular distribution
derived by’SRE is anticipated to bé broader than that obtained from
the stocﬁastiq method and is taken as the upper limit on the breadth

of the true T(8) distribution.

2. 'Reacti§e scéttering.

| Figufés 1‘4'8 show the measured product LAB angular distributions

of alkaling earth'monohaiideé and the resultant CM angular distriﬁutions
and product enérgy density functions obtained by averaging o§er the

' measure& beaﬁ;speed distributions; Fér all of these reactions, Me + X2,
the only detéctable product were MeX+ idns. The identification of the
MeX+ with MeX rather‘thén MeX, is based on the shape of the measured

2

LAB angular distribution. Any MeX, formed would have to be directed

2

along the center-of-mass vector (E) in the LAB. Figures 1 - 2 also

show the' calculated angular distributions of € and clearly indicate




et

Fig. 1.  Product angular distributions and CM recoil functions for the
Ba + Cl, reaction.  The solid data points (one run) show measured
LAB angiilar distribution and the solid curves appeared in the

" three panels are the best fit found. The CM angular distribution

' is given as a range (— and ~--), derived from the stochastic
procedure, within which a satisfactory fit to the data is achieved;
the energy density function, P(E'), has been converted from the CM
recoil velocity distribution given in Table II (M mode). The upper
bound on the CM angular distribution (— —) is obtained from

. -the SRE method. The calculated number density centrold distribu~

. tion and kinematic diagram based on the most probable beam velocities
for three possible product recoil energies, E', are also shown.
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functions for the Sr + Cl2 reactions (2 runs).
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_this is not oﬁsérved for any of these reactions. ,Moréover,‘ouf fesuits 
on the Me + IC1 reactions,13 With two diétinguishablé LAB éﬁguiar_
distributions correspondiﬂg to product Mel and MeCl,,further_illuStfate
that the dihalides are not significantly produced in thié.fémily of
reactions.

Velocity measurements of parent beams have indicated that our beam .

 velocities were different from.the Boltzmann distributions,: particularly

the crossed beam. Althpugh_deviatiohs in_thé Ba beam were minor, our
datévanalysis used the meaéured speed"distributions which were also
fitted by the empirical equation (Eq. 1 described in previous.chapter)v
with vy = 1.06 % 104 cm/sec apd the most probgble speeﬁ, o, correspdnding
to a calculated tempefétufe, 810°K. We converted tﬁis correction t§
btherflighter atoms whose velocity distributions were not measured -
experimentaliy'by using the same expression and attenuétion factér. .
(33%). Defailed discussion of these cdnvérSions is.given in Ref. 13
and results of these paramefers, vy and o, are listed in Table 1. In
practice, results derived from the data analysis proceduré are (1)
seriously in error if one doesn'i reéognizetﬁé:non—tbermal behavior
of fhe hélogen beam speed distribﬁtion, but (2) practiqall&riﬁsensitivé
to recognition of the weaker non-thermal behavior of the alkaline |
earth beam. | | |

For eQCH reaction, thevCM angﬁlar distribution isygiQeﬁ.in a range
(the solid and dashed curves) withinlﬁhich the agreement befﬁeén.;he
calculated LAB angular distribution and the measured values is well

satisfied. These two curves are obtained from thevstochastic'method
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'and'thé'soiidﬂcurve iéjthe_bestvfif found. Table II»ligts‘the best fit
par;ﬁeters for'the'CM.angularjand veloqity:distributiogé; The dashed-
dot_énrve is obtained from the SRE”methodvalthough this provides a
less sétisfactofylfit_to the LAB data for some of these reactions.

The kineméticvdiagram shown in fhé'1owervpahél,.constrﬁcted from the
measured peak béam_velocities, 11lustrates LAB ¢ CM fransformétioﬁ

“and ﬁﬁe,produ;t‘fecoil.veldcities for some of the possible final
relative kinetic enérgy,vE', pbtéiped fromvﬁhe relét;on E' =

E %'(mﬁexx mﬁe#/mx) u2, for the.regctiqn Me + X2 > Méx + X; ﬁMeXX is

~ the total mass‘and mMeX iS the'maés'ofrtheprOQuct detectedf This

~relation, combfned with:;he expréssiqh P(E')dE' = O(ﬁ) du, 1is used to
coﬁvert the proqﬁct recoil vglbcity to the energy density'function

vwhiéh'afpearSain ﬁhé gpper,pﬁpelé. ‘The totai energy available to tﬁe
products has to be pgr%i;ioned:betweenbE' and internal excitation

.W' by |

E'+W' = E+W+ A . PR (5)

where E = uVZ/Z is tﬁe‘initigl relative translafioﬁai'energy, W is the
ipitial intgrnél-e#citatiqn éf the.halogen.molgcules,;and ADo,iS thg
bond.éﬁergy.differepCe:in élkaliﬁe_earth monohalide and halogen
'mélecules,_measﬁfed'from the zero—point Qibrétion 1éye1. ~Also shown
in Fig, 1-2 ié.tﬁg ngmbef dénsity centroid distriButiQn calculated
| from an energy ihdependept coilision cross section. Table III;summafiZes_
results of our kiﬁem@tié aﬁalysis.

. . Figure 9 shows'a'dirécﬁ.comparison of the besfvfit CM'angular

'distributions_among these reactions. For tﬁe Cl, reactions, we are

2
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. Table II. Parameters for recoil angle and velocity distributions.

Mode? System T(8) ' - O(u)p_

TS T upfuy  myfmp myfm,

M Br, + Ba 0 20 .08 . 3.2 2 2

Sr 0 27 .20 4.3 2 2

Ca 0 20 .12 6.0 2 2

Mg 0 15 .15 . 5.0 2 2

cl, + Ba 0 35 .15 2.3 2 2

Sr 0 35 .15 3.5 2 2

 Ca 0 35 .25 5.5 2 2

Mg 0 10 .06 4.5 2 2

T  Br,+Ba  -10 30 .15 3.0 2/1  4/2
St 0 30 ..35 4.0 - 2/1 4/2

Ca -10 25 .15 6.0 2/1 2/2

Mg 0. 15 .20 4.0 2/1 4/2

cs® 0 35 .20 2.5 2/1 42

Cl, + Ba 0 30 .25 2.0 2/1 4/2
Cosr 0 40 . .30 3.0 2/1 42

Ca . 0 30 .45 4.5 2/1  4/2
Mg 0 10 .13 3.5 2/2 4/2

CsC o -

25 .10 . 2.0 21 4/2

?M refers to measured beam velocity distributions and T to thermal beams

bParameters with subscripts>1 and 2 are taken as equal when only one
-value 1is given. ’ : '

cThese*parameters were found in this work; LAB data were taken from .
J. H. Birely, et al. J. Chem. Phys. 47, 993 (1967) for Br, and R. Grice
and P. B. Empedocles, J. Chem. Phys. 48, 5352 (1968) for CL,.
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*Teble iII; 'Kinematic_resultsa

‘Energeticsb - stochastic : SRE
System: | vE Wv Apo ~E o Qf : E Q_f | r MeX
Br, + Ba  2.50 1.06 55 4.8 0.67 5.5 0.73: 5.4 b
St 2.39 1.06 35 5.6 0.62 5.0 0.68 4.6 1
ca 271 1.09 45 6.3 - 0.62 6.5 0.67 4.0 1

Mg 2.26 1.06 30 3.5 0.56 - 4.8 0.63 2.8 1

Cl, +Ba 2,13 0.88 48 3.1 0.71 3.5 0.70 51 b

Sr o 2.22 0.88 39 3.5 0.71 3.5 0.71 4.4 b

Ca 2.56 0.95 37 4.2 0.64 4.0 0.65 3.9 1

Mg . 2.21 0.88 18 1.9 0.58 3.5 0.67 2.8 1
2A11 energies are given in kcal/mole.
bThe initial'kineﬁicuenergy,iE,vis CaicnIAted from the measured peaked

velocities in the two beams and the internal energy, W, is the sum of
‘the classical rotor and of the excess vibrational energy of the halogen;

. spectroscopic constants were taken from G. Herzberg. Molecular Spectra

and Molecular Structure. I. Spectra of Diatomic Molecules. (D. Van
Nostrand, Inc. Princeton, N.J., 1950). These estimated internmal energies
may be higher than the actual values since the possible relaxation of
internal degree of freedom during an isentropic expansion would compress
the range of these internal energy states of molecules in the'gas"beam.

0O

Bond dissociation energies were taken from. for Br, and Cl » R. J. Leroy
and R. B. Bernstein, Chemn. Phys. Letters 5, 42 (1976), for eC1, D. L.
Hildenbrand, J. Chem. Phys. 52, 5751 (1970), for MeBr, A. G. Gayton,
Dissociation Energies- and Spectra of Diatomic Molecules (3rd Ed)
(Chapman and Hall Ltd. London, 1968).

dThese are the most ‘probable: E values, obtained from the peaks in the
P(E ) distributions shown in the upper panels in Fig. -1-8.

Fraction of products scattered into forward hemisphere, where

o = (M2 T(6) 510d6/[" T(8) s1ndad
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fThes_e.a're the crossing radius (A) betweern the covalent and the ionic
potential surfaces of Me + Xz,-given byr = e2/(ICMe) - E(XZ)); the
electron affinity of X (E(Xz)) is taken ¥rom W. A. Chupka afid '
J. Berkowitz, J. Chem. Phys.”55, 2724 (1971) and ionization potential
for the metal (I(M)) is given in K. S. Krasnov and N. V. Karaseva,
Optics and Spectro. 19, 14 (1965). These crossing distances are
probably a little too large since the adiabatic electron affinity for

Br2 and Cl2 was used in calculating them.

EThese are given in L. Whaston, R. A. Berg, and W. Klemperes, J. Chem.

Phys. 39, 2023 (1963); b refers to bend molecules and 1 to linear
molecules. ' '
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- Fig. 9. Product CM angular distributions of Me + X

reactions; these distributions are.correspondifig to
the solid curves shown in the middle panel of Fig. 1-8
and their parameters are listed in Table II (M mode).
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able to use the same set of (M angular distribution to fit both ﬁhe
Ba and Sf‘reaciions. when this set of paramete¥s is_taken to tﬁe

Ca + Clzrreaction, we find that a smaller breadth of the LAB angﬁlar
distribution occurs, mainly due to a small intensity gt_O larger fhén
30°. Conseﬁueﬁtly; our best-fit CM angular disfribdtion for Ca + Cl2
has alatger fraction at wide angle, 0, than does the Ba and Sr with

Cl, reactions. For the Mg + Cl, reaction, this best fit CM angular

2 2

distribution found for Ba and Sr + Cl, results a LAB angular distribution

2
peaking at large O with too much intensity at small O in comparison
with the measured yalues; this results remains almost the same'for a
wide range of O(u) distributions. Thus we have to decrease the H1 and

C, values in order to shift the peaking position to smsll O and the
CM angular distfibution appéars to have a strong forﬁard scattéring

vpattefn. Since its forward contriﬁution is mainly confined at 6 < 30°,
the fraction of MgCl scattered inté the forward hemisphere is_actually
smaller-thaﬁ that for the heavier atoms. This ié easily seen by inte-

grating the differential cross section to its total reaction cross

;éection in the form
/2 T
be =.fn T(8) sinOdQ'/ .[ T(0) sinbdf.
o ° ' o

Results of these célculations are also’given in Table III,. It cleariy
illustrafes that this forward contribution decreases with decreaéing
mass of the reacting atom. v

As we discussed earlier, the LAB angular distribution is generélly

more sensitive to the parameters of the CM angular distribution, T(8),




924
Hl]}+c

buf less sensitive to the full width of the veiocityvdistributioﬁ,
0(u), due to the Jacobian factor shown in Eq. (2). In order to show

théISensitiQity.of the CM angular distributibn to the measured LAB

-data, we have also tried to vary thevbackward contribution by increasing

the CM angﬁlar distribution at large 6 (i.e., 6 = 91° - 180°); here,

~we modified Eq. (3) so that the T(9) distribution remained the same -

at é = 0° - 905 but was replaced by (02 - Cl) exp {~ 1n 2[(6 -~ 180)/

1 2 1

the T(G)'distribution first decreases until 6 = 90° and

at 6 = 91° - 180°. Thus, for a given set of C, and C
€y 2Cps
then starts to slowly. increase to 02 at 6 = 180°. For all of the Cl2

reactions, the results of these calculations show that the difference -

between C2 and Cl

intensity at large ©. For the Ba +Cl

can not be more than 0.1 without blowing up the

2.reaction, we have also tried

to move the CM peaking.aggleato 0 greater than 0° by'either using a

Sideﬁay peaking or a plateau extending from 0° to large 6; results

,ghow.that a similar good fit is achieved by either exteﬁding 61:= 0°-10°

or 6. = 15° combined with the best set of parameters, H, = 35° and

1 1
Cl = 0.15; for. the latter case, a peak reflected through 61 = 15° 1is
used fofv6v= 0°-30°. | |

2 reactions, no given tremd in its CM scattering pattern

could be made among. these reactions as shown in Fig. 9; Sr + Br2 has

reactions. A direct

" For the Br

~and C than:Ba and Ca + Br

1 1 2
comparison in the product LAB angular distribution also shows that

a larger'valueS‘of H

Sr + Br, has a breadth broader than that of Ba and Ca + Br However,

2 2°
as with the chlorides, this system exhibits a decreasing order from
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Ba to Mg in its forward contribution despite the variation in the CM

2 and o

reactions give a less

angular distribution; here again, the difference between C 1

is also less than 0.1.  In all cases, the Br2

forward contribution but larger ratio of E'/ADo for a given atom in

2_reaétions.

Finally, we like to comment.on results derived from the SRE method

comparison with the Cl

aé shown in Table III and'Fig. l1-8(—- — curves in the middle
panels). Since this procedure removes the flexibility_in the 0(u)
function; the T(6) function has not béen restricted to the form of

Eq. (3). In favorable cases where the mass ratio of MeX/X is small,
this procedure giveé a’goo& fits as well as the stochastic method.
As-a result, this procedure has a better fit for Mg + Cl2 among the
‘this

Cl, reactions and with a given Me, it 1is better for Br, than Cl

2 5 9%
particularly happens at small © and large ©. For instance, it tendé
to give a small intensity at both tails of LAB angular distribution

for Ba + Cl, which is the worst case.

3. Effect of non~-thermal beam velocity distributions.

To underétand the importance of non~thermal beam velocity distribu- .
tions, we have also analyzéd the data by assuming‘thermal beam distribu-,
tioné; résults are_listed in Tabie 11 (modé I) and their CM angular‘
distributions are shown in Fig. 10. 1Imn all cases, these functions
weight more at lérge 0 for T(A) distributions and small u for O(u)
diétributioﬁs_when no velocity correction is made. This effect may
be seen from the transformation diagram shown in Fig; 1 - 8 and the -

number density centroid distributions in Fig. 1 - 2. Since the
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Fig. 10. Product CM angular distributions of Me + X

reactions, obtained using thermal beam velocity“distri-
butions. Also shown are the Cs + Br, and Cl, reactions;
their parameters were found from thi§ work afd are given
in Table 1II.
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centroid distribution has become narrower and has shiftéd towarg_
1argé © due to the upward shift of velocity enhancement for both
parent beams, an increase in the product recoil velociﬁy with a
simultaneous decrease in T(0) distribution at.large 0 is necessary
to compensate this deficit for a LAB angular distriﬁution éeaking at
small O when these velocity corrections are made. |

At ‘this point, we would like to comment on the early studies of
alkali atoms with halogen reactions whose results were derived withou;.
this correction for non-thermal beam speed distributions; Although
there was no iﬁdication of how large a gas pressure was used, their.
appératus conditions were similar to ours so that similar non-thermal
beam vélocity distributions seem likely to have existed. Therefore,

-we believe, qualitatively, that a decrease in the wide angle contribu-

tion and an increase in the product recoil velocity would result if this:

beam velocity correction was taken into account. More detailed
discussion of alkali system is deferred to the néxt section.

4. Total reaction cross section.

The Sr+ angular distribution of scattering of Sr off of Br2 was
also measured; its behavior was similar to that of the non-reactive
scattering of Li atoms8 from Br2 at narrow angles, but it fell off
less rapidly at larger scattering angles. However, some of this Sr+
signal might have arisen_fromvionization of SrBr rather than Sr; the
possibility precludes any inferences regarding the elastic scattering
in thé collisions studied here. This inability to study the elastic.

scattering as well as unknown detector response factors also precludes



the determination of total reaction cross sections; order-of-magnitude

estimates suggest Q ~ 10 - 100 a2 for Ba + Br, and kafgr Mg reactions

2
about 25% of those for Ba reactions. Jonah and Zare4 reported Q_ = 60 A2

for Ba +,Clz.

D. Discussion

Table III lists the fraction of the MeX product scattered into the

jforwafd hemisphere. Although present to some extent in the SRE results

as well, the following trends in.Qf evaluated from-the'more reliable
stochastic results are apparent: (1) for a given alkaline earth atom,

the Clv'reaction produces somewhat more forward scattering than does

2

the Br reaétion; 2) for a given X

2 2

component increases in the sequence Mg, Ca, Sr, Ba; and (3) Sr + Br2

, the forward MeX scattered

more closely resembles Ca + Br2 whereas Sr + Cl2 more closely resembles

Ba + Clz. The first two tfends are a;so.obsérvéd'in the reactions of
the alkali atoms with haiogen molecules.14 The third trend correlates
with the geométries (iinear Qs. bent) of the ground electronic states
of the alkaline eafﬁh'dihalides,ls although it is not clear how much
significance should be as;igned to this correlation because of the
many other uncertain parameters associated with these reactions (e.g.,
precise forﬁs of T(8), reliable values for Do(Meﬁr), and the absence
of trajectory studies). _ |

As HildenbrandSa indicated, the Rittner ionia model yilelds

feasonably accurate dissociation energles for BaCl and SrCl, fairly

good for CaCl, but less accurate for MgCl; this trend is probably true
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for monobfomideé as well. We thus argue on the basis of this ionic
model that the electron transfef mechanism, which has been widely uséd
to interpret the alkali and halogen reactions, may be also appropriate
to describe the reactions reported here. 1In its simple form, the
electron transfer model states that the neutral reactants approach each
other on a covalent potential surface which is crossed by an ionic
surface at largé internuclear separation; in the vicinity of crossing
point, an electron transfer from the alkaline earth atoﬁ to the halogen
molecules takes place and the reaction becomes essentially an ion |
recombination. Since the van der Waals attraction is rather weak at
separations larger than this crossing radius, it may be given in termsv
of the ionization potential of_the atom, I(Me), and the electron affinity

of the halogen molecules, E(Xz), by
e%/r. = I(Me) - E(X.,) (6)
X 2

Here r. refers to the crossing radius which is given in Table III.
Invits>crudest form, this model predicts the total reaction cross
section of Tr 2.

) X

In the interest of comparison between reactions of Group IA and

of Group IIA atoms with halogen molecules, a brief discussion based on
results of crossed beam studies will be presented here. As with our
studies here, most of the alkali atom reactions8 have been conducted

by crossing two beams with full velocity distributionu; results were

then analyzed by either the SRE method or the stochastic procedure.



Since the kinematic results reported for CS'+ Br2 and CS +‘C12

_Curvé); also-included, is the "best-fit" data for Cs + C1
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Although'litfle inqumation'céuld be aéhieyéd'by coﬁparing-our results, .
which haye beeﬁvderiVed;for the actual beém velocity &istributions,
with those repofted for the alkali atom fea¢tions where a'fhermal beam
diétfibutibn w;s alﬁays assumed, a qualitativé ideé may be obtained
if we coﬁpare all results obtained by assuming thermal beams distribu-
tions;-”Thus; we havé chosen two "prototype" reactions, CS + Br2 and
C12,_to compare witﬁ Ba atom reactions which, as we:discussed earlier,
are considered to be closely related to the alkall atom reactions.

16 17
are not perfectly matched with the meésured'éalues, we have re-analyzed
their data using the stocﬁastiC‘procgdure. Fiéure 11 exemplifies

results for CS + Br, reaction. The solid curves are ghe best-fit

2
found in this work with their parameters 1isted in'Table IT while the

 dashed and dashed-dot cutves are taken from Ref. 7-a énd 16, respectively.

This best fit CM anguldr distribution is also shown in Fig. 10 (dashed
| , é. 'A direct
cémparisoﬁ shows that Cs +’Br2 has a broader scattefing pattern than
Ba +'Br2 whereas a revefsevorder occurs‘for Cs and Bé + Clz reactions.
This compariéoﬁ; aiﬁhoﬁgh nOt rigorous; furfher indicates that
reactions‘for Ba'atom_éna'halogen molécules are ipdeed very similar

to the Cs reactionbfathér than the'Li,reactions.14 This observétioﬁ

is somewhat'sﬁrpriéing;because the electron transfer model would

" suggest that Li (I = 5;4_eV) and Ba (I = 5.2 ev) are likely to react

within aféimilar range of impact parameters; it may indicate a high

sensitivity of the product angular distributions in these electron
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Fig. 11. Product angular distributions and CM recoil energy function
for the Cs + Br, reaction. The solid data points and the dashed-
‘dot-curve were gaken from Ref. 16. The solid curves appeared in
three panels were the "best-fit" found in this work while the

- dashed curves were given in Ref. 7-a. All of these calculations
. were made by assuming a thermal velocity distributions for both

 beams. '
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transfer‘reactions to the mass’§f the attaéhing étém, Existing
trajectofy calcul_at:i_or'lsl.8 do not support this conjecture,_although '
these calCuiations.havevnot extensively stﬁdiéd tﬁevinfluence of changing
reactént masses.

In view of the deep chemical wells in the ﬁotentiallhypersurfaées
for the alkaline eafthvreactions which arevaésociatéd with the‘stability
of the alkaline earth dihalides;‘this'simiiarity between the reactions
of alkali atoms and the heﬁvier alkaline eérth atoms (ﬁétably Ba) ‘is
striking; Studies of .the reactions of alkéli'atoms with aikali halides19
'cleariy indicate that the presence of a well correspohding to a stable
intermediate can result in a long-lived collision complex reaction
mechanism; on the chef hand, the direct product scaftering,observed.

in the Li + NO reaction20 indicates that this need not always be

2
true. Co-linear trajectories of attack of the Ba atom on the halogen
molecule might be expécted to lead to’reaction.withoutvassuming
intermediate configurations which felt the presence of.this well; in
lterms of the electron trénsfer model, thése feactive'trajectofies, at
least, would be expected to résemble those cﬁarécteriétic of alkali
reactions.  Furthermore, the metal atom (alkali ér alkaline earth)
cannof transfer its totally symmetric valence electron‘into‘the vacant
Gu orbital (the 1owest'ﬁnfii1ed orbital) of X2 in the case‘of the
broadside approach along the sz symmetry axis because.these two
orbitals ﬁransform as different irreducible representations of the '

Cos point group; this symmetry restriction is likely to favor the

co-linear approach trajectory in reactive collisions.21 Moreover,
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2

reactive tréjedtoriés, a crude RRK estimate indicates that, owing to

even if the BaX, well were sampled in a significant fraction_of the
the large reaction exoergicity, the lifetime of fhe'cqméléx would
probably nof excéed its rotational‘ﬁeriod.

The. ioﬁizat'ion potentials of Ba, Sr, Ca, and Mg. are 5.2, 57 6.1,
and 7.6 ev, resbectivel&. Thus, reactions of this family of atoms
should show the t;anéition from a reaction forming:aﬁ ionic bond, where
the pbteﬁtial surface exhibits loﬁg#ranged reactant attraction dﬁe to
an electron transfer, to a reaction forming a covalent (more precisely, 
less ionic) bénd, where 'the poténtial surface leading from reactants |
to products 18 more short-ranged and is, presumably, traversed more
quickl&. In view of this, it is perhaps surpfising thét the CM reactive
cross sections given in Table TII and Fig. 1-8 don't exhibit more
vafiation for changing:reactants.‘ The stochastic MgCl angular
distribution from Mg + Clzwhich is shoﬁn'in Figs;7 and 9 is striking;
tﬁis reéctién especially Warrénts further study,.with productlvelocity
megsurements,_to quéntitatively determine the CM cross section. _While
the wide-angle isotropic product scattering is likely to arise from
small impact parameter collisions; the sharp fofwérdvspike in the
product aﬁgular distribution for this reaction is suggestive of a
spectétor stripping mechanism; Although the true reéctiqn trajecﬁdries
are.unlikely to be quite this simple, the spectator stripping mo&el
might approximate theﬁ becauéé of rapidly reacting force in the.
reaction. Similar ideas have been advz-mcedl-6 in discugsion of tﬁe

forward product scattering seen in the C1 + Br2 reaction,
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In constrast to our kinematic resﬁit, hqwevef; the CM angular dis—
tribution of Ba + Cl2 réaction repotted bbeernstein-and his cc)worker_s3a
is relatively broa& despite a product LAB angular distribution éf BaCl
(8/13/71 data) very similar to ours. 'Owiﬁg to the‘randomly scattered’
data, Bernsteiﬁ and his coworkers actually proviaed four different coﬁr
binations of CM angular distribuﬁioh and product recoil energy function;
for all céses,vthey used a broader CM angular distribution and a:nar—
rower P(E') distribution to fit their ekﬁerimental dété. Among them,
our best-fit product recoil energy function is essenfially identical to
their reported curve A and our upper limit of CM angﬁlar‘distribution
found from SRE procedure is somewhat similar fobtheir curvé A at
6 = 0° - 100°. We have used their proposed four different sets of T(6)
and P(E') to ahalyze oﬁr data eithgf on fhe basis of our measured beam
velocities‘or_by assuming thermal beam distributioﬁs;_the latter was
apparently used ip-theip.data analysis. All of their CM fits give too
little intensity at © greater than 40° or 60°, and the predicted peaking
angle is almost acceptab1é 1f one assumesvfhérﬁai beams while a 5° —‘15°
shift towérd large O occurs when the measured beam velocities are uéed.
Because of the lack beéensitivity inhereht,in the:kigematicvanalysis
when ;he product deteéted is.much héavier than its countér partner,.
their wi&ely dispersed LAB anguiar distribution confihed at 0 less
than 60° would prevent.them in choosing a mofe’represeﬁtatiVe T(G)'apdf f
P(E") distributions. Nevertheless, their results (e.g., cﬁrVe D cor- '
respondiqg to Qf = 0.72) do agree tﬁat the reactively scattered prgduét,

BaCl, is predominantly confined in the forward hemisphere with a small



U U L9 8 o 0 s a

fraction of exdergicity'appegring as the product recoil energy.
o Resulté'of this work may be summarized as: (1) most of the reéction

exoergicity (2 80%) appears as internal excitation of the products
rather than as product recoil energy; (2) the CM angular distribution
of products is anisotropic: with respect to the,incoming Me atoms,

2

reaction for a given alkaline earth atom and for a given Xys the

forward MeX 3cattered;compbnent increases in thesequence'Mg, Ca, Sr,

the C1, reaction broduces more forward séattering than does the Br2

'Ba; (3) the Ba atom reactiﬁe cross sections, QR’ afe qualitatively
much more similar to_those.of the Cs reactions rather thanvthe Li
reactioné§.order—of-mégnitude estimates suggest QR ~ 10-160 A for Ba
reactions and’Q# fo:‘Mé:reéctions about 25% of thoée'ﬁér Ba reactions;:
aﬁd 4) experimentél e&idéncé gives no indications;of.a'&iﬁdlide
product (Mexz) and the fdrmation,of MeX, can not account for more than

2
a small fraction (< 5%) of the reactive collisions.
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Iv. REACTiONS OF ALKALINE EARTH ATOMS WITH SIMPLE ORGANICVCOMPOUNDS

-A. Introduction

This chapter presents‘our‘results on alkali earth atom reactions
with CH3I CHZIZ’- 14, CF3I c C13N02, and (CH3) CHNOZ.
.of all product LAB angular distributions reported here have been

Measurements

;obtained with the mass spectrometer tuned to the-MeX X=1 and Cl)

 signal for the first five reactants and MeO' for (CHB)?'CHNOZ. These

six reactants have been found to show a marked variation in chemical

behauior;‘in the CM coordinate system, they Vary from forward scattering

for CH I,, CCl1 N02, and (CH3)2 CHNO 3

‘272 3 2
with inte‘rmediat'e'behaviors for C ci4 and CF,I.

In previous moleCular beam7studies of -alkali atom reactions,

to backward scattering for CH,.I,

these three prototype direct reaction mechanisms1 have also been

'found in general the transition from forward scattering, to sideway
peaking, to backward scattering occurs as the magnitude of the reaction‘.
- cross section decreases. Of the six organic reactants studied here,
reactions of CH3I with alkali atoms have been most extensively
_investigated in both crossed molecular beam studies2 ‘and model
calculations;3_these reactions yielded products scattered mainly into‘
1the backward hemisphere and proved to be the typical example. of

rebound scattering. In constrast to CH I, the recent study of CH_ I

3 272
with Cs and K r_eac_tions4 showed broad forward product scattering with
large reaction cross.sectiona C; 150 Ag). Measurements of crossed

v beam‘prOduct angular distributions from C Clé +.a1kalihatoms,5’6 on

the other hand, indicated that these reactions are intermediate between
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the backward and forward scattering behaviors; moreover, a strong
coupling between the CM recoil angle and velocity distributions has -
also been reported for this system.7 Althougﬁ no prévioﬁs measurements
of produgt angular distributions for the othér three reactants, CE3I,‘
C Cl3N02, and (CH3)2 CHNOZ, have been reported, a number of crossed
beam studies of alkali + CH3N0 ;eactiqns have been published by

- Herm and his‘ass_ociates.8 In these studies, they ﬁave assigned the
alkali nitrite as the scattered producfrfrom a detailedvénalysis of
magnetic and electric deflection experiments. The steric effectvfof
CF3I feacting with K atoms has beenvdemonstrated fecently in the

crossed beam studies;9 this result and the early flame experimentslo

indicate that KI is the'principal reaction product.

B. Experimental Conditions

Experimental conditions are essentially the same as in the study

of the Br2 and Cl2 reactions. Velocity measurements have been made

for tbe CH3§, CHZIZ’
a upward shift in the velocity distributions with respect to thermal

C C14, and (CH3)2 CHNO2 beams; they also show

beams and are.fitted by the same equation described in thapter II

but with various flow speed, v Since the depeﬁdehce of v, on source
pressure is similar for a number of gases studied, we have interpolated - .
v values for CFBI and C 013N02 from the calculated'vs valueé of ofher
gases. Although the beam velocity spectra for-(CH3)2 CHNO2 have been
measured at several pressures, the high vélocity portioné.were not

measured because of the speed limitations of our small velocity

selector. We are thus unable to determine vy at its high pressure
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limit so.that an interpolated value is used here as well  Details of“

"~ thesge pressure dependences of the flow speeds are discussed in Ref 11
In this;work, not all ofvthe alkaline earth atoms have been

observed to react'with‘theee six reactants. Although it varies some—

what from system to system, we estimate that the sensitivity of our

. apparatus is such that we would observe reaction product 1f the reaction

crosa section.were as large as ~ 1-5 A- For Mg atoms, no product has..
been found when crossing with CH3I molecules 'since the reaction cross.
‘sections for Mg are apparently smaller than those for heavier atoms

and since therevexisted a high background_noise at low massnumber in
our‘massfilter; no further attempts were made to study reactions of
ngwith other reactants.t Table I summarizes theoreactions studied and
_Table IT lists the experimental conditions for those reactions where

-product angular distributions have been measured

~C. . Data Analysis
The same'procedures, thevstochastic and the single recoil energy

(SRE), used in analyzing the Br, and Cl, data are employed here. In

2 879 &4y _
‘the stochastic proCedure,'the CM angular distribution is expressed as _
‘....‘. o ‘. o ehel 2 o . . .'. .
T(8) = (l—Cl)'exp - 1ln 2 5 1 + C1 .. 8 >'61 - (1a) . .
SO S W ‘

= ‘(:_I'—CZ) exp - ln2 —H-;— .+ C.2 .6< 62 (1c)
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Table I. Summary of reactions studied®

Alkaline earth atom (Me)

Molecules ~ Ba Sr ‘Ca Mg Mass peak detected
: +
CH,T . R R R  NR Mel |
CF, I R NS NS NS Bal', BaF'
+
CH,I, R R R NS Mel
CH)Br, NS NS F NS  CaBr'
CH,BrC1 | F NS NS NS BaBr'
cc1, R I NR Ns  Baclt
CC1,Br NS NS NR NS
. + +
cc1,No,, . NS NS R NS caCl”, Ca0
(CH.,). CHNO R R NR NS MeoT
3’272
(CH,).CH(CH,).ONO NS F NR NS srot, sevot, c_H. . osc”
3’2 272 S : » STRY 5 Bghyy
(CH,) ,COR NR NS NS NS
a. R = product angular distributions reported here

NR = no reaction

not studied

=
wi
i

F = product observed, but meaningful angular distribution not
obtained

I = interference from a mass peak of reactant beam.




_ Table II. Experimental conditions.?

. System

CH.I + Ba
Sr
Ca

CHZ;Z + Ba

- -8r
Cd

C,H.NO, + Ba

- Sr

CCl‘3N02 + Ca
CC].4 + Ba
CF3I +‘Ba

Source Conditions Speed  Distribution

1030

. 980

1050

1050

970

1030

1020

960
1020
1040

1060

- P

. 0.26-

0.6

0.6

1 0.32

0.5 -

0.4 -
0.2
0.4

0.4

0.28

0.35

_Alkaline earth atom source

o -
3.1
5.8
3.1 .
3.7

.508\,

3.1

- 3.7

5.8

3.1

3.1

.
11
1.3

1.9
1.1
1.3

1‘9

1.1

1.3
1.9

1.1 .

1.1

Source -

T

360

330

370

‘330

340

330

390

350

320

370

330

gas source -

Conditions flow speed

f p

3.3-3.9°

3.0 - 3.5

3.4

0.6

0.3 - 0.6

0.4
2.6

2.8
3.8 :
3

3.5 - 4.1

1.7
- 0.67
0.6

0.4

1.8

1.8

1.7

1.6

1.4

aTemperat_:ure is given in °K, pressure in Torr, and speed in 100 m/sec.
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For each reaction;_thisvéxpression enables us to determine.a‘fofward
scattered component qu.-i—a, b), a backward scéttefed component

(Eq. 1-b, c); or a sideway peaking (Eq. i—a, b, ¢). The O(u) distribu-~ g
tion used here is of the same form as thaf described in the ﬁrevious
chapter. .Tablé 111 lists our best-fit parameter, obtaingd from the

stochastic analysis, for the T(6) and O(u) distributionms.

D. Results and Discussion

.Owing to the various chemical behaviors among these six reactants,
detailed kinematic results for reactively scattered products are dis-

cussed separately.

1. CH.I with Ca, Sr, and Ba.

- Figures 1;3 show_kinematic results for CH3I reactions with the
same conventional format designated for the halogen reactions reportéd_
in the preﬁious chapter. A baékward scattering in the CM angular
distribution with a substantial amount of reaction éxoergicity appearing
"as the produét recoil energy is found for all three reactions; both v |
the T(6) and P(E')Adistributions show an increase in.fheir bregdth and
peaking recoil energy from Ca to Ba with Sr as the intermediate case.
A I reactions.‘

3
For Ca + CH_I, there is a tendency to give too little intensity at

Table IV lists results of data analysis of the CH

small © (< 20°) for bqth the stochastic and SRE methods. AWe have also
tried to modify Eq. 1-c, as described in the previous chapter, to give
a fraction of 507 at 0 = 0° from the best set parameters found for

Ca + CH,TI in the stochastic procedure; howevgr, results éf this cal-

3
culation show no increasing intensity at © < 15°, but give too large



Table III.

: g A oL A
Parameters for CM recoil angle and velocity distributioms."

"~ System

CH3I + Ba
Sr
Ca

CH,I

oI, f-Ba

Sr

3772

32

i . '
; ‘ CCl4 + Ba

CF I + Ba
3 t

Ca
C.HNO. + Ba -
st

CC1.NO. + Ca -

‘61/6

180/140

180

180

5/0
5/0

30

90/70

2 .

‘T(é)

H. /H
80
60

40

100

100

© 100

30
10
15

60/30

45/15

172

| c,/c

1'%2
0.3

0.1
0.1
0.3

0.3

0.5

0.15

'Q.lS ,

0.2

~ 0.2/0.5

0/0.8

174,

1.4

1.6

1.9

1.2

1.2

- 1.0

3.5

4.3

value is given.

broader 0{u) dlstribution,

| T(®) o
| 8,78, H/Hy o GfC 0 Uy/U
 Ba 0 10 .2 1.2
sr 0 10 .2 1.2
ca 0 10 b 1.25

nl/n2 ml/m2
6 2
6 2
6 2
2 : 2
2 2
2 ' 2
2 2
2 1/2
2 1/2
2. 2
6 6

Parameters with subscripts 1 and 2 are taken as equal when only one

bSubseque_nt to the data‘analyses reported here, a-furthér computation
has indicated that for this family of reactions, a reasonable fits can
also be achieved by an even narrower T(6) distribution coupled with a

- 0(u)
n/a,  my/my
1/2
1/2

1/2
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Table Iv. Reéults of da;a agglyqis:pf ;he CH3I reactions.a
Ca " Sr Ba ’ K C
gP 2.8 2.5 2.6
ADOC 23 - 26 34
g 7.1(8) 8.1(10)  9.3(10)
q,° 0.78(0.74)  0.77(0.70)° - 0.59(0.58)
wut 286 (318) 305(342) - 1332(370) 332(398)  449(573)

aEnergi-es are'givén in kcal/mole. Momentum given 104 gm-cm/sec/mole.

'bE is the characteristic initial relative kinetic energy, calculated

for the most probable beam speeds.

_ “Bond strengths are taken from: for MeI, A. G. Gayton, Dissociation

Energies and Spectra of Diatomic Molecules. 3rd ed. (Chapman and

Hall Ltd., London, 1968); for CH,I, B. de B. Darwent, Bond Dissociation
Energies in Simple Molecules. Natl. Bur. Std. U. S. Report NSRDS-

NBS 31, 1970.

dProduct recoil energies are calculated from the P(E') distributions
obtained from the stochastic method; values in the parenthesis are
obtained from the SRE approximation.

sianGA%. T(9) sinBd6 for both stochastic and SRE get
'is quoted in parenthesis

the latter

fCM momentum of product detected. These values are calculated from the
peaks in either the P(E') or O(u) distribution; the latter are
represented in parenthesis. For comparison, we also present the
experimental data for K and C_+ CH,I reactions from both P(E') and
O(u) distributions (E. A. Ent@mann and D. R. Herschbach, Disc.-Far.4
Soc. 44, 289, (1967)). Model calculations prediét 456 and 453 X 10 gm-—
cm/gsec/mole for K + CH.1 and C_ + CH_ I, respectively (see D. D. Parriah,
Ph.D. thesls, Unlvura!gy of Ca¥iforn a, Berkeley, Ca. 1970).
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an intensity at Q =-20°—60°.' E;perimentélly, no‘imptrity was observed
in the CH3I beam; howeVer, product CaI+ signal was so smail thatvfhose
data taken at O less than 25° were measufed ét a longer time constaﬁt
(T = 3 sec and 12 db) so that the small hﬁmp,at-@ near ‘the atom beam
is presumably due to an experimental error.

The normal modés calculat:l.qns3 wﬁich were made to cérfelate the
family of,rgactions of Cs with alkyi iodides indicate that a large frac-
tion (19 kcal/mole) of the reaction exoergicity is réquired to be initially
dissipated zs repulsive‘in the I-C bond during the course of reaction.
Accordingly,_one may éxpect that an activation barrier;may exist for
this family of reactions whichfare_characterizéd by reaction at small
impact parameters (therefpre'small,reaction cross séctién); indeed,
we have observed no detectable product for Mg +‘CH3I,whére the reaction |
exoergiqity is negrly neut'ral‘(ADo = 1% 10 kcal/mole, see references
listed in Table IV). This model calculation also predicts that a
larger reaction cross section may be ekpeéted for the reaction which -
has the largér exoergicity. These features éombinéd with the trend
that a sﬁall éross section would faster the backward scattering are
in good agreement with the results reported here.

A recent study of the K + CH 12 reaction shows a strong enérgy

3
dependence of the reaction cross section at the energy E = 0.1 - 1.0 ev
studied; the measured total reaction cross section rises to a maximum at

E = 0.18 * 0.03 ev, béyond which it decreases continuously. We have



used this repoffedireaétion crqés section function, Q(E),* to calculate‘
the LAB distribution with our best fit-@ar;meters of T(8) and 0(u)
distributions; however;'results of these éaiculations show no conceivable
chéngé for all three reactions. -This béhavior thaf T(G) and'O(ﬁ)
ﬁistributiéns are rélatively insengitive to collisioﬁ energy is also
indicated in the K + CHBI reaction.2

’ Accor&ing to the impulsive 1imit modél developed in Ref. 3, the
product.CM:momentum would remain almost constant regardless of the
maés of attaCRing atom. A ppssible:ekplanation for the slight decrease
of the prodgcp cM ﬁomentum with'decreaSing mass of féacting atoms
which is»shown in:TaBle Iﬁ is that the lighter atomé,interact‘in a
more complex mgnngf, thereby deviating further from the impulsive

limit than would be the case for the heavier atoms.

2. CH)I, + Ca, Sr, and Ba.

In this family of reactions, the only product detected in the mass

spectrometer is the monoiodide'iohs. However, since symmetry arguments

~allow transfef'of‘two iodine étoms, we have analyzed the data for bdth '

monoiodide and diiodide products. The difference between these two
products is the restriction imposed by the conservation law of linear
monentum in the CM system, i.e., that for a given broduct recoil

energy, the magnitude of the radical recoil velocity is dependent on

* . M ) .
~ It was approximated from Fig. 10 of Ref. 27as

1/2

) *
2.357 E E<E = 0.18 e.v.

Q(E)

n

. ‘ ‘ *
0.25 + exp(~49.328 E°) E>E
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which iodide compound iS'pfqduced. COnsequently,-the éame set of T(8)
;and O(u) distributions préduée the same déta fit regardless of Whiéh |
ﬁroduct (monoiodide or diiodide) is assumed. Resﬁlts are shown in
-Fig. 4-6 and Table III.

Forward scaftering is found for all three reactions. The same
set of T(6) and O(u)vdistributioné gives an equal good fits to both
the Ba and Sr re;étions but too much intengity at small © for Ca.
When this T(0) distriBution is retained, tﬁe célculated LAB intensities
always exhibit é little too sméll a breadth for Ca with its peaking
position dependeﬁt‘of the parameters used for the O(u) distribution.
As a resﬁlt, the T(6) distribution for Ca possesses a 1arger ffaction
at large 8 than does-that for Ba and Sr.. Although.the same set of
O(u)'distributioﬁs is used fof both diiodides and'ﬁonoiodides, there
is a tremendous difference ip therP(E') distribﬁtions; these.are shown .
in the upper panels. | |

fhe SRE results shown in Fig. 4-6 indicate aléidéway'peaking
(6 = 50°).with'a smaller fraction at 8 = 0° for Ca thah Ba and Sr.
- However, this sideway peaking is less signifi;ant for Bé and Sr. When
T(0) is made flat from 6 = 0°_to 50°, reasonable fits are also achievéd
for Ba and Sr but a significant shift toward small O with a émaller
- breadth near the peak is observed for Ca. Howevef; as indicated inv_
Table III, the subsequent calculations by assuming a narréwer T(9)
distribution coﬁpled with a broader O0(u) distribution (i.e., more
weight at low velocity portion) also show a reasqﬁably good fits to

our measured values. Thus, the actual CM gcattering patterns are only
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poorly characterizedvby_the measured LAB angular'distribuﬁion alone

so that furthér quantitafive comparisons coﬁld be misleading. Neverthe-
less, results from the two extreme scattering patterns, shown in

Table V, clearly indicate that the forward contribution for Ca does
indeed decrease in comparison with ;hat for Ba and Sr.

The product recoil energies shown in Table V ére extremely sméll
if the products are the monoiodide, thisvsmall product recoil energy
has never been. previously observed in crossed beam studies. Moreover,
the electron capture experimeht12 on CH212 +e - CH2I + I~ at A.P.
(appearance potential) = 0 ev shows that 4.2 kcal/mole of the total
available energy (21.6 kcal/mole) appears to be the:trénslational
energy of recoil products. Thus, for a more exothermic reaction, one
would not expect E' to be much smaller than this value. In light of
this argument, the formation of the diiqdide product éeems morevlikely

for these reactions. Moreover, the MeI, product which would form in

2
these reactions would be very highly excited and would be expected to

+ _
form MeI ion in the mass spectrometer.
To complete this section, we would like to. make somé remarks on
the experimentél evidence found for molecules closely related to

CHZIZ: CHzBr2 and_CHzBrC1. Product angular distributions have been

measured for the Ca + CHZBr2 reaction. Because the product yield

+ :
(CaBr 1ion) is smaller than the case for Ca + CH the scattered data

212
are rather noisy and only a qualitative comment will be given here.
The LAB angular distribution is very broad and peaks around O ~ 40°-110°

(subject to'large experimental error). By comparing with the centroid
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Table V. Results of data analysis for forward and sideway scatterings.

System 2 ap 9 grd Qf_e
stochastic SRE blstoehastie éRE
ca212f +Ba  2.39 37(70)  0.64(9.5) 0.7(10) .  0.61 . 0.64
| St 2.31 29(59) 0.46(7.3) 0.6(8)  0.61 0.6
ca - 2.63 26(54) 0.20(3.8) 0.3(5) 0.57  0.50
(CH352¢HN02 +Ba  2.44 '»so‘ 3.4 3 0.68  0.69
- st 2.32 45 1.4 2.5 ©0.56  0.61
_c013N62 + Ca 2,77 26 1.8 3 ‘.',,_ 0.57 0.63
ccl, + Ba ) >>2.65 37 4.0 10 0.69 0.72.
CF,I+Ba . 261 31 9.0 6 ~0.58  0.56

3

aEnergies arevgiven in keallmole._

b

E is the characteristic initial relative kinetic energy, calculated for
the most probable beam speeds.

“Bond strengths are taken from: for Mel and MeO, A. G. Gayton,
Dissociation Energies and Spectra of Diatomic Molecules 3rd Ed.
(Chapman and Hall Ltd., London, 1968); for MIeI2 L. Brewer, Chem. Rev.
63, 111 (1963); for MeCl, P. L., Hildenbrand, J. Chem. Phys. 52, 5751
(1970), for CH,I,, S. Furuyama, et.al. Intern. J. Chem. kinetics, 1,
283 (1969); for (CH ) CHNO cCl NO -(estimated from CH_NO, and CCl
respectively), CE I and C&l 40 V. I Vedeneyer, et.al. gong Energjes,
Ionization Potent;als and Electron Affinities (Edward Arnold Ltd
London,1966).

d-'I‘he values indicated in parenthesis refer to the diiodide products.

e . .
o = £™2 1(0) s1n0a6/;" T(0) s1n6a0

fIn accord with the remarks made in Table III, the Q_ value calculated
from the stronger forward scattering pattern is O. 55 0.53, and 0.51
and the corresponding E', 0.33 (4.9), 0.23 (3.7), and 0.17 (3.0) kcal/
mole for Ba, Sr, and Ca, respectively; the values denoted in parenthesis
for E' are again for the diiodide products.
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distributionl(which peaks at © = 60°), one may expect the ratio of
forward/backwatd contribution in the CM coordinate system to be
eomparable, suggestive of a sideway peaking (or an ieotropic distribu-
tion). This feature of a decrease in the forward cdhtribution.for

CHzBr2 relative to CHZIZ has also been observed for alkali reactions.4

For CH23r01, we have observed a very weak BaBr ‘signal, but no BaClw,

in the Ba + CHzBrCI reaction. These results are well in accord with

the cross sections reported for C8 and K reactions:4' Qr(CHzIz) >

Qr(CH ) >> Qr(CH 2)

3. CCl, CF.I + Ba.

Figure 7 shows the kinematic results for the’Ba.+ C Cl4 reaction.
Using the stochastic procedure, the best-fit T(B) distribution peaks
vsideway at 6 = 30° however, a reasonably good fits is also achieved
with a forward peaking. On the other hand, the SRE procedure can only
yvield a sideway peaking at 6 = ~ 50°; in this method, the LAB angular
dietribution is eo sensifive to the peaking angle of T(e) that a shift
of 10° toward either difection fails to produce a good fits to the
measured Qalues. Mofeover, in the range E' = 5-15 kcal/mole, a second
peek in the LAB distribution at O = - 25° always appeared in the SRE
method even for a T(0) = 0 at 6 = 0°, which is in constrast to the
stochastic method from which no double peaks occurred. Since there 15
an indication7 of a strong coupling between T(6) and.O(u) distributions
for hhe alkali + C Cl4vreactions, the Quantitative T(68) form can not
be determined from the measured LAB angular distribution alone, because
of the possibility that this coupling also happens in the Ba reaction

studied here.
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Experimentally, we have not observed a product BaClz-+ mass:peak

for the Ba + C Cl4 reaction; an_earlief discussion made iﬁ the freviéus
chapter,.howeVer,vpointed oﬁtﬂthat this does nbt précl#&e a BaCl2
product. If the product BaCl2 israssumed here, the product recoil
energy E' = 6.9-kca1/mole is expected for a feactioh exoergicity

ADO = 80 kcal/mole whereas the.T(S) distribution remains the same as
we discussed in the last section. Besidés Ba, we have also tried to
react C Cl4 and C C13Bf with Ca; however, neither a CaCl+ nor a CaBr+

mass peak has been detected. It should also be pointed out that .the

fajilure to observe a SrCl+ mass peak (m = 122) from Sr + C C14 might

+
3

resulted from ionization of the C Cl4 beam; the latter produced a

have resulted from the mass interference of C Cl (m = 117) which
background about ﬁwo order of magnitude higher than the expected SrCl+
signal level. In the present apparatus wherethe detection system is
referenced to the.chopping frequency of the-gas beam mass differeﬁéés of
6 amu or less cannot be completely resolved if the two species have the
same.modulation.

For CFgI + Ba, fhere are four possible channels léading to an
exoergic reaction: 'Bal, BaF, BaF,, and BaTF. '3 Exﬁerimentally, in
addition to a bimodal LAB angular distribution of BaI+ product signél,
we have also observed a Qery weak BaF+'signal at LAB angle O = 10°-30°.
Moreover, thefe was a»large background mnoise around the BaF+ {(m = 156)
mass peak énd it increased with increasing O (i.e., toward the crossed

beam) suggesting a mass interference from CFI+ (m = 158). The ratio

of product intensity of BaF+/BaI+ observed 1is smdller than 1:10 at



LS
{‘v‘x

O = 10° and essentially becomes zero at O = 30°, one would expect

that for the Ba + CF,I reactiom, the products Bal + CF, should be more

3 3

favorable than the'other thrée_reaction channels. Moreover, measurements
of the dependence of the reaétién éross section on 6rientatioh of

CF3I molecules for the K + CF3
ponfiguratiﬁn for reaction to take place is for the K atom to initially

I reaction9 indicate tha;bthe favorable

appfoach,the mofe electropnegativity of the F atom according to the
electron transfer model. In connection with this model, one wouid
also expect that the small yield.of BaF+ might arise frbm the product
BaF or BaF2 rather than BaIF.

‘Figure 8 shows the bimodal LAB gngularﬂdistribution_of Bal®
producﬁ signal and the kinemafié results qbtained by'postulating that
this BaI+ signal is ﬁue.to_iohization of a Bal. The CM angulér
diétribution exhibits a sideway peaking at 6 = 60°-90°. 1In the
stochasfic méthod; any T(6) distribution peaking‘outside of this range
would result.in a LAB angﬁlar distribution with a siggle'peak around
the centroid; Also, we have to use a rather narrow.ofu) distribution

in order to produce the bimodal structure of the measured angular

distribution.

4. (CH322 CHNOz_and C 013§g . |
Measurements of product angular distributions have been attempted

for (CHB)Z CHNO, with Ba, Sr, and Ca. For Ba and‘Sr, product angular

2

" distributions have been collected for BaO+‘and SrO+ detector signal,

respectively; no other product ions have been seen in the mass scans.

For Ca, we have not obsdrved any productvsignal. Although the formation

a0
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of MeNO2 is probabiy én eXoergic‘reactién, the formation of the oxide
product is expected fo:be‘more exoergic.‘ Moreover,‘thé steric effect
aléO‘fév§ts fcrﬁation,of the oxide prodﬁct because'reégtionbocéurs
instaneously whén Ba or Sr approaéhes to ;he perimetgr-of the - NO2
group. All analysesvﬁrééented here proceed by considering that the
Meo™ sigﬂélrcomes directlyfffomeeO rafhef than MeNOZ. Figures 9 and‘

10 shdw'thé kihematic results.& For this family of reactions, both
pfoduct'LAB'angulér distributions and CM recoil funcéions have a greét
similarityvto.results found fér'the C12 and Br2 reacfions, i.e., a

sharp CM‘forward sgafteringipattern with relatively_low.recoil energies
of the reaction exoergicit&. Accordingly, one would expect that a
reaction meéhéhism.similar to that of fhe halogen molecules also

occurs here.

This result is'in cqnstrast to the rgsults for the Li and K + CH3N02
reactibns.B-_These-Studies indicated a LiNO2 and KNOé product on the |
basis of informétion brovided by magnetic and electric deflection
analysis and the product CM angular distribution yielded a comparablé
inténsity in the.forward and backward hemispheres. 'In these studies,

the kinematic analysis was handicapped by the'large mass ratio of the

‘product detected and the free radical, which made the KNO2 CM angular

distribution rather insensitive to the relative motion of the products.

. I .
These considerations led to the choice of (CHB)Z CHNO2 rather than

CH_NO

32

For Ca + C C13N02, we have observed both CaCl+ and Ca0 ‘mass

signals. However, the_CaO+ signal 18 not large enough to scan the

vfof'our_alkgiine‘earth gtudies.
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'angularvdistributiongifor 6] from'-lOé to 20°, it was measured to be
largest at @'; 5°, the same peaking angle 6bserved'fof.the Ba and Sr
| 3)2 CHNOz.reactions.’ figure 11 shows the kinematic results

~ for the CaCl+vpfoduct. ;Here again, the CaCl productgis‘predominantly

with (CH

confined in thg forward hemiSpheré with a small fractioh of the reaction
exoergiéity aépearing in the product recoil energy. These also resemble
results found for the halogen molecule reactions.

We have aiso measured the scattering ffom Sr +Aiso—pentyl nitrite,
(CH3)2>GH (CHZ)Z ONO. Product signals/wefe'obsérved‘at‘mass,peaks
corresponding to Sr0+; SrNO+, and C5H110 Sf};.yields of the first two
products wefé comparable and larger than the.yield of Csﬁllo Sr+,
However, isofpentyl,nifrite is so unstablé that the pressure in the
collision chamber increased drastically during.theiexﬁeriment;
consequently, none 6f these three product_angular distributions has
been transfqrﬁed inﬁo the~center-of—maés system. Qualitatively, the
sro’ angular.distribution.for O from -15° to 80° is‘very similar to
' 3)2 CHNO2 reactidn.

For Ba + tert - butyl alcohol, on the other hand, neither Ba0H+,

the SrO+ obsér&ed fqr the Sr +‘(CH

t—C4H90 Ba+, nor any'other‘scattered product signal was observed
although fofmation of both products, BaOH and t—C4H90Ba, is probably
exoergic from the reported Dd of _39.114 and 10415 kcal/mole for the

C-OH and CO-H bonds, respectively.
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E. Summari

For all reactions studied here, an anisotropic angular distribu-
tion in the CM coordinate system has been found: a backward scattering

for CH,I, a forward scaftering for CH,I,, C C13N0 , and (CHS)Z CHNO

3 252 2 2

and a sideway peaking for CCl4 and CF,I. The main features are
summarized as follows:

(1) For the reactions of CH,I with Ba, Sr, and Ca,va backward

3
scattering in the CM angular disttibution with.a substéntial amount of
reaction exoergicity (~ 30~40%) appearing as the product recoil energy
is found for all threé reactions; this backward scattered component
increases in the series Ba, Sr, and Ca, The product‘CM momentum of
Mel is neérly constant for these reactioné; this is‘conaistant‘with the
trend predicted by the impulisve limit modellcalculations.3

© (2) Experimentally, a large yield.at the MEI+ fon signal in the .
mass spectrometer was oBserved for the reactions of CH2I2»with Ba, Sr,
and Ca. An argumént 6n the ﬁagnitude of.préduct recoil_energy
eétimatea by postulating that this ion signal arose from either a
diiodide or a mdnoiodide produgt upon an electron-impact ionigation_
process, however, indiéates that the diiodide pfoduct seems more likely
for these reactions. ' Since a reasonably good fits to the meaéured LAB
angular distribhtions-is.found for a large number of_combinations of
the CM angle and recoil velocity diétributions, thevactuél CM scattefingv
patterns are only qualitgtively aéhieved. Neve;thelees, results suffice

us to conclude a forward scattering with'relatively low recoil energies

(15% of the reaction exoergicity if diiodide product and < 2% if



.~ of a BaCl or a BaCl2 product. For Ba + CF
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monoiodide) for thlS family of reactions.

| {3) For the Ba + ccl reaction, the. product LAB angular distribu—

4
tion was measured for the BaCl mass peak A sideway peaking but
possessing'a large ratio of forward/backward scettered'contribution is
found regardless whether thiszaCIf ion éignal is due to the ionization
éI,»a bimodal LAB angular
distribution'of BaIT product signal was observed; ih addition, a little

BaF mass peak was also found. The kinematic results obtained

postulating that the BeI+ signal has arisen from the reactlon product

 Bal indicate a,sideway peaking in the CM coordinate system.

(4) Both CaCl+ and CaO+ ion signals have been observed for the

Ca + CC13NO2 reaction; LAB angular distribution was only measured for

the-CaCl signal since the CaO+ signal was not - large enough to allow

-a complete scen of angular distribution. A strong'forward scattering

with 1ow recoil energy Wae found for the CaCl product.' No product

31gna1 was observed for Ca + (CH3) CHNO however. For Ba and Sr

2,

with (CH CHNOZ, no product signals other than MeO have been found

3)2
and their kinematic results showed a forward scattering for both

reactions.
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V. THE FRANCK~CONDON PRINCIPLE AND PHOTODISSOCIATION'
OF DIATOMIC MOLECULES

A. Introduction

The distributions of spectral intensities‘in electronic transitions
of diatomic molecules have beén extensively investigated in terms of
the Franck-Condon (FC) principle. Classically, the basic assumption
of the FC principle is that the electronic transition takes place -
essentially instantaneously with respect to the motion of'nﬁclei.
Therefore, a molecule undergoing a transifian must proceed vertically
upward or downward on the potential energy diagram so as to consérve
reiative internuclear separation and momentum. .The quantum mechanical
formulation of the FC prinéiple assumes that the transition probability

is merely proportional to the square of an overlap 1ntégra1 between |
the two vibrational states involved; this principle is arrived at by
assuming that the.matrix element of the electronic transition moment

is independent of the internuclear separation. Through this sudden
approximation, the spectral intensity distribution of either a
molecular band system ér a continuous spectrumvwithin an electronic
transition isbsimply the squaré of the overlap integral of the so-called
FC factor. |

The FC factor has often been evaluatedlapproximately, if one of
the two electronic states involved in.the transition belongs to a
continuum, by replacing the vibrational wavefunctién for this continuum
state by a delta fungtion ¢ - approximation) located at the classical
truning point.l Conseqﬁently, the § - approximation provides a FC~

factor which is simply given by the probability density function of
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‘the bound state. This 6§ - appfoximatibn has been applied to many con-

tihuous,trénéifions in diatomic spectrbscbpy. In the l930's, Coolidge'b
and James and their associates2 extensively aﬁalyzéd the continuous
emisSion'spécffa of Hy gnd o.f'D2 for the transition lsd 2p0 32: +
190'250x32;.and conciuded that.£he § - approximation gives fairly
satisfactory results without thev&etailed summation over rotational
states, On the qther hand, Doylé3 in 1968 pointed out that ﬁhe neglect -
of rotational dependence of the dipole moment for the-H2 moiecules
(with.the wide spacing of the rotational level) is a major source of
errof when_severa1 rotational states are pqpulated in tﬁbse states.
.Although.thé § - abproximationvhaé been widely used to e#tract
the repulsive potentiélef diatomic halides froﬁ the measurements of
their absorption spectra4 and atomic resonance iiné fluorescence,
detailed analysis:for the validity of this approximation has not

. o * .
apparently reported yet. The present chapter compares exact and

*Subsequent.td the'work‘reported here, the author became aware of a
recent article (G;‘H. Dunn, Phys. Rev. 172, 1, 1968) demonstrating.
Jthét the § - approximation pfovides a good estiﬁates of FC factors at
llow vibrafioﬁal leyeis,of H2+ and D2+ ﬁoleculeé 1f the proper energfv
normalization is used. Furthermore, E. A. Gislason of the Univ.
Illinois-—Chicago Circle campus (private‘communicétion) has developed
an exact series expansion_fof FC factors, subject only to the.assumption |
of a linear dependenée of potential on internuclear distance in the

continuum state; the first term in this exact series expansion is the

(properly energy normalized) § - function approximation.
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g - approximation" of the FC factors for the phétodisSociatidn of ‘HI

and of Nal molecules. Results are used to construct repulsive potentials.
Errors introduced by the 3 - approximation are interpreted.in’terms

of'tﬁe nature of thé oscillatory wavefunctions of the cbntinuum sfate

and their poéitions relative to the bound vibrationai wavefunctions.

The rotational angular momentum was Included in the calculations for

HI molecule, but was found to have nb signifiéant influence on the
distribution.df relative intensities. Results fron1§—centfoidlanalysié o
confirmed the appiicability of the FC appro#imation to the HI and Nal

transtiions examined here.

B. Computation Methods

Since the FC principle assumes that the variation of the matrix -
element of the'electronic transition moment, He(r), is small that
Ue(r) may be replaced by an average value, lle(r), the intensity absorbed

in an electronic transition is given by2a
- 2 Co
I = CN |pe(r)|® vt (¢))

where N is the popuiatipn of the initial state, V is the frequency of
the transition and C is a proportionality constant. The FC factor,
f, for a transition between two stateé, one of which is a continuum

state, may be expressed as

£ o= [¢e]vi)]? . (2)

i



where v and J are boundeibrational and rotational quantum numbers;
8,»meaéured from the aeymptotic energy of the two atoms which correlate

‘with the repulsive molecular state, is given as
S .,
€ = W+ho (v+ %9 - D, - E - (3)

In this equation, w_refers to the circular vibrational frequency of
the bound state, Dé to its dissociation energy and E to the product
atomic excitation energf. In order to determine the theoretical
distribﬁtion of ffansitioﬁ proﬁabilities we first have to solve the
radial Schfoedingerveqﬁatioﬁ for the'vibretioeal ﬁavefunctions for
'beth ﬁpper and lower states and then evaluate the.overlap'integral
shown in Eq.'(2). The wavefunction of eachrvibrational-rotational
levei ef the bound etate,vl vj ), is computed by replacing the radial
Schroedinger equation By‘en equivalent difference equation ﬁhich is
then‘solvedinﬁmeriéally.6 The redial Schroedingef eduetion is>expressed
| in the form *d2¢/df2 =.A¢ if length and energy are given in dimensioﬁ;
less.units.b The quantity A is equivalent to V(r) - € divided by the
unit of energy hﬁoléﬂcuaoz, where h = 1.05450 x 10—?7.ergesec,

No = 6.02257 x 1023 mo1™!

, c = 2.997925 leolo cm/eec»end U 1is the
Ireduceq mass. The iﬁternuciear‘separation, r;.is in atomic unit‘(ao).b
' A.program7 written in machine language IBﬁ 7090 was USed in this
compﬁtation.. |
f@r thels._ aeproximatidn, the FC factor for a transitioﬁ to a

. glven eigenvalue of the continuum state, €, is simply equivalent to

the square of | v }, for that value of r corresponding to the v given



~114-

by Eq. (3). We thus obtain the theoretical transition probability.
as the pro&uct of this probability density function ﬁultiplied by the
vibrational population and the frequency'factor,rV, from Eq. (1).

For the exact evaluation of the FC factors,.the vibrational
wavefunctions of the continuum state were obtained from a one-dimensional,
box‘(energy) normalized solution to the radial Schroedinger equation
for a given trial potential. This box (energy) normalized solution is
formulated by assuming fhat the particle is not free to the entire
space but is confined in a box with rigid walls at large distance. It
is so large that the physical situation under congideration is not
sensibly affected and the continuum states are then replaced by a
discrete infinity of energy statés. Using thevsummed form of the
Numerov method,8 the_computation of nqnénormalized continuum wavefunctions
was carried out to a distance of ~ 12 a,, where the wavelength and
peak amplitudevhad reached a constant value and the wavefunction itself
essentially behaved as a sine wave. This asymptotic peak amplitude
was normalized to unity and the final energy normalized wavefﬁnction2a
was obtaine& by dividing this function by the square root of the energy

1/4)_

density of the continuum state (i.e., €
A program was written to compute the FC factorswand the distribu-

tion of transition érobabilities from either the § ~ approximation or _

the exact FC calculation; it was run on the CDC 6600 computer at the

Lawrence Berkeley Laboratory, The step size used in the computation

was 0.0040 a_ for HI and 0.0045 a for Nal.
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'C.>_Bound State Wavefunctions

1. HI Molecules.

The ground etate’potentialkwas calculated ffom the RKR (Rydberg-
Klein-Rees) procedure.9 The spectroscopic constants wefe taken ffom

Ref.d(4-c). Figure 1 shows the'potentialvcurves generated.from the

vRKR'method.and'the'Dunham pdwervsefieslo'for a rotationless vibrator

of HI molecules, a third potential computed from the simple Morse

function is also shown in the figure. The RKR potential function is

derived from the classical turning point as a function of vibrational.

”quantum number and the Dunham potential was calculated from coefficientsv

a s,given for J = 4 in Bef. (4-c) and corrected back to the J 0

using the formula 1isted in Table III of Ref. 10. Although the Dunham
potential shows the,same"behavior for v <3 (more than 99.9% of the
HI-molecules are'in'thevstate v = 0 at room temperature),kthe RKR
potential was used to calculate the bound state wavefunctions. ‘A direct
numerical integration7b was used in this calculation. |

2. Nal Molecules.

For a very polar bond such as occurs on the alkalivhalides, the
Rittner classical ionic mode'l11 has been'succesefully used in computing
the ground state potential'near the equilibrium'internuclear separatiOn.

This potential is given as

E . , 2
_ 2 e“ (o, +0) C 2e“0, 0
- -_r/p,_e _ -+ - - 6 _ - .
V(r) = Ae T - - 3 — (4)
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Fig. 1. Ground state potential of HI molecule, calculated
from RKR, Dunham and Morse potential functions for a
rotationless vibrator.



The'stcceésivé terms in Eq;*(4)vdescribé the short ?ange fepulsion,‘the

iCdulombic‘attractipn,”;he idn—inducedvdipoie'interaction, the van der

_ WaAISnattrACtibn énd the induéed dipole-induced dipole interaction,

respeétively. Tﬁe'van der Waals force constant, CG’ was calculated

from thevSIaterQKirkﬁood’apﬁrOXimationlz for polarizabilities of Na©
- S T a3 o
and I taken as o, = 0.15 As and a_ = 7.0_A3 - respectively. The

repulsion constants A and p were evaluated'by requiring that at r =T,

the first'derivati#e of the potential vanish and its second derivative

" be twice the fofce constant of the bond (obtained from the reported14

vibrational frequenéy). -At.fhe temperaturé emplbyed in méasurements'
of the Nal photodissociation (see Ref. 15 — Appendix A), 633-705°C,
vibrational levels up_tp about v = 9 are‘therméliy populated (~ 1% for.
v=29),. .Célculations fbr:the NaI m§1eculé included transitions.from
the firgt‘lo vibrational_lgvéls but the effect of rotatiénél energy was

ignored by'restricting'the‘calculafions to the J = 0 levels.

' - D. Results and Discussion

1",HI Mglecuies.

Figure 2 shows fhé‘résﬁlté computed from a fixed repulsive
potentiél given in Réf:v(4—c). fhis repulsivé pofential was obtained;
in Ref. (4-c) by fitting the obserﬁed HI-cbntinuous.absorptionvspectfum
using the § - approxiﬁation with the ground étate potential generated .v
from the Dunﬁam power_éeries. It should be nofed here,that‘iﬁ our

calculation the gfouﬁd,staﬁe potential was generated from the RKR

procedure and only v = 0 and jmp =4 wére used'to’ca1culate the
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2. (a) Absorption spectrum of HI molecule (@ @ @)
and its transition probabilities obtained from the
exact FC calculation ( ) and the S-approximation
(- - =). (b) The corresponding FC factors calculated
from the two methods. '




theoretical 1nt§nsity‘distribution. As shown in pahelw(a), the diétri-

bution of total reiétive‘intensity obtained from the 8.*‘approx1mAtion

-gives a satisfactory agreement with fhe-measured absorption spectrum

(the solid‘éircles, taken froﬁ'Ref; 4—c); hoWevef, results obtained
from ﬁhe exaéé FC ca1c§1ation for this saﬁg.ﬁotentiai'shift to small
Wavenﬁﬁber,IV. 'ThiS'discreﬁapcy is séen most clearly if one direct1y
compares ﬁhe'FC faétors, f, éhdwn in panel (b). Thislillustrates
that the exact.caICulafiéﬁs shift the enﬁiré_cﬁrve toward small V by

an amount of ~ IOOO‘cm-l_and also produce a faster decrease at large V.

. In other words, the § - approximation weights large V too heavily.

The 6rigin of this distortion introduced by the § - approximation

- may be seen by considéfing a very steep-repulsive'potential with the

classical'turning-pqints at or near ré;ithé equilibrium internuclear
separation of bound‘sfate. ‘In this cage,»f hés its maximum at an
enefgy'corréSPOndigg tqrajtraﬁsition originating from v = 0 in the
lower staﬁe to an upper staté_energy,'s,'sﬁCh that the classical
turnigg pointvfér-this.uppéf stafe igvonly very slightly less than re;
Noﬁ, as € is ;ngreased:beyond-this optimum Value, the successive loops
ofﬂl'e'f,'wﬁich héyé_én‘béposite sign for every second loop, start to-

have a cancellation effect on the overlap integral. Therefore, exact

. evaluations of f yields a relatively large value for small efbuf a
" faster;drop off ét:1arge'E-va1ues. On the other hand, the § -

: approximétion pfovides fieStiﬁatés which remain almost constant for a

broad range‘in e.vvFQr‘the HE molecﬁles in the range studiled, the

' ébsorption spectrum peaks at 45,000 t‘:m-1 corresponding to € ~ 20,445 cm--1
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if the repulsive HI Sta;e'dissociafés into two grOﬁnd.s;ate atoms,
H(ZS) + 1(5p 2.P3/2).. At thisAénergy, thé breadfh of [ €) over which
f is appreciable"is amailer than the breadth which the § - approxiﬁation
would estimate simply.by,reflecting [ Qj y 2 fhrough the upfer state
poténtial because tﬁe'cancellation due to the~séc6nd loop in the
continuum wavefunction seems to be iﬁportant.

Although the fotétional effect on the FC factof_has been shown
to be veryiimportant for both contifmous3 énd'baﬁd spectral6-of the
H2 molecules,_Ogilvie4c shows that it‘is minor for HI.V3This is larggly
due to the fac; that for HI here only v = o is important. Results of
_the FC calculation wifh j =0, 4, and 8 (aBQut 80% of thé'HI molecules
have J,<_8) confirmed_his indication: only a sligﬁt shift toward
smaller V for j = 8 and larger V for J = 0 in compérisoﬁ with the Jmp = .
4. This insensitive'j—depéndence'waé also reported for_’the'O2
molecules.'17

.By means of tﬁe tfial'énd error method, a besfefif.repuisive
potentialnwas.constrﬁcﬁgd to fit the HI absorption data peported in
Ref. (4—c) and Réf.'lé by using exact evaluation of the'FC factors.
This potential, shown as the'sélid curve in Fig. 3, is about 1000_éﬁ_1
higher.than the one proéosed by.0g11v1e4cvfor HI using the § —~approxiﬁétion.
Ogilvie also reported én'absorption gpectrum for the Di molecules. Using':
the § - apéroximation, he was uﬁable to fit the DI absorption spéctruﬁ
by fhe same pqtehtial employed to fit thé HI absorption apectruﬁ. This
disconcerting aspect of Ogilvie's work was the original motivation for

our interest in HI, as we felt that the § - approximation employed by



Fig. 3. Potenfial'enérgyvdiagrém'for HI molecules. The_solid repulsive

potential was constructed from the exact FC calculation and the
dashed curve from the delta approximation; the ground state
potential was gemerated from the RKR procedure. Also shown are
(1) unnormalized ground vibrational wavefunctions of the ground
HI and DI molecules, (2) continuum wavefunction for a selected
’vibrational energy of the solid repu181ve potential, and (3) two
asymptotic energy levels of H+ I (5p E ) -and H + * (5p P
Notice that different energy. scaling for éﬁe two potential curvés
is used. -
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Ogilvie would provide a bad ééfimate of the FC factors'beéause of the
very steep hature of fﬁe repulsive HI potential. 7Howe§er;‘we found

that the poteﬁtial whiqh'best accounté for the HI‘spéctrum wsing exact
caiculation of -FC fa¢tb;s (i.e., the solid curve in Fig. 3) also fails
td'repo;duce the repdrted4C DI absorption spectrum. Resumlts are
presented_in Fig. 4; the solid curve shoWs’the célculated intenéity
distribution for HI.éndlthe dashed curve‘for DI. The absorption

spectra were ‘taken from Ref. 4-c (®, O) and Ref. 18 (A). " The comparable,
calculated inténsityvfor both HI and DI at_v‘= 45000-52000 cm—1
corresponding ﬁo r =~ 1,64 - 1.56 A.appéars to be closely related to

the approximately equal amglitude of l vi ¥ for these molecules in E
that region, as illustrated in Fig. 3. On the other hand, the fast
drop of | vj ) for DI around 1.8 A shown in Fig.‘3 produces the low
intensity'at.smaller v ghown in Fig. 4. Althougt;'Ogilvie4c proposed.
several p0551bilities for his inability to f1t the HI and DI absorption
curves by a single potential none of them seemed very probable to

us; Mullikan 19 indicated in 1937 that three lowest excited states of
the HI molecules'ﬁighﬁ.be involved in this transitioﬁ proceés: these
states are 3H1;V1H and_3Ho+. The first two statés.dissociate into

ground iodine I(5p 2P ) and the third one into excited iodine

3/2
I(Sp 2P1/2) with the hydrogen atoms in the ground state H(ZS)'for all

three cases. Mullikan concluded that either (a) 3H +~ X Iyt and

‘ H + X much exceed 3H ot « X or (b) 3H1 « X plds,iH < X about

equal 3H ot <+ X in total intensity, was more favorable than a third

possibility that the:transition'mainly involves 3Ho+ < X. 1In 1966,
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Fig. 4. Absorption spectra of HI and DI molecules. The solid

curve shows the calculated intensity for HI and the dashed
curve for DI, obtained from the solid repulsive curve

- shown in Fig. 3.
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experimental evidence from‘anovan and Husain?o indicated that

approximately one-fifth of the iodine atoms were formed in the excited

‘state for 2180 A absorption by HI. Cadman and Polanyi,21 on the other

1/2
at 2537 A; this value is not in agreement with the later report by

* ' ,
Compton and Martin.22 They indicated that I (2P1/2) formation was

hand, showed a 55 * 257 yield of 1 (2P ) for the photolysis of HI

only important in the proximity of absorption peak (< 20%5. Becauge

of the largé experimental uncertainty (10 ta 25%) and the lack of
detailed information thrpugh the'entire‘séectfum conéerned, no further
analysis of the'abéorption spectrum of HI ié aétempfed here.

Thus, the potehtial cdrﬁe éhown ianig. 3 répresénts an "average.
potentiél" forbtﬁe.HI absorption in the 39;00Qf52,000 cm_l rangé;
Also, the inaBility‘shan in Fig. 4 to fit the HI and Di‘absorption
with one repulsi§é potential is taken as further'indicagion that the
absorption is due to transitions to twolor more‘repuléive potéhtials.
Indeed, the remarks on the HI absorption spectrum which has been
offered here illustrate the potentiality.as‘well as the limitations of
analysis of absorption spectrum as a means éf gaiﬁing‘more insight
into.the reﬁulsive e#cited states of diatomic molecules. Thus, we
have shown that the_G - approximation in general distofts the derived
molecular potential. Moreover, with the advent of_modern,‘highfspeed

computers it is a relatively easy task to claculate exact FC overlap

'integréls and there seems little reason for the continued use of the

) —vapproximation. Furthermore, the results presented in Figs. 2-4

illustrate that a measured absorption spectrum will usually be
‘ ,

|
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reasonably sensitive:to'the'molecularbpotential so that onevcould expect B
. to derilve an accurate repulsive potential by fitting the measured |
spectrum. However, HI . is typical of the problem which will be encountered
in most molecules in that in general more than one repulsive electronic
state of the-molecule will be involved in the absorption Thus, it will
not be possible to unfold the data so as to arrive at the functional" |
form of the potential unless" the absorption spectrum is supplemented

by other experimental‘measurements. These might include chemiluminescence
or chemical laser determinations of the yield of atomic product states

of the photodissociation; Additionally,‘the photodissociation recoil.
spectrum technique being pioneered by K. R, Wilson and his‘co-workerSZS
as well asva few‘other laboratories should provide-valuable information
because their measurements of the angular distribution of the photoe
dissociation products allow them to distinguish between parallel

(A2 = 0) and perpendicular (AQ = % 1) transitions.

2. Nal Mblecules.

The NaI repulsive potential was constructed, hased on the
measurement of fluorescent intensity of sodium D lines by Earl et. al. A5
in their quenching study Both the exact FC principle and the § -
approximation were again employed in constructing the repulsive potential
results are shown in Fig. 5. _Two repulsive potential curves previously,
roughly estimated by Hansonsvand.Davidovits and Brodhead4b‘using the
6 = approximation, denoted ag Hand D respectively, are also shown

The potential curve, B, generated from the § - approximation shows a -

similar shape to that produced by the exact analysis but is quantitatively :
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Fig. 5. Repulsive potential of Nal molecules, constructed

from the exact FC principle (A) and the S-approximation
(B). Two previously reported potentials, H and D, are
included for comparison (see the context).
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different in a mannér'similar to thét found for HI in the prévious '
section. |

Thevorigin of‘theVdifferénce;between cﬁrves A and B in Fig. 5
is more complicéted for this case of NAI than for the HI case discussed
in the preceéding section;. This ;rises‘bécause,more vibrational
levels‘of‘the‘ground é;ate Nal ﬁolecule'are involved in tﬁé transition.
The FC_factoré evaluéted by the two methods for thethree lowest
vibrational levels éré compafed in Fig. 6. For v = 0, the difference
" between the two methods is not as large-és iﬁwthe case of HI;hthis
results from the fact that the overlap integrals.for NaI in the v =0
level eséentially involve a smallervrahge of internuclear separations.
However, the § - approkimatidn (the dashed curves) ﬁléceé too much
weight on large v'transition for:all vibrafional lévels, particularly
for larger v values. This indicates that the 6‘—‘approximation is
bad at smaller r values (corresponding to'lgrge V). Again, the
cancellation of successive loops of the osciilatory continuum wave-
function and'the neglect of a proper energy normalization, discussed
earlier_in'the HI sec;ioﬁ, aCcoun;é foflthis inaccuracy of the
S—approximatioﬁ in the région'correspondihg tovr <r,.

Figures 7 and 8 show results obtainedrfrom‘the.FC calculation,
The repuisive pﬁtentialvwas constrainéd to a dissociation limit of‘

42300 cm-l.14 Although a shallow minimum of theorder of ~ 0.2 e.v.

4b,5

was considered, its confirmation requires further experiment

study. Moreover, as in the HI case, the actual transitions leading

* : o
to Na (8p 2P) + I(5p 2P ) are probably a sum of transitions to two

3/2
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calculated for T = 633°C are shown by solid curves but dashed
lines at vicinity of the saddle The Somplete curve at large
wavelength corresponds to Na* ( P) + I( 3/2)
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or mﬁre‘NaI excited'electrénic states. Consequently, the potential

curve A.shown in Fig. 5 is A-ﬁdfential for all those possible molecular
states involved in the i:_ransitidns.z4 Figure 7 only shows the compérison
at T = 633°Cg simila;ly good fits are also .obtained for the data at
other‘temperatures; Moreover, by raising this best foun&.poténtial v

, an.amount corresponding to the energy.separatipn of the‘two lowest

atomié states of iodine'i(2P3/2) and 1(231/2)‘and aésuming constant
electronic moment-mat;ix eleménts;vcurVe.A of Fig. 5 also fits the
second-péak (~ 1§50 R) shown in the reduced fluoreScénéé spectrum

of Fig. 7.

3. r - centfoid analzgis

The FC principle assumes tﬂat the variation of the matrix element
of the electronic dipole mdment with intérnuciear‘separation is am@ll
that it may‘be considered'as a constant. The validity of this
assumptidn varies from oﬁe molecule to'thg.bthér;zs however;'it
should be moét'satisfactory,in the case where the vibrational wave—
functions concerned are confined to sméll ranges of ?L' This is
especially true of_heavy moleeukes with strong fofce-constants and
low vibrational quantum numbers. Although it can be justifie& by .
directly calculating the dipole moment as a function-of internucleér
‘separation, the most widely used method in the analysis of the
‘validity of thé FC principle in interﬁreting molecular band spettra:is
the r ;'centroid anaiysis, intfoduced by‘Fraser26 and Turner and.

27

Nicholls®’ in 1954. The r - centroid approximation states that

LG @ v = G vy )



where r_, ,,. is defined as T ton = (v'lrlv" Y/ {v? *|-'v" ). This
v'y ) = v'v ;

expression becomes exact when the transition moment is a linear function

of ;v'v"' The r - ceﬁtroid analysis has appérently not been applied
on the continuous spectrum yet. It 1s employed here to verify the
applicability'of the FC principle analysis preséntéd earlier for both

HI and NaI. To facilitate the-ﬁumerical calculation, a ﬁew’quantity,28

n
'y, is used

ynEv(E Irnl-vj.)i/;n(ﬁ |Vj )v; ‘'n = 2, 3’. . . © . (6)

When y# iS'uﬁity for all n's, the approximation implied in Eq. 5
becoﬁes exacf. Results of this.calculationlare shown in Fig. 9.

For the'HI molecpleé, the deviation from unity for n = 2 is
less than 1% and 1s about 10% for n = 10 throughout the entire region.

28 in their

This result is better than that shown by Drake and Nicholls
application of r - centroid on molecular hydride.bénd spectra.
For NaI,'results from v = 0 and v=5 are shown in the figuré; ‘ ,

alsd included are the FC factors for each vibrational level. For

n = 2, the result 1is much better than that for HI owing to the smaller

‘range of internucléar'éeparation involved. However, for v = 5, the

deviation from unity ét n = 10 becomes large (10 ~ 20%) when the FC
factor is small. This arises simply because the r - centroid is
appreciéble only at of near the prqxiﬁity of the ovérlap integfal;
in other words, the uée‘of r - centfoidvloses its significance when
the overlap_iﬁtegral ié small. More detailed calculations for a

series of diatomic oxides, nitrides, and halides of bound-bound
, | ;
|
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i ‘ ’ :
. 28 | , :
transitions™ illustrated the same trend at large values of n. For

both HI and Nal mdlecules, this ¥ - centroid analysis demonstrates .
that the FC principle is a good approximation in analyzing the ¢ontinuous
spectrum.

E. 'Summagz
'A'comparison isvﬁade between the exact Franek-Condon principle
and the'S—aﬁptbximation in calculating the transition probabilities
for photodissociation of both HI and NaI molecules. ‘Results of this

study indicate that the repulsive potentials extracted from the §-

‘approximation are about 1000 cm_1 lower than those obtained from the

exact‘FC principle for both molecules. The origin of this discrepency
is found that the 6—approximation weights too heavily at large wave-

number'becauée it neglects.(l) the energy dependence of continuum

~wavefunction for the repulsive state, and (2) the'cqnstructive and

destruétive effecﬁ of.vibratioﬁal wavefunétions’of the two electronic.
stétes involved. 'fhe_first effect is most gignificant when the repulsive
potential is QEry sfeep‘whereas the sécdnd effect is_mést pronounced
when the‘répuisive‘pqtential’is a slow function of internﬁciear

separation. Auxilliary F - centroid calculations indicate that the

: Co ' . -
matrix element of the electronic transition moment is only slightly

dépendent of the internuclear separation and thus, the error introduced

in the FC principle is in the order of ~ 1-2%.
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P Photodtssocrat:on of Nal Vapor and the Energy Dependence of the o
; Quenchmg of Na* (3p 2P) by Forexgn Gases

Bovp L. Eawrr, Rowatp R. Hmm‘ SHEN-Maw LI‘I, AND CHARLES A. Mixs
7 nnrqamc M alenals Rc:carch Division, Lawrence Berkeley Laboratory and Department of Chetmstry, University of California, |
Berkeley, California 94720 :

(Received 16 August 1971)

Fluorescence of the Na* (3p 2P) D lines is observed upon photodissociation of NaI vapor by 1900-2500 &
radiation obtained through a monochromator from a high current, low pressure H, arc continuum source;
the properties of this source are briefly described. The D lines fluorescence efficiency exhibits 4 threshold
at ~2500 &, a relative maximum at ~2225 4, and a relative minimum at ~2050 . An expression is

- derived for the distribution in laboratory speeds of an atom prodiced by photodissociation of a diatomic
molecule at thermal equilibrium. This expression is then employed to calculate the distributions in speeds
of the photodissociatively geaerated Na* and these computed Na* speed distributions are employed to
analyze the observed attenuations of the D-lines fluorescence upon addition of foreign gases. In this manner,
the dependences on relative collision velocity g of the cross sections @, for collisional quenching of Na* by
COs, C.H,, CH,CN, CF,Cl, CiHas, SOz, and I, have been determined. Over the range in g studied in this
work (~1.0-2.5 km/scc); Q, varies approximately as gV, with s in the range of 4-6, for all seven quenching .
gases. At a fixed value of g, Q, varies as: I;>S0s> CeHs> CH;CN > CF,Cl> C.H, > COs,. These results
on the quenching cross sections are discussed in terms of the'long-range forces ‘between the reactants,
including a possible long-range electron transfer curve crossing for the collision of Na* with I; or 50..
These measured quenching cross sections are also compared with previous literature values; good agree-
ment is found in most cases, although some discrepancies are noted.

|
In 1926, Terenin' observed that the -optica'l dissoci-

ation of Nal vapor produced electronically excited'

Na* atoms. This was followed by the observation of the
_same phenomenon in the vapors of a number of di-
atomic halide molecules.® Soon after this discovery,
it was realized that this phenomenon made possible
measurements of the collisional quenching of electronic
cxcitation of the atomic photodissociation product.
When empioyed to measure collisional quenching cross
sections, this method of photodissociative preparation
of the electronically excited atom affords two ad-
vantages. Thus, it is possible to use as quenching gases

species which would react with the ground state atom,

hut which are inert in the presence of the diatomic gas
heing photodissociated. It is this advantage of the
method which made possible measurements®t of
thermally averaged cross sections for quenching of the
6*Pyp mcta_st'able state of Tl. Additionally, by varying
the photodissociation wavelength, it is possible to
vary the speed of the electronically excited atom pro-
duced. This has made possible measurements of the
energy depéendence of the cross sections for collisional
.quenching of the resonance radiation of sodium,512
potassium,' and thallium!® #4715 atoms. -

- Within the past decade, crossed molecular beam
studics' of the reactions of ground state alkali atoms
have supplemented the older diffusion flame data on
alkali atom reaction kinctics and have provided a good
deal of insight into the reaction dynamics of ground
state alkali atoms. This has led to a renewed interest
in the collisional quenching of excited metal atoms.
For example, Refs. 4 and 11 draw analogies between
their results on quenching collisions and molecular
beam results on analogous reactions of ground state
specics. Tn our own laboratory, this has prompted a

program to measure the cross sections for quenching of
excited alkali atoms. This present paper reports initial
results of this program on the quenchingof 3p2P Na*,
as well as a more detailed examination of this par-
ticular expérimental technique for measuring the energy
dependence of quenching cross sections.

_ EXPERIMENTAL CONDITIORS

The apparatus employed in this study was similar to
that described in Ref. 9. Continuous radiation, of
constant intensity, from a source described below was -
focused through a Heath' Model EU-700 monochro-
mator: f/6.8 at 2000 X with a reciprocal dispersion of -
approximately 20 {/mm at the exit slit. The ultra-
violet radiation exciting from the monochromator was
chopped at ~80 Hz and focused into a heated quartz
cell containing the Nal vapor. Except where noted,
the monochromator was operated with 2 mm slits.
This provided radiation centered about the nominal

‘wavelength setting with an approximately triangular

distribution function characterized by a 47 § FWHM
bandspread, or an energy spread of ~950 cm™ at
2250 { the experimental consequences of the mono-
chromator bandwidth are discussed later and shown to
be minor. Upon exiting from the sample cell, the
ultraviolet radiation impinged upon an RCA 1721
photomultiplier tube which had been sprayed with a
coating of sodium salicylate. Since the fluorescence
efficiency of sodium salicylate is reported™ to be con-
stant for the wavelength region studied here, the out-
put signal from this phototubc was proportional to the'
flux of incident uitraviolet photons.

The resulting sodium fluorescence was observed at a
right angle to the ultraviolet flux through an inter-
ference filter; its intensity was measured by means of

Reprinted from: )
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an RCA 7265 photomultiplier and a PAR HR-8
amplifier locked in on the ~80 Hz oscillation nmposed
on the ultraviolet beam. A Baird Atomic B-11 inter-
ference filter, with a transmission bandwidth of ~13 L
FWH), was used to isolate the 5896 and 3890 i
sodium D lines. Data presented in Ref. 12 indicate
that the ratio of the fluorescence intensities of these
two lines varies from ~2/3 to ~1 for Nal excitation
in the 2100-2500 X region. Insofar as only the total
intensity of both fluorescence lines is measured in this
work, the reported quenching cross sections are really
an average (weighted by the relative population
- densities of the two levels) of the cross sections for
quenching of the Na* 3p 2Py and 3p *Psp fine structure
components. However, the cross sections for quenching
of these two components should be practically the same
in view of the very small energy separation of the
levels and the complexity of the quenching species
studied here. This expectatlon is further supported by
the relatwel) large cross sections reported® for inter-
conversion of these fine structure components by a
collision partner as sxmple as argon.

The vapor cell was constructed from 30 mm quartz’

tubing, ~16.5 cm in height. Four flat windows, two of
suprasil for the ultraviolet beam and two of quartz,

were equally spaced at 90° about the tube circum-

ference, ~4 cm down from the top. Each window
extended out ~1.23 cm from the tube wall, so that the
optxcal path of the ultraviolet through the cell was
~3.5 cm. At its top, the 30 mm quartz tube was con-
nected to the vacuum line through a 3-mm-i.d. opening
which could be sealed by a magnetically operated
ground quartz rod. The 30 mm. tube was joined at the
‘bottom to a 10 cm length of 10 mm quartz tubing
which was charged with reagent grade Nal.. This
entire assembly was pldced in.a wire wound oven
which contained viewing ports coinciding with the
windows in the cell. In order to prevent radiative
cooling of these - windows, theyv were further sur-
" rounded by additional heating coils. Two thermo-
couples were placed on the outalde wall of the vapor
cell, one just below the level of thé windows and the
other at the level of the charge of Nal salt. In oper-
ation, the temperature of the cell at the level of the
windows was typically maintained 20-30°C hotter
than that of the Nal charge, permitting independent
variation of the temperature and pressure of the Nal
vapor.
paper refer to the temperature at the cell windows.

In the imcasurements of the collisional quenching of
Nu*, the Nalin the cell was maintained at the temper-
ature of the experiment for a few hours, with periodic
exposures to the vacuum line. Following this degassing
procedure, the foreign quenching gas was admitted to
the cell by means of the ground quartz seal.. The
pressure of the quenching gas admitted was measured
by means of a Texas Instruments spiral quartz manom-

The Nal vapor temperatures quoted in this |

eter situated on the external gas line. Because the mean
free path within the gas at the pressures of quenching
gas employed here was much smaller than the diameter
of the interconnecting tubing, the pressure of the
quenching gas measured at room temperature on the
external gas line was equated with the pressure of
quenching gas inside the cell (Ref. 4 discusses this
thermal transpiration correction). :

All chemicals emploved as quenching gases were
purchased commercially (reagent grade where avail-
able) and used without further purification. In so far
as all of these gases exhibited relatively large quenching

- cross sections, the effects of small impurities should be

negligible. It was also necessary to insure that the
gases studied as quenchmg agents neither decomposed
nor reacted with the Nal in the high temperature cell.
Three experimental checks were employed to attempt
to insure these conditions. As a first check, the behavior

_of the sodium fluorescence intensity upon admission

of the foreign gas was examined. This resulted in the
rejection of quite a few gases as possible quenching
agents. Thus, the Na* fluorescence was virtually
extinguished upon admission of CCly gas and failed to
reappear upon evacuation of the cell. Similarily, BFs
and NO; were rejected because admission of these
gases to the cell produced a rapid drop in the Na*
fluorescence followed by a slower rise, suggestive of a
slow chemical decomposition of these species. Ad-
mission of SFs to the cell at very low pressures (~0.1
torr) resulted in very large and non-reproducible at-
tenuations of the Na* fluorescence. Trifluoromethane
failed to quench the Na* fluorescence, even at pressures
as high as 50 torr. Indeed, this gas had the opposite
effect of enhancing the Na* fluorescence by 205~
30%, although the enhancement deteriorated with
time. Related enhancement effects have been reported
for thallium fluorescence? by N'Hj; and sodium fluores-
cence® by Ha at low pressures. As a second check, the
constancy of the pressure of quenching gas was mon-
itored while it was in the cell. This led to the rejection -

~ of propene, butene-1, butene-2, and toluene as possible

quenching agents for studyv because, upon admission of
any of these gases to the hot cell, the pressure measured
on the e\ternal gas line mcrea.aed slowly, suggesting
decomposition’ of the gas admitted into sna.llu molec-
ular weight products.

The seven gases employed as quenching agents in
this study (C.H,, CHi;CN, CF;Cl, CeHs, SO, I, and
CO.) satisfied both of these checks. As a final check,

'samples of each of the first five gases listed were col-

lected from the hot vapor cell after actual quenching
experiments. The mass spectral patterns of these
gas samples were identical (to within experimental
accuracy) to those of samples of the same gases taken
prior to exposure to the hot vapor cell. The quenching

of Na* fluoresence by CF,, CH;, and C:H, was also

examined brietly. These gases appeared to be st'xblc
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in the hot Nal cell, but proved to have very small
quenching cross sections . (estimated .as 'less  than
~53y). -

Another effect which could invalidate the measured

quenching ‘cross sections arises when the foreign gas

admitted ‘to the cell absorbs a fraction of the ultra-
'violet being used to photodissociate the Nal. Insuch a
case, the attenuation of the steady-state Na* fluo-
rescence is due to a combination of the collisional
quenching of the Na* and of absorption of the ultra-
violet by the foreign gas. Of the seven quenching gases
emploved in this study, SO: and CsHs absorbed'

over a region of the Nal absorption continuum of -

interest. The ultraviolet absorptions by these gases
were measured directly during the quenching exper-
iments, and the quenching cross sections reported for

SO, and CsHs have been corrected for this effect.

Another gas, CSs, was studied briefly, but proved to
absorb too strongly to permit quenching studies.

The Hydrogen Arc Ultraviolet Continuum S@urce

Initially, a high pressure Xe-Hg arc was employed
as the source of the continuum ultraviolet radiation.
However, this source was abandoned in favor of a low
pressure H, arc patterned after a description due to
Finkelstein® because the high output of visible radi-.
ation from the Xe-Hgz arc proved troublesome. A
brief description of ‘this H. arc is given here because
some initial - difficulty was encountered in obtaining
reliable opcration. These remarks are intended to
complement’ Finkelstein’s?® description. Figure 1 pre-
sents a schematic diagram of the electrodes inside
the water-cooled brass lamp housing together with the
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Fie. 1. Schematic sectional view (from the side) of the H,
arc clectrade arrangement, and a2 wiring diayram for de opera-
tion. Al distances are given in centimeters and resistances in
ohms. The «tarting clectrode 1s a ring of tantalum wire, The
collimator is fabricated of molvhdenum with a water-cooled

cunper sterve and a large molvhdenum disk to force the discharge
to pass throuzh the collimating orifice. The anode consists of a
LS cm-dinm molybdenum disk mounted on a larger diameter

A~S8 em) water-cnuled copper disk. A 0.4 ¢m>0.65 em orifice

is cut theough the collimator and anode. . '
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Fic. 2. The heavy solid curves (and dark circle data points)
show the current through the arc as a function of dc voltage
between the cathode and anode for various pressures of H: gas
‘flowing through the arc housing. The lighter solid curves show
contours of constant output intensity (measured in arbitrary

units) at 2500 A.

electronics necessary for dc operation. In striking the
arc, the cathode is resistance heated and the starting
electrode is connected to a tesla coil. A voltage of about
260 V between anode and cathade is required to strike .
the arc with 6 torr of Ha. The lamp has been operated
with both dc and rectified ac; operation in the dc mode
enhances stability. The arc provides a usable con-
tinuum’ from ~1900 & (the shortest wavelength ex-
amined) to above 3000 X. Indeed, it provides an uitra-
violet intensity through the monochromator and into
the Nal cell which exceeds that provided by a Hanovia
1 kW high pressure Xe arc over the full 2000-3000
range and by a Hanovia 1 k\W high pressure Xe-Hg
arc below 2275 3.

The nickel screen substrate cathode described in
Ref. 20 is reinforced with a strip of tantalum foil down
the middle, coated with a lacquer of barium-strontium
carbonate, and folded into an accordian shape. Initially,

“the arc was difficult to strike and the cathodes exhibited

short lifetimes until it was realized that the method of
preparation and activation of the cathode surface is
critical. By depositing a barium-strontium oxide
solid solution onto the nickel screen substrate according
to the directions given in Ref. 21, cathodes were sub-
sequently obtained which exhibit acceptable lifetimes
(40-50 h) and render the arc easv to strike and stable
once struck.

Figure 2 shows the voltage-current-pressurc—in-
tensity relationship of the arc. The data are limited to
arc voltages less than ~120 V" because the arc is un-
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F16. 3. The sodium D lines reduced fluorescence (i.e., the
ratio of the total number of D-lines photons detected per
second to the number of ultraviolet photons per second incident
on the Nal vapor) plotted, in arbitrary units, versus the nominal
wavelength ofp the ultraviolet. Data points are given as solid
symbols. The temperature at the bottom part of the Nal cell,
where the solid Nal resided, was 530, 565, and 603°C respectively
for the data taken with vapor temperatures, at the cell window,
of 633, 664, and 705°C. The bandwidths of the ultraviolet radia-

tion were 24 A (FWHM) for the 633°C vapor temperature.

experiment and 36 A (FWHM) for the 664 and 705°C experi-
ments. The uncertainty in the reduced fluorescence increases
rapidly as the wavelength is lowered below 2000 A. The dashed
lines show theoretical D-lines reduced fluorescence curves cal-
culated for an Nal temperature of 633°C for transitions to the
two upper repulsive potential curves shown in Fig. 4; the solid
curve is the sum of the two dashed curves. All three sets of
data points and the theoretical curve were normalized to unity
at their long wavelength relative maximum.

stable at higher voltages. Data are not given for arc
currents higher than ~16 A because of limitation of
the dc power supply used. Typical operating con-
ditions in these experiments were in the 12-15 A, 6-8
torr of H. range. ‘

PHOTODISSOCIATION OF Nal

The D-Lines Fluorescence Efficiency

Figure 3 shows the ohserved dependence of the re-
duced fluorescence efliciency R(Ag) (defined as the

ratio of the total number of D-lines photons detected

per second to the number of ultraviolet photons
per sceond incident on the Nal vapor) on the nominal
wavelength A of the ultraviolet impinging on the Nal
vapor. In collecting this data, a temperature difference
of ~100°C was maintained between the lower part of
the Nul cell, where the solid Nal sample resided, and
the upper part of the cell where the Nal vapor was

photodissaciated. This had the effect of rendering the
temperature of the Nal vapor being photodissociated
somewhat uncertain; for purposes of calculation, the
temperature of the vapor was taken as the temper-

.ature at the windows of the cell. Since the vapor
-pressure of the Nal was governed by the lower temper-

ature, however, the total absorption cross sections. for
Nal vapor quoted in Ref. 22 indicate that this pro-
cedure insured that the ultraviolet radiation was
negligibly absorbed upon traversing the cell. It is
probably worth emphasizing again that this temper-
ature differential within the cell was maintained at
~20-30°C in measurements of quenching cross sec-

tions, thereby reducing the uncertainties in the quoted

gas temperatures in these experiments. Figure 3
indicates that the reduced efficiency curves are similar
for all three temperatures studied, although extending
to somewhat longer wavelengths at higher temper-
atures. The second region of fluorescence excitation by
radiation below 2000 & has not apparently been
previously reported.?# .
In agreement with previous workers,!®-1! the fluores-
cence peak at longer wavelengths shown in Fig. 3 is
assigned to a transition of Nal from its ground state
potential curve to the repulsive part of an excited

state curve which dissociates into an excited Na atom

(Na*) and a ground state iodine atom, i.e.,

~2000-~2500 &
»Na*(3p *P)+1(*Pyp).

(1)

A recent study® of the Doppler widths of the D lines
suggested that the photodissociation of Nal vapor at
wavelengths longer than ~2100 X might not proceed
exclusively by excitation of Nal to a repulsive state
which dissociated into Na* and T within one vibrational
period. However, the more recent study by Brus! of
the Na* fluorescence lifetime indicated that the fluores-
cence is indeed a consequence of the direct photodis-
sociative process depicted in Eq. (1).

- The origin of the second, shorter wavelength fluores-
cence region shown in Fig. 3 is uncertain, It might be

Nal(X 'Z%)

due to either or both of the following direct photo- .

dissociative processes:
: -2100 ,
- Nal(X 1Z2+)————Na*(3p ?P)+I*(*Py), (2a)
or .
?-2100 &

Nal(X 12+)~———oNua*(4525) + I (*P3p2).  (2b)

Process (2a) would require a threshold energy. shift
relative to that of Eq. (1) of 7600 cm™}; pracess (2b)
would entail a corresponding shift of 8800 cin™!. Indeed.
this illustrates that a major obstacle to the ex-

“tension of this Nal photodissociation technique to the

study of quenching of more highly excited Na* species
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arises because the density of Nal excited states cor-
relating to different product atomic states increases
rapidly with increasing excitation energy. .

If the Nal vapor in vibrational level r and the zeroth
rotational level is photodissociated by ultraviolet of
frequency v, then the Kinetic energy I, and speed u,
of recoil of Na* relative to the center-of-mass (c.m.)
of Nal are given by conservation of ¢nergy and linear
momentum in terms of mx ., my, and myar, the masses of
Na, I, and Nal, by '

Myattst/ 2= E,= (my/ myai) e,

e=hvotfiw(v+3)—D.—F*  (3)

In this equation, w refers to the circular vibrational
frequency of ground state Nal, D, to its dissociation
energy™ (25 310 ¢cm™), and F* to the Na* (3p?P)
excitation energy (17000 cm™). Since, however,
there exist thermal distributions in the Nal vibra-
tional and rotational energies at a temperature T, the
thermally averaged c.m. recoil energy and speed of
Na* may be taken as

myatir?/2m Ep= Bt (my/ma) (2T).  (4)

Finally, the final laboratory (LAB) Na* velocity is ob-
tained from the vector sum of the Na* c.m. recoil
velocity and the velocity of the original Nal molecule.
Upon averaging the vector sums of the c.m. Na*
recoil velocity given in Eq. (4) and the randomly
orientated most probable Nal thermal speed, tna=
(2kT/mx,1)"?, the characteristic Na* LAB speed is
obtained" as:

Vr=tr+inat®/3ur, ur>yar;
Ve=txar+ur?/30 a1, tir < dyat. - (9)

In previous measurements of -quenching cross
sections by this photodissociative techniqué, the data
has usually been analyzed® in terms of this char-
acteristic LAB Na* speed. In order to proceed further
and take into account the distribution of Na* LAB
speeds, it is necessary to first compound the thermal

distributions in translational and rotational motions of -

the Nal in order to calculate the probability density
function for LAB Na* speeds, P..r.,(V), produced by
photodissociation of Nal in a. particular vibrational
evel © b ultraviolet of frequency vy and infinitesimal
tandetdih 8,0 The full probability density function
of Na® apecds inay then be calenfited by summing the
contrihtitions of each vibrational level as

Pro, (V)= 3 pr(&)Fr,(2) P 1 (V). (6)
= ‘

The first term, pr(t), is simply the thermal probability
distribution  function for -Nal vibrational levels,
readily calculated and shown in Fig. 4 for T'=633°C.
The second fuctor is the relative probability of dissoci-
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Frc. 4. The repulsive potential curves for the two electronically
excited states of Nal dissociating into Na*(3p) +f and Na*(3p) 4
I* respectively and the Nal ground state potential curve which
were used to fit the D-lines reduced fluorescence data of Fig. 3.
Also shown are (1) the relative thermal populations at 633°C
of the first ten vibrational levels of Nal, (2) unnormalized
vibrational wavefunctions for the v=0 and p=9 levels of ground
state Nal, and (3) three examples of continuum vibrational
functions for the lower excited state of Nal. Note the break in
the ordinate scale.

ation of an Nal molecule in vibrational level » by an

‘ultraviolet photon of frequency »,, normalized such

that .
> o0 Fram=1. ()
- ' .

In order to assess these Fr,(r) factors, it was
necessary to reproduce the experimental reduced
fluorescence curve shown in Fig. 3 by theoretical -
calculations. This was approached by recognizing that
the steady-state rate of fluorescence of D-lines photons
(Ip) was simply equal to the rate of excitation of Nal
molecules, since Brus' has observed that NaT does not
itself quench the Na* fluorescence. In terms of an un-
known appuratus constant y (comprised of photon
detector efficiencies. etficiency of light collection, ete.),
this is given by™® ‘

In=v(8w3/32) | Lo INal Lo/, (8)

where [NaI] is the number density of Nal vapor, I,,
is the ultraviolet flux per frequency interval so that
I,./c is the corresponding ultraviolet energy density,
and | u|,., is the eclectronic dipole marrix element
between the ground state of Nal in vibrational level
v and an upper electronic state dissociating into Na*

v
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and T with an unbounded nuclear wavefunction cor-
responding to an asymptotic radial kinetic energy
of e given by Eq. (3). The actual experimental quantity

of interest is the reduced fluorescence R,(vo) =Ip/P,

where P,, is the absolute number of incident ultra-
violet photons/sec, given in terms of the cross sectional
area A,, of the ultraviolet flux by P,,=1I,8,4,,/hve.
If the Franck—Condon principle is assumed® so that
| 4 [+ becomes a product of a constant electronic
matrix element u, times an overlap integral f,,, between
the nuclear wavefunctions in the ground and excited
states satisfying the radial Schrodinger equation, the
reduced fluorescence efficiency becomes .

8x* y[Nal] | u, [*] v fo.d .

where the continuum nuclear wavefunctions are
normalized asymptotically to sine functions of unit
amplitude. Recognizing that the term in brackets in
Eq. (9) is not a function of v, R.(v) is given to within
a constant factor by »f,.?/¢/%. -Furthermore, the
Fr (v) factors of Eq. (6) aré proportional to this same
variable, with a propertionality constant evaluated
by means of Eq. (7). Finally, the theoretical calcu-
lations may be directly compared with experiment by
summing over thermally distributed vibrational levels
and integrating over the known bandpass function
M (X, \o) of the monochromator as

B3 =e ) [ MO, WR(EYS)- (1

In order to calculate the reduced fluorescence curve
shown in Fig. 3 by means of Eq. (10), the X 1Z*
ground state of Nal was assumed to be described in the
important region of r near its minimum by an ijonic

potential model,

eaptal) G Ze’a..og_]
2rt ”* )

82
V(r)=B[Ae e = T - 2

(11)

The polarizabilities of Nat and I~ were taken® as
@y =0.15 X* and a.=7.0 & respectively and the dis-
persion force constant, Cs, was calculated from the
Slater-Kirkwood approximation.® The repulsion con-
stants, A4 and p, were evaluated by demanding that
dV/dr=0 at r=r, and fitting (F*V/dr*),.,, with the
experimental force constant (data taken from Ref. 24).
Maltz* has shown that this procedure provides a
potentiul function which correctly accounts for the
dipole moments and dipole derivatives of 2 number of
alkali halides. Finally, the scaling factor 8 was adjusted
to 1.022 in order to obtain the correct dissociation
energy for separation into Na* and I=. Figure 4 shows
a plot of the ground state potential function for Nal
which was arrived at by fitting the expression given
by Eq. (11) in the vicinity of the minimum, where all

of the vibrationallevelsof interest here were determined,
to a function which dissociated asymptotically into

‘neutral Na+1.

The potential curve for the upper electronic state
of Nal producing fluorescence for ultraviolet wave-
lengths from ~2000 3 to ~2500 X was constrained to
asymptotically approach a level 42 300 cm™ above the
minimum of the ground state potential curve. Subject
to this constraint, upper state potential curves were
chosen by trial and error. The normalized bound
ground state vibrational wavefunctions and continuous
upper state functions (normalized to unit asymptotic
amplitude) were evaluated by nwnerical integration
of the radial Schrédinger equations and the correspond-
ing Franck-Condon overlap integrals were evaluated
numerically. Following this, reduced fluorescence
curves were computed according to Eq. (10) and
normalized to the experimental data shown in Fig. 3.

- Figure 3 shows the comparison at one temperature for

the best agreement which was obtained, corresponding
to the upper state potential curve shown in Fig. 4;
similarly good fits were obtained for the data at other
temperatures shown in Fig. 3. For purposes of illustra-
tion, it was assumed that the shorter ultraviolet
wavelength fluorescence region shown in Fig. 3 was
due to the process described in Eq. (2a). Assuming
that | u. | was the same for transitions to both upper
states and that the potential curve for the state dis-
sociating according to Eq. (2a) could be obtained
simply by displacing the potential curve dissociating
into Na*+4I by the I* excitation energy, the full
theoretical reduced fluorescence curve shown in Fig. 3
was obtained. The agreement between this full theo-
retical curve and the experimental data is very good,
although similar good agreement might also be obtained
by fitting the higher energy data to a potential curve.
appropriate to Eq. (2b).

Previous calculations of Franck-Condon factors for
transition from a bound state to an unbounded state
have often resorted to approximating the continuous
nuclear wavefunction of the upper state by a delta
function centered at the classical turning point of the
motion.® Auxiliary calculations on the potential curves
shown in Fig. 4 with this delta function approximation
for the upper state wavefunctions appreciably distort
the calculated reduced fluorescence curves, resulting
in much poorer agreement with experimental data than
is obtained using the true continuum wavefunctions.
Two previous studies®® have also offered somewhat
more qualitative forms for the first of the upper state
potential curves shown in Fig. 4. While qualitatively .
of the same form as that shown in Fig. 1, backcalcu-
lations based on these potential curves showed much
poorer agreement with the experimental . data of
Fig. 3. :

%n the following section, the Franck-Condon factors
computed in fitting the data of Fig. 3 are used to
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atom ejected with ¢.m. recoil energy 8 " EgrghT Eqr2kT

given by Eq. (3) from a diatomic mole-
cule with a thermal velocity distribu-
tion. The solid curves were calculated 0.5
for the reduced speed A distribution :
considering only thermal translational o
energy in the target molecule, Eq. 17. .
The dashed curves were drawn for the
reduced speed B probability density
obtained by considering both thermal
distributions in translational and rota-
tional energies of the diatomic target;
these reduced vari curves were cal-
culated from Eq. (23) for the mass
factors appropriate to the Na* product .
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of photodissociation of Nal. These

second probability density functions are
also given (unnormalizeg) in terms of
the absolute Na® s for photo- .
dissociation of Nal at 1000°K.

&
Reduced Spejeda

estimate probability density functions for speeds of
photodissociatively produced Na*. Before closing this
section, however, it should be noted that the pro-
cedure adopted here of fitting the observed reduced
fAluorescence above ~2100 3 by a single upper state
potential curve is an approximation. Indeed, a number
of considerations'’*®-® indicate that this D-lines
fluorescence is actually a consequence of absorptions
to a number (or at least two) of rather closely spaced
upper potential curves, all of which correlate asymptot-
ically with Na*(3p2P) and I(*P:z). However, the
Na* speed distributions computed in the next section
are not unduly sensitive to the forms of the Franck-
Condon factors, so that the procedure adopted here
should provide an excellent first approximation.

The Photodissociatively Generated Na*
Speed Distributions

The authors know of no general expression available

“in the literature for the distribution in speeds of the .

atomic products of the photodissociation of a diatomic
molecule. Zare and Herschbach® did treat. the more
complex problem of the distribution in vector velocity
of the Na* produced by photodissociation of Nal;
however, their distribution functions were arrived at by
numerical computations and were based on the po-
tential encrgy function given in R<f. 9. In this section,
an analvtic expression is derived for the ﬂrobability
density function, P,r.,(V) of Lq. (6), of LAB Na*
speeds produced by photodissociation of an Nal
molecule in vibrational level v with thermal distribu-
tions in lranslational and rotational energies. This is
then combined with the Franck-Condon factors
discussed in the preceding section to arrive at the full
probability density function, Pr,(V) of Eq. (6).
This is approached by assuming that the Na* recoils
away from the Nal c.m. at some one direction with a

3535 LY.}
Na® Spead (km/sec) : o
distribution of c.m. speeds % which is computed from
the excess photon energy plus the Nal rotational

‘energy which appears as radial recoil energy asymptot-

ically. The distribution in LAB Na* speeds for recoil

.events at this one c.m. angle is then obtained by con-

sidering the distribution in scalar values of V=u+
Vxot obtained by averaging over all of the values of the
randomly oriented, thermally distributed, vn.r. This
distribution in V is then subsequently employed to
calculate the distribution in relative speeds of approach
of Na* to a foreign quenching gas M, i.e., the distribu-
tion in scalar lengths of

g=V—vy, (12)

by averaging over the randomly orientated, thermally
distributed. values of vy. Thus, this procedure cir-
cumvents the far more complex problem treated in
Ref. 30 of the distnibution in angles of recoil of the
Na* relative to the incident direction of the ultra-
violet flux.

The Distribution Function I gnoring Rolotion

In order to assess the relative contributions of Nal
translational and rotational energies to the breadth
of the Na* speed distributions, the P, r.(V) prob-
ability density function is first computed for photo-
dissociation of Nal molecules with no rotational
angular momentum. Assuming then that the Na* is
produced with a recoil speed %, given by Eq. (3) and
directed along the z axis, the c.m. Na* recoil velocity
distribution function for this case becomes

P70 (u) =58(n;)8(1,)8(1—1e,). (13)

Since the thermal.distribution in Nal velocities is
given in terms of the mwost probable thermal Nal
speed, the corresponding distribution in LAB Na*
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;(u) evp( -y )
(4

Recognizing that the Jacobian factor is umty for a
Cartesian coordinate system, Eq (14) is readily
evaluated for the P,(u) function given in Eq. (13) to
obtain: ' ’

P10 =(V) = = "P( D p(zm.x)

OVNat| .,
‘ -{ du.
av |

o
-

(Y4

XXP(Zu.VcosG) (1_)..

in terms of 8, the pola.r angle between u, and V.
Equation (13) illustrates that the Na* velocity dis-
tribution obtained in this case is simply the original
Nal thermal velocity distribution with its origin now
centered about u.. The corresponding speed distribu-
tion may now be obtained by transforming to spherical
coordinates and integrating over solid angle, ie.,
Pera(V)= [ Prrn(V)V?singdsds. ~ (16)
0 .
This integral is readily evaluated to give a speed dis-
tribution function which is naturally expressed in
terms of a reduced Na* LAB speed 4=V/txar and
reduced Na* c.m. recoil speed A ,=u.,/5x,1 as

Por.,/ (1) = (2/1r"") (A/4.) exp(—4.) exp(—4?)
Xsmh24A. (17

Figure 5 shows plots of this reduced speed probablht_\
density function for several Na* c.m. recoil énergies.
The two lighest recoil energies plotted {Eo=10 kT
and 30 47"} were not achieved in this experiment, but
are plotted to illustrate the rather severe broadening
introduced by the Nal thermal velocity spread even
in the case of recoil energies much greater than thermal
energies.

The expression given in'Eq. (17) has actually been
discussed in the literature previously. Thus, Chantry
and Schulz® gave its high recoil _energy hmmng form
in discussing the kinetic energy ol negative ions formed
in dissociuative electron attachment to diatomic mole-
cules. Stanton and Monahan®® have also derived an
cApression identical to Eq. (17) ‘in considering the
Linetic energy distribution of fragment ions in a mass
spectrometer. This probability density: function is also
identical to that of the distribution in relative collision
speads for 2’ monoenergetic” beam ‘impinging upor a
thermal zas sample in a scattering cell. and in this
vontext has been given in Ref. 330 Nevertheless, the
derivation of Eq. (17) was presented here as a pre-
liminary to the derivation of the probability density
function obtiined when the Nal rotational energy is
included, ‘

LIN, AND MIMS

The Distribution Function Inclwiing Rotation

If the Nal molecule bemg photodissociated posscsses
rotational energy E,, this energy will appear as an in-
crement to the recoil energy so that the resultmg Na*
recoil speed will be gtven by

2+2E,/x, (18)

where x=mymxa.1/mr. Because of the small rotation
constant and high temperature of the Nal vapor, the
rotational energy may be treated as continuous and the
rotational line strengths taken as unityt so that the
thermal probability density function for rotational
energy becomes

P(E)= (kD) exp(~E/kT).  (19)
This leads to a distribution in Na* c.m. recoil velocities
directed along the z axis which is obtained from Eq.
(19) as
" P.(u)= (xu./kT) e\'p(xa,’/leT) exp(—xu,%/2kT)
Xo(uz)d(wy) ; (20).

Inserting this expression into Eq. (14), the probability
density function for Na* LAB velocities becomes

W=y

U2 Uy

X 32

Porn(V)= —-—‘/_' /_” / s exp(zkr)
MNaITNal”

kT vt ,
Xe.vp(_ 24T ) (21:1' )5 (wa)d()du. (21)

\Vithout attempting to evaluate this integral, the de- .
sired probability densitv function for Na* speeds may
be obtained by inserting it into Eq. (16). The resulting
distribution function is naturally expressed in terms of
reduced Na* LAB speed B and reduced Na* c.m. recod
speed B, defined as

B= (14m)(V foxa),
Bu= (140) (1 /i), (22)

in terms of the mass ratio n=mx./m1. The results are
given in terms of the error function® as

Py 1,n(B) =n(1+4n)B exp{[2/(1-+n) 1B}
Xexp(—1B*)G(B, B.),

Ku'

where
G(B, B,) =erf(B+B.)+erf(B—B,), B>B,, (23}
G(B, B,) =eri(B,+B)—erf(B.,—B), B<B,.

Figure 5 contrasts this speed distribution function
obtained by including rotation with the simpler dis-
tribution obrained by ignoring effects of rotationai
energy and shows that the eifects of rotationa! energy
on the ensuing speed distribution may be appre-
ciable for photodissociation near threshold. At very
high recoil cnergics, however, Fig. 5 illustrates that ths
thermal diatomic translational energy is much more
important than its rotational energy in determining the
breadth of the speed distribution of the atomic product.
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This effect arises because the rotational energy always
adds to the recoil speed imparted by -absorption of a
photon whereas the translational velocity of the c.m.
may add to or subtract from the c.m. recoil velocity. -

‘The full probability density functions for Na* speeds
produced photodissociatively in this work were cal-
culated by rmeans of Egs. (23) and (6) and the Franck-
Condon factors computed in the.preceding section.
The results of convoluting these distribution functions
with the bandpass function of the monochromator
are shown in Fig. 6. The curves of Fig. 6 are not un-
duly broadened relative to those of Fig. 5, indicating
that the thermal distribution of Nal vibration energy
was not a major source of breadth of the Na* speed
distribution. Moreover, the curves of Fig. 6 illustrate
that the 47-2 FWHM monochromator bandpass em-
ploved in the quenching studies had only a:minor
efiect on the energy resolution obtained. In calculating
averaged collisional quenching cross sections for com-
parison with experimental data, the probability distri-
bution functions of interest are those for the relative
collision speed g of Eq. (12). These distribution func-
tions were calculated numerically by compounding the
calculated, n
speed distributions with the thermal distribution in
velocities of the quenching gases. Examples of these
computed relative collision speed distribution functions
for collision of Na* with a gas of much greater mass
(I:) and of comparable mass (CyH,) are shown in Fig.
6 and illustrate that this is another very important
source of loss of energy resolution in the quenching
studies.in the case that the quenching gas has a mass
comparable to or less than that of the species being
quenched.

The Steady-State Na* Speed Distributions

The Na* speed distributions produced by photo-
dissociation- of Nal which were computed in the
preceding section are certainly ‘not precisely the true
steadv-state Na* speed distributions because of possible
relaxation of the original ‘distributions as a conse-
quence of collisions between the Na* and other gas
molecules which do not destrov the Na* electronic
excitation but may alter its speed. These collisions
may be either elastic or inelastic, but certainiy the

elastic collisions will' be of dominant importance in -

relaxing the Na* speed owing to their higher prob-
ability of occurrence. The derivation of the true steady-
state distribution is a difficult problem, bevond the
scope of the present studv. Nevertheless, this section
ofiers some estimates of the likelv magnitudes of the
differences hetween the steadv-state Na* LAB speed
distributions and -the photodissociativeiv . generated
distributions. .

The cross section O and associated rate constant
kp=glUr for this relaxation by clasiic collisions 1s de-
pendent on the extent of perturbation of the Na*
speed, ¥, considered. ‘Thus, smadl impact parameter

monochromator-bandpass-averaged Na*.

Y e e L
06 / Nu"*r?ﬂd . -
0.2} R -
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i r=22508 S0
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F1c. 6. The lower panel shows the calculated normalized
probability densities for speed of Na* upon photodissociation of
Nal by ultraviolet of the indicated wavelengths for a mono-

‘chromator bandwidth function which is approximately triangular;

the bandwidths quoted are the FWHM. Also shown as the bold
solid curve is.the! Na* speed distribution corresponding to a
906°K thermal distributiori. The upper two panels show the
normalized probability density functions for relative speed for
collisions of the Na* produced with the speed distributions given
in the lowest panel with I; and C.H, at 906°K. Also shown, as
bold solid curves, are the corresponding thermal distribution
functions for relative speeds in the collisions.

hard collisions may ‘appreciably alter V, but these

~occur with a correspondingly small rate. constant. On
" the other hand, large impact parameter collisions will

occur much more frequently, but will produce a cor-
respondingly smaller perturbation of V. Suppose then
that the relaxation is characterized by some cross
section Qp=wbp*. If this is big, it will include contribu-
tions of some small impact parameter hard collisions,
but will be dominated by larger impact purameter
collisions for which b=¢bg. Now, let k* represent the
rate constant for the first order decay of electronic

.excitation of Na*. Then, &* will be given in terms of the

rate constants for spontaneous émission of Na*, £,
and for collisional quenching of Na*, &, by

b= ke A-k [ A, o (29)

where [M }is the quenching gas number density. Thus,
the probability ‘that an Na* atom will experience at
least one elastic collision during its lifetime is given
by kgl M {7 (k*4-kg{M]).

_In anaivzing the problem further, it is natural to
divide it into two regimes, that of high and low pres-
sures of quenching gas, because the true steady-state
Na* speed distribution will be dependent on pressure.
In the low pressure regime, F¥ is essentialiy given by
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Fi16. 7. Upper panel: The ratio of the reduced D-lines
fluorescence for ethylene absent to that for ethylene present
versus the ethylene pressure for four ultraviolet wavelengths
studied. The straight lines show the least squares linear fits of
the primary data to the Stern~Volmer relation, Eq. (27). Lower
panel: The data points show plots of the phenomenological cross
sections for collisional quenching of Na* (3p 2P) electronic excita-
tion by ethylene, extracted from primary data such as is illustrated
in the upper panel by means of Eq. (28), as a function of the
characteristic relative collision speed. given by Eq. (29). The
error bars were obtained from the standard deviations of the
slopes of the least squares linear fits of primary data to Eq. (27).
The dash-dot-dash and dot-dot-dot curves show the true velocity
dependence of cross sections Q,(g) assumed to vary as Ks/g'®
and Ke/g¥’® respectively (with Ks and K given in Table I) which
best fit the data. The solid and dashed curves show the cor-

responding fits to the data when these assumed functional forms

of Q.(g) are averaged over the distribution in relative collision
speeds. '

%, known'" to have the value of 62X 10" sec™!. Taking
1 torr of quenching gas as typical of this regime, this
implies that kg must be ~6X10~° cm?® sec™ in order
that 30%,.of the Na* atoms experience at least one
elastic collision during their lifetime. This corresponds
to impact parameters bg for the elastic collisions of
~14, 12, and 10 & for relative collision speeds of 1.0,
1.3, and 2.0 km/sec. At these large impact parameters,
the collision is dominated by the long range form of the
potential. Taking this long range form to vary as
- C¢/r%, the high energy approximation for the classical
clastic angle of deflection which should adequately
describe these soft collisions gives .

XPASKCe/Bugit® - (29)

Ain terms of the reduced mass of the collision part-

" ners, u=mxamu/(Mxatmy). If Cs is assumed to be

~~—10"% erg-cm®, this predicts very small angles of
deflection, ~—0.2-—0.3° for these collisions.
The velocity of the quenching gas is distributed

‘thermally; however, the effect of the average collision

may be estimated by assuming that the two gases
intersect as right angles and assigning to the foreign
gas its most probable thermal speed, vy. In this case,
the following small angle approximation may be used

.to estimate the perturbation (AV) of the Na* speed:

AV/V=xUmu/ (mutmxa) Ju/V).  (26)
For these small deflection angles, Eq. (26) provides

estimates of 0.1~0.29 perturbations in V. Thus, at low

pressures of -quenching gas- (~1 torr), the average
elastic collision perturbs the Na* speed negligibly. Of
course, virtually all of the Na* atoms may experience
several elastic collisions which are even softer than
those considered in the preceding paragraph. However,
the effect of each of these very soft collisions will be very

small. Moreover, they are about equally likely to in--

crease or decrease V| so that the nct spread in ¥ might

be expected to vary something as the square root of the

number of these very soft collisions.
While these considerations suggest that the nascent

.Na* speed distributions are negligibly perturbed for low

quenching gas pressures, the actual data on quenching
cross sections was collected for quenching gas pres-
sures in the range of ~0.5~10 torr. In the high pressure
limit, &* is dominated by &,[M] so that the condition
that half of the Na* atoms experience a relaxation
collision prior to quenching becomes Qr=0Q,. Recog-
nizing, however, that the quenching collisions are
probably given by the smaller impact parameter
collisions, we may estimate that Q,==b.2. Then the

important relaxation collisions will occur for impact

parameters larger than this so that
v QOr=m(be"—b7’).

Thus, the 509, relaxation collision is characterized by
an impact parameter bp=V2b,. Taking benzene as an
example and anticipating the results of the following

section on the magnitude of the quenching cross section,

Egs. (25) and (26) suggest a deflection angle of ~3°
and fractional perturbation of ¥ of ~1-2%. Of course,

" these are no longer extremely soft collisions and Eq.

(25) is not strictly applicable, but should provide an
adequate approximation. ‘

~ Here again, this calculated small perturbation of V is
encouraging, but may be somewhat misleading in this
case. Thus, the probability that the Na* will suffer a
hard collision is somewhat higher in this high pressure
limit. For example, it seems probable that ~10%

of the Na* atoms may suffer a collision which could.

change V by as ‘much as 50%. Nevertheless, it would

appear- that even at this high pressure limit, the true.

Na* speed distribution will resemble that calculated

- for photodissociation of Nal, but with some additional
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breadth and a slight downward shift of the most

probable Na* speed. In what follows, the quenching -

cross sections are analyzed in terms of the unrelaxed
Na* speed dlst_rlbutlons and this procedure is further
supported by the observation that the high energy data
evaluated in this study agree well with other results in
the hterature when e\trapolated down to thermal
energies.

DATA ANALYSIS AND RESULTS

If it is assumed that absorption of an incident photon
by Nal vapor leads directly to production of an Na*
as described by Eq. (1) and if it is further assumed that
the Na* formed must either radiate or be collisionally
quenched by the foreign gas present in the cell, the
Stern-Volmer relation is obtained? for the ratio of the
reduced fluorescence efficiency for finite quenching
gas, Ry, to that for no quenching gas, Ro:-

Ro/Runy=1+ (ko/ k) [M]. (21)
" Figure 7 shows this ratio as a function of ethylene gas
80
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Fic. 8 Cross sections for collisional quenching of \Ta‘ b}
CO;, Cells, CFiCl, SOz, and CH,CN as a function of characteristic
relative speed given by Eq. (29). The data points were evaluated
by analyzing primary data by means of Eqs. (27) and (28);
error bars reflect the standard déviations in &, of least squares
fits of primary data to Eq. (27). The curves show Lhe best fits
to the data points obtained by averaging cross section functions
of the form Q,=K./g¥* over the distribution in relative collision
speeds: solid ‘curve, s=4; dashed curve, s=35; dotted curve,

-$=6. The values of K, employed are listed in Table I.
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pressure for four “typical ultraviolet wavelengths
studied. Also shown are least squares fits of the data
for each wavelength to Eq. (27). It will be noted that
the zero pressure intercepts of these least squares
linear fits differ slightly from the value of unity pre-
dicted by Eq. (27). In all cases, however, this dis-
crepancy in the intercept is less than the standard
derivation in the intercept provided by the least
squares fit. The rest of the primary data collected for
cthylene as well as that collected for the other six
quenching gases. studied is not presented here. How-
ever, the data shown in Fig. 7 is typical of the quality of -
the data obtained for all of the quenching gases, with
the possible exceptions of I, where the inherent room
temperature vapor pressure of this material hmlted
measurements to low quenching gas pressures and con-
sequent D-lines fluorescence ratios near unity.

If it is assumed for purposes of an initial analysis of
the data that the quenching cross section is energy inde-
pendent over the spread in relative collision velocities
and that the Na* is produced with the one character-

‘istic speed Vr given by Eq. (5), then the quenching

rate constant may be shown to be given in terms of

x=Vr/vy as :
ky=7"Y%Qomy(x) /x,

- where

U = v exp(— )+ (22241) / " exp(—y)dy. (28)
' 0

Quenching cross sections for the Na*+(;H, collision
evaluated from measured values of k4, by means of
Eq. (28) are plotted in Fig. 7 against the characteristic
relative speed,

@)=Vr+va?/3Vr,  VdDou,
‘(g)=l-).u+V1‘2/31—),u,i Vr<oa. (29)

The ervor bars shown reflect only the standard devi-

ations in k, provided by the least squares fits of the
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‘TaBLE 1. Best experimenta! valuess of K. for Na® quenchmg cross

sections »arvmg as K./g4s.

Quenching gas 10°K 109K, 104K
CO; 0.88 0.78 1.6

. CeHa 0.93 0.82 1.7
CH,CN 1.2 1.4 2.3
CF,Cl 1.2 11 2.2
CsHe 1.3 1.2 2.4
SO: 1.8 1.6 3.3
1s 29 2.6 6.0

* K. is given in units of centimeter?- (centimeter/secorid)4/°.

data to Eq. (27). Other sources of error certainly exist.
For example, if the Nal dissociation ‘energy employed
here were in error, this could significantly alter the
calculated values of (Q,) and (g), aithough this would

have less effect on the functional dependence of

(Qq) on (g) shown by the data.

Figures 8 and 9 give similar plots of phenomeno-
logxcal values of (Q,) versus characteristic relative
collision speed. Because SO, and CeHs absorbed the
shorter wavelength ultraviolet somewhat, a correction
has been applied in arriving at the higher velocity

data points plotted in Fig. 8 for these two gases. The

magnitude of the correction was relatively uncertain,

resulting in larger uncertainties in the data points.
plotted at higher velocities than are indicated by the’

error bars shown. This additional uncertainty was
smaller than the standard deviations of the least
squares fits to Eq. (27) in the case of benzene, but
comparable for the SO; data at higher collision speeds.

The Stern—Volmer steady-state procedure for meas-
urements of the quenching cross sections which is

emploved here is open to criticism because of its as-

sumption of a very limited chemistry'in the hot Nal-
quenching species vapor mixture. The pulsed ultra-
violet excitation followed by observation of the rate of
decay of the subsequent Na* fluorescence which was
¢mployved in Ref. 11 to measure the I, quenching cross
sections is a more direct method and is not subject to
the possible criticisms of the Stern-Volmer technique.
Unfortunately, this experimental method is much
niore Lime consuming and so was not adopted in this
study. Figure 9 shows the very excellent agreement
between the Na*+ I, quenching cross sections measured
in this study (if the data analysis method emploxed n
Ref. 11 is used) and the values arrived at in Ref. 11
by the more direct pulse technique. The relatively
large error bars shown on our data points in Fig. 9
are a consequence of the limited I vapor pressure region
scanned. The Na*+CO. quenching cross section data
shown in Fig. 8 is also in similar good agreemeént
with the values measured in Ref. 9 by the same Stern-
Volmer technique emploved here, if our data is anajvzed
by the procedure empioved in Ref. 9.
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- In attempting to deconvolute the experimental data
to arrive at the true dependence of the quenching cross
sections on relative energy, it was assumed that the

" cross sections varied as K,/g¥/® with s=4, 3, or 6.
As discussed in the following section, there are varying

theoretical grounds for expecting that Q, might vary
in this manner. However, the main reasons for fitting

the data to these functions were (1) that adequate

fits to the. e\'penmental ‘data were obtained and (2)
that comparisons of the fits obtained with s=4, 5, and
6 ‘provided some estimate of the sensitivity of the
experimental data to the precise form of Q,(g). Having
assumed a form of Q,(g), the quenching rate constant
was calculated by numerical integration over the

monochromator-bandpass-averaged probability density
function -for relative collision speeds derived in a

prevmus section as

A QP ()

Phenomenological values of (Q,) were then calculated

from these computed values of %, from Eq. (28) for -

comparison with the data points. Figure 7 shows the
K5/g“® and Ke/g?® forms of Qg(g) together with their
energy averaged phenomenological quenching cross
sections which best fit the ethylene data. Table I gives
the K, Ks, and K constants which best fit the experi-
mental data for all seven quenching gases studied and
Figs. 8 and 9 show the corresponding fits to the data
obtained for the other six gases. In general, adequate
fits are obtained for s=4, 5, or 6. The data seem to
show some predilection for s=6 except for the CH;CN
quenching ga.s, where s=4 appears to provide the best
fit. -

DISCUSSION

C.omparison'véith Other Work

The good agreement between the quenching cross

‘sections .obtained in this work and those derived by

similar Nal photodissociative studies for I, (Ref. 11).
and CO; (Ref. 9) hasalready been noted in the previous
section. Most of the results of earlier workers employing

.the Nal photodissociative technique are discussed in

Refs. 9 and 11 and so are not considered here. How-
ever, one other more recent study!® by this technique
provided cross séctions for quenching of Na* by CO.
and CHCN which are about a factor of two higher
than those reported here. We cannot account for this
discrepancy, but note again our agreement with
Hanson'’s® results for CO..

In addition to compansons of the present work with

previous studies employing the Nal photodissociation
-technique, it is also of intcrest to compare these results.

with thermally averaged rate constants for quenching
of Na* obtained by mixing Na vapor with quenching

~gases. The results of all such previous thermul stydies

b
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for the quenching gases' examined here are listed in

-Table II. Indeed, one previous criticisin® of the Nal

photodissociative technique has been the inability to
unequivocally compare the results obtained on quench-
ing cross sections with thermal quenching rate con-
stants. However, it has been argued in this work .that
the distribution in relative collision speeds is known
and this has been used to fit the data to functional
dependences of the form Q.(g) =K./g¥®. If this
functional form is assumed to hold down to the lower
collision speeds encountered in some of the thermal
experiments, then thermal rate constants may be cal-
culated from the expressions given in Ref. 39.

Table II compares literature values of thermal
quenching rate constants with the extrapolations of the
Ko/ form of Qu(g) employed here. The first entry
in the table for benzene (Ref. 36) was obtained by a
pulsed excitation study of the lifetime of Na* fluores-
cence and so should be especially reliable. The C¢H,
and C:Hj results reported in Ref. 37 were obtained by
a steady-state resonance fluorescence tecliqi_que and
so- are subject to possible ambiguities occasioned by
imprisonment of resonance radiation and collisional
broadening of the resonance absorption line. Indeed,
comparisons of the results of Refs. 36 and 37 for Ny,
H., CO,, and Cglls suggest that the results of Ref. 37
may be too high by about a factor of two. In view of
this, the agreement shown in Table II between the
results of the present work and thermal literature
values for C¢H; and C.Hj is gratifying. Extrapolations
of the K./g or Ks/g*’ fits obtained here would. give
higher values of 10"%,(~11 and 13 for s=5 and 4 for
CsHs) in poorer agreement with the literature values,
although the change in going from s=6 to s= 35 is not too
pronounced. These comparisons and the data pre-
sented earlier suggest that Q,(g) varies as g~©8-0.8)
for a speed range of ~0.7-2.0 km/sec for benzene and
ethylene ‘as quenching gases. The agreement between
the CO. result obtained here and that obtained from
studies of fluorescence in a flame reported in Ref. 35
is very good. Since the flame temperature was high,

Tapre TI. Comparison® .of thermal quenching rate constant
measurements with extrapolations of R¢/g*3 fit.

- 10%%,
Quenching ra - 10wk, This
gas Ref. (°K) Zr Reported . work
CeH; 36 ~600  0.85 8.0 10
CeHe 3r 00  0.60 16 10
co. 38 1600 1.49 7.5 8.2
CQO. 38 1790 1,58 17 8.4
C.H, 37 400 0.82 1 7.1
* Rate constants are given in centimeter’/molecuie -second. The
averpce relative collision speeds, gr = (84T mwp)ih are gven in umits of -

kilometer <econd.

croy oy
» &
51- !

the characteristic thermal collision speed shown in
Table II is comparable to those directly studied here,
so that calculations of &, for the s=4, 5, or 6 fits would
all yield comparable values. The magnitude of %,
arrived at in Ref. 38 by a flame fluorescence study is in
rather bad agreement with that. obtained here. These
workers also seemed to observe a g2 dependence of
Q; for Na*+CO,, in clear ‘disagreement with the
results shown in Fig. 8 unless their observed tempera- -
ture dependence was influenced by the changing thermal
vibrational distributions in the CO,.

Theoretical Implications

The Weak Quenchers

The data obtained here for CO., C;H,, CH,CN,
CF;Cl, and CgH, are well fit by quenching cross sections
of the form Q,(g) =K./g¥® with s=4-6. This is the
well-known functional form of the cross section which
is obtained by assuming that a constant fraction w
of those incoming trajectories which surmount the
barrier in the effective potential, obtained by adding the
centrifugal repulsion to the true long-range potential
V(r)=C,/r*, lead to quenching collisions. This model
provides®® an expression for Q,(g) in terms of the power
law potential constant,

Qulg) =wrls/ (s~ D) JIs/uTI(C/g) . (31)

. The Na* atoms involved in these collisions will ex-
perience electric quadrupole interactions. This could
give rise to a longrange r~* dipole—quadrupole
potential for collisions with the polar quenching
gases. However, this interaction would average to zero
over one rotational period of the quenching molecule
except in the case of symmetric top molecules with
rotation about the symmetry axis excited. Moreover,
no qualitative difference in behavior between the polar
and nonpolar quenching gases was observed here, so
that the dipole-quadrupole interaction does not appear
‘to be dominant in general in determining the quenching
cross sections. It may influence the CH3;CN collisions
somewhat. This molecule does possess the largest
dipole moment of the seven quenching gases studied
here, and the energy dependence of its quenching cross
section shown in Fig. 8 is somewhat steeper than is that
of the other quenching gases. All of the quenching
- gases studied here should have electric quadrupole
moments. Thus, this could give rise to long range
r™5 quadrupole-quadrupole interactions. Although the
quadrupole moment of the 3p state of Na* is apparently
not known, our estimates indicate that these quad-
rupole-quadrupole interactions should be less than or
comparable to the r~8 dispersion interactions at inter-

- molecular separations important in determining the

barriers in the effective potentials. Howéver, owing to
uncertainties associated with the Na¥ quadrupole
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TasLe ITI. .Comparisons of measured Na* quenching cross sections with projéctions based on long-range dispersion forces.

'CH,CN

CO: GH, CF,Cl CeHa SOy L
Reaction product - NaO NaH NaCl  NaCN NaH ~ NaO Nal
ADy* ~10 ~—8 66 | ~46 ~—8 —~14 85
» (grams/mole) _ - 153 126  18.9 14.7 17.8 6.9  21.1 -
a (A9 ® o 26" 4.3 5.0 44 10.3 3.7 9.7
104K (theor) [Eq. (32)] 2.0 2.5 2.2 2.4 2.9 1.7 2.7
104K o(expt]) (Table I) 1.6 17 22 2.3 2.4 3.3

6.0

8 ADo =Do(Na—-X) +E*Do(R-X) is the reaction exoergicity. Do(Na-0)
taken from and Do(Na-CN) estimated from arguments given in R. R.
Herm and D. R. Herschbach, J. Chem. Phys. 82, 5783 (1970) ; Do for NaCl
and Nal taken from Ref. 24. Bond energies in the quenching gases taken

from V. I. Vedeneyev, L. V. Gurvich, V. N. Kondrat'yev. V. A. Medvedev, .
and Ye. L. Frankevich, Bord Energies, Ionization Potentials, and Electron

moment and the correct treatment of the relatively
strong orientation dependences, any possible role of
the quadrupole—quadrupole interaction will not be
treated here and the discussion of the possible influence
of long-range intermolecular forces on the measured
quenching cross sections will be confined to a consider-
ation of the dispersion forces.

Various approximations have been: employed to
estimate the C, dispersion force constant. Analysis of
these approximations in-Ref. 28 indicates that the dis-
persion contribution to Cs should be well described by
the Slater-Kirkwood approximation for these collisions;
the dipole-induced dipole contribution should be much
smaller and will be ignored. For this case of an excited
alkali atom with one electron in the outer shell of
polarizability ay much greater than the polarizability a»
of the quenching gas, the Slater-Kirkwood approxima-
tion for Cg provides the following approximation for
Q.(g) from Eq. (31) in terms of ¢ and m., the charge
and mass of the electron:

Q.(g) = wz,{éef i/ m, ”2]"3(a1"° 13 “uagzls) (32)

Note that this expression predlcts that for constanit
w, ey, and g, the quenching cross section should vary as
(e/p)". This differs considerably from the older
suggestion® that Q, should scale as a;p”"' and the more

recent suggestion® that the quenching of electronic

excitation in molecules proceeds by a molecular pre-
dissociation so that Qg should vary as p*loae/R.5,

where I» is the ionization potential of the quenching

species and R; is a mean distance of LlO:CSt approach
of the collision pair.

Table 1TI provides a compx wrison of the K coefficients
measured here with estimates provided by Eq. (32) for
w=1and ;=51 3% (Ref. 41),
{32) (with w=1) does provide reasonable estimates of
the magnitude of the quenching cross sections for the
weaher quenchers studied here® The K¢ values esti-

and indicates that Eq.

Affinities (St. Martin’s, New York, 1966).

b For CH3CN, from E. P. Lippincott, G. Nagarajan, and J. M. Stutman,
J. Phys. Chem. 70, 78 (1966) ; for CFiCl], from W. N. Hess, R. L. Mather,
and R. A. Nobles, J. Chem. Eng. Data 7, 317 (1962) ; all other values from
Landoli-Bernstein Zahlenwerte und Functionen, edited by A. M. Hellwege
and K. H. Hellwege, (Springer, Berlin, 1951), Vol. 1, Pt. 3, pp. 510 ff.

“mated from Eq. (32) may be slightly in error because
of approximations involved in arriving at values of
Cs; however, these errors should be small because K
depends only on the cube root of Cg. Thus, the entries
in Table III clearly imply w<1 for CO., C.H;, and
CeHs. Indeed, the results obtained here in conjunction’
with earlier work®%-3 gyggest that mcst of the
molecules which quench Na* electronic excitation may
be broadly divided into four classes. In class 4 may be
listed those molecules which cannot chemically react
with Na* because all reaction channels are either endo-
ergic or essentially thermoneutral (for which an ap-
preciable activation energy might be e;\pected),
and whose lowest unfilled molecular orbital is a very
-high "energy, antibonding o* orbital. Examples of
molecules in this class, such as CF,, saturated alkanes,
and possibly H,0, are all very inefficient quenchers.
In class B are included those molecules which cannot
chemically react with Na*, but which possess relatively
low lving unfilled #* molecular orbitals. These mole-
cules, examples of which are provided by the CO,,
C:H,, and CsH; studies here, are relatively efficient
quenchers, with w values evaluated from Eq. (32)
between 0.1 and 1.0. Since no change in chemical
identity is effected by these quenching collisions, the
Na* excitation energy must be dissipated either as
translational recoil energy or as internal excitation of
the class B quenching molecule. Studies of the chemilu-
minescence®® produced by the Na*4-CO quenching
collision "and of the inverse collisions using vibra-
tionally# or translationally* hot species suggest that
the'electronic excitation is released predominately as
internal (vibrational) excitation of the quenching
molecule. Class C would include quenching molecules
which, while not strongly electronegative, afford
a veryv exoergic reaction channel. Results for two
molu.ulu, of this class studied here, CH,CN and
CF,Cl, swmc:t that their quenching cross scctions may
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be given by Eq (32) with w=1, although results for

many more molecules of this class will be required to

unequwocalh establish this. Finally, class D quenchers
exemplified by the I. and SO; behaviors observed in
this work, are highly electronegative and exhibit

‘quenching cross sections which are too large to be in

interpreted in terms of the long range dispersion forces
between the neutral reactants, ‘

“Thus, the quenching behavior observed in this study
suggests that the long-range dispersion forces may

account for the magnitude and energy dependence of

quenching of Na* (3p*P) by class C and, to a certain

. extent, class B quenchers. \evertheless many ad-
'dmonal studies will be required to unequwocall\

establish the. role of these. dispersion forces. In par-

ticular, experiments are underwav in our own labo-

ratory to measure quenching cross sections of more
highly excited 2P states of alkali metal vapors. Thus,
alculdtnons reported in Ref. 41 indicate that the
magnitude of the polarizability of a 2P state of ‘an
alkali metal increases by about an order of magnitude
for each increment of one in ‘the principal quantum
number of the outer -p electron. Even more striking
is the fact that for Na*, the polarizability changes sign
on going from the 3p2P to the 4p 2P state, so that
the dispersion forces should be repulsive for collisions
of Na* (4p2P) and Na* (5p%P) with foreign gas
molecules. However, it should also be noted here that
the quadrupole moment -grows faster than does the
dispersion force constant as the principal quantum
number of the excited orbital of the atom is increased.

Thus, analysis of results on quenching of more highly"

excited states simply in terms of dispersion forces will
be subject to increasing criticism, and, indeed, the
increasing quadrupole-quadrupole interactions may
even mask. the effect of the repulsive dispersion forces
for these states of Na*.

The .Sironger Quenchers

Table III indicates that SO, and I, exhibit cross
sections for quénching of Na* (3p2P) which are too
large to be understood in terms of the centrifugal
barrier in the effective potentials associated with the
long-range  dispersion forces between the ' neutral
reactants. Thus, these large quenching cross sections
demand a strong force which pulls the reactants into
small internuclear separation and which is operative
at very long distances. This requisite long-range force
has long been understood'™ in terms of an electron
transfer model. In this model, the incoming Na*-atom
is secn to transfer its electron to the quénching gas at a

distance R. where the coulombic potential curve for

the two ions becomes lower than that for the two
neutrals, ‘and the resulting coulombic force rapidly
accderates the ion pair formed to small internuclear
separations. In terms of the ionization potcntnl of

incoming Na*+I,

Na*, I., and the electron aﬂimty of the quencher,
EA, R. is given to lowest order by &?/(I,~EA).

The electron affinity of SO, is reported to be¥ ~1.1
eV so that the crossing point, R,, occurs at a relatively
small internuclear separation, ~7.5 X, in the Na*4-S0,
collisiori. Moreover, Table IIT indicates that the NaO+
SO reaction channel is closed by energy conservation,
at least at the lower relative collision speeds studied
here. Thus, this quenching collision is pictured as
taking place by Franck-Condon transitions from
SO; to SO;™ at R., exciting vibrational levels of SO,~
on the incoming trajectory. The Nat—SO,~ ion pair
formed then may oscillate many times, passing through
crossing points with the Na"‘+SOg and Na+SO,
potential curves. In each passing, the SO,~ may re-
transfer the electron to Na*, at the same time making
Franck-Condon transitions to various vibrational
levels of SO,. Calculations on the quenching of Na* by
N, by this model are presented in Ref. 48 and suggest
that it may provide an efficient mechanism for the
dissipation of the Na* electronic excitation in vibra-
tional excitation of SOz and recoil energy of Na from
SO,.

‘A recent measurement? mdxcates a relatively large
electron affinity for I, 2.6 eV, corresponding to a cal-
culated Na*+1, ionic curve crossing radius of ~36.5 &
Table IIT indicates that this quenching collision can
proceed by the very exoergic reaction forming NalI+4T;

indeed, the exoergicity is such that the reaction products

might even be'" Na4I4I. This suggests that any
trajectories which successfully
cross onto the ionic curve have a very high probability
of exiting in the reactive channel. In view of this, the
observation that the Na*+I, quenching cross section
measured here is very ruch less than wR.? is under-
stood in terms of a very low probability that the Na*
will transfer its electron over the large distance required
while the Na-I; internuclear separation is in the vicinity
of the curve crossing radius. This same Born-Op-
penhelmer breakdown effect has recently been dis-
cussed® in rationalizing the observed branching
ratios for thermal dissociation of alkali halide vapors

between atoms and ions. Moreover, Child® has derived

an expression for the translational energy dependence
of the cross scction for reactions such as Na*+4Ia
by calculating the probability of a transition between
the neutral and ionic curves as a function of the local
radial velocity at R.. Although his calculations did not
extend to the very large crossing radius encountered -
here, extrapolation of his reported calculations is in
qualitative agreement with the magnitude -and velocity
dependence of the Na*+-I. qucnchmg cross section
measured here.
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