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MOLECULAR BEAM KINETICS 

Shen-Maw Lin 

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

Berkeley, California· 

ABSTRACT 

A crossed molecular beam apparatus has been constructed to measure 

angular distributions of reactively scattered products of Group IIA 

alkaline earth metals by employing an electron-impact-ionizer-massfilter 

detector. Product center-of-mass (CM) recoil energy and angula'r 

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

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

distributions. Studies have been made of the reactions of Ba, Sr, Ca, 

and Mg with Br Z' ClZ' CH3I, CH2I 2, C C14 , CF3I, (CH3)2 CHN02 , and 

C C1
3

N0
2

. These reactions have been found to span a wide range of 

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

scattering for Br 2, C12, CH
2
1

2
, C C1

3
N02' and (CH

3
)2 CHN0

2 
to backward 

scattering for CH
3
I, with intermediate behavior for C C14 and CF}. 

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

product (MeX2) 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 reacta~ts, measurements of product 

LAB angular distributions for the reactions of CH
3
T, CH

2
I

2
, and C Cl4 

with alkali atoms have been made; similarities and differences between 

the present results and features of the reactions of alkali atoms are 

discussed. 

A comparison is presented between transition probabilities for 

photodissociation of HI and of NaI obtained by two methods: (1) by 

exact numerical evaluation of the Franck-Condon overlap integrals and 

(2) by·the "delta approximation" wherein the vibrational wavefunction 

of the bound state is reflected onto the continuum state potential. 

Both methods were used to cons tract the repulsive potentials from the 

observed continuous spectra in the two molecules; for both molecules, 

the delta approximation provided estimates potential energies which 

were significantly lower than those obtained from the exact Franck-

Condon calculations and r-centroid analysis indicates that the Franck-

Condon principle is a good approximation. 

II 
'I 
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I. INTRODUCTION 

The ideal experimental approach to dynamic problems in a chemical 

or physical system consists in probing the molecular, or microscopic, 

picture rather than the macroscopic ensemble in which a loss of detailed 

information is entailed due to statistical averaging effects. The 

technique of crossed molecular beam experiments offers the chemists a 

unique opportunity to achieve this ultimate goal. Although there are 

certain practical problems limiting the choice of feasible experiments, 

some potential advantages of employing a suitable crossed beam 

arrangement are selection of a specified translational and internal 

energy state for the reactants; identification of product energy states 

and recoil directions which are not masked by any subsequent collisions; 

and direct location of threshold energy for chemical reactions and 

other collision dynamics. 

The observation of the scattering of molecular beams by gases was 

1 first demonstrated by Dunoyer in 1911. In the 1920's beams were used 

to verify kinetic theory of gases in a number of semiquantitative 

2 3 measurements. Concurrently, Gerlach and Stern observed the quantiza~ 

tion of angular momentum by deflection in an inhomogeneous magnetic 

field. This led to the growth of magnetic (and later electric) resonance 

spectroscopy whereby many properties of atoms and molecules were 

measured as a result of their deflection in inhomogeneous magnetic and 

electric fields. The usefulness and versatility of these powerful 

beam methods for the elucidation of atomic and molecular structure 

4 have been extensively discussed in Ramsey's manuscript. 
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The scattering processes that take place in crossed molecular beams 

may be generally divided into three categories: ·e1astic, inelastic and 

reactive scattering. In the process of elastic scattering neither change of 

internal quantum· state of collision particles nor chemical rearrangement 

occurs. The interacting force that dominates the dynamics of such a 

collision can be determined from measurements of angular distribution 

5 of elastic scattering of a non-reactive system. In addition, the 

elastic scattering from a chemically reactive system also provides 

indirect information about the reaction probability as a function of 

.6 collision impact parameter. On the other hand, inelastic scattering 

is characterized by a change of the internal quantum states of the col-
I 

lis ion partners during the period of interaction. In principle, the 

collisional exchange of energy among electronic, vibrational,rotationa1, 

and translational energy is possible; thus, compared to elastic scat­

tering, a much more complicated and diverse situation exists. 7 

A collision process that involves a chenrlcal change is defined as 

reactive scattering. One of the first successful beam experiments was 

.. 8 9 
carried out by Bull and Moon in 1954. In 1955, Taylor and Datz . 

developed a two filament surface ionization detector which provided 

differential detection of both scattered alkali atoms and alkali halides 

produced by crossing beams of·K + HBr.Fo11owing this discovery, 

extensive investigati9ns of the dynamics of alkali reactions have been 

. 10 
successfully pursued for the past eighteen year:s. Information on 

the dynamics of a chemical reaction in crossed molecular beam experi-

ments is in principle derived from measurements of both angular and 

• 
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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 other hand, the 

partitioning of the available reaction energy between internal and 

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

measurement of the spectrum of product kinetic energy. Even in 

experiments which measure only the product angular distribution in the 

laboratory coordinate system (LAB), however, energy disposal in the 

products may also be estimated from the transformation of the LAB 

angular distribution into the center-of-mass coordinate system (CM).ll 

Crossed molecular beam studies of reactive scattering of both 

ionic and neutral species have·deve1oped very rapidly in the past few 

years. Two main thrusts have become apparent in the evolution 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 functions 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-

gat ions of the collision dynamics of neutral species in crossed molecular 

12 13 beams have received a great impetus recently.' Results presented 

here from chapter~ II to IV extend investigations of reactive scattering 

on crossed beam experiments to the Group IIA alkaline earth atom 

reactions. Employing two beams with full velocity distributions, the 
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product angular distributions are measured and nominal values of the 

product translational recoil energies are extracted. 

Chapter V deals with theoretical calculations of transition 

probabilities for photodissociation of a diatomic molecule from its 

ground electronic state into excited continuum states whose wavefunctions 

are obtained from one-dimensional box (energy) normalization. Results 

are compared with continuous spectra measured experimentally and potential 

curves of continuum states of HI and NaI molecules are extracted by 

means of a trial and error method. Comments on traditional delta­

approximation treatments
14 

which simply reflect the ground state 

vibrational probability density function to the corresponding turning 

point of upper continuum state are also given. 

\I 

" 

I 
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11. APPARATUS FOR .CROSSED MOLECULAR~BEAM STUDIES 

A. Introduction .. 
The crossed beam apparatus used in this study consists of three 

distinct chambers; each with its own high vacuum pumping system. The 

first chamber is differentially pumped by a combination of a 150 l/s 

ion pump on the top and a 11 l/s ion pump at the bottom; each ion pump 

is assisted by a liquid nitrogen cooled titanium sublimator unit. This 

chamber is further divided into 3 sub-chambers; the second sub-chamber 

contains most of the essential parts of the detector: an electron-impact 

ionizer, quadrupole mass filter and electron multiplier. This entire· 

detection chamber may .be rotated through a large range of angles with 

respect to the stationary ovens, thereby making possible the measurement 

of the in-plane angular distributions of scattered species. Another 

chamber houses the high temperature oven which produces a beam of 

alkaline earth atoms. This beam is admitted to the collision chamber 

through a collimating slit and is intersected perpendicularly 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 

somewhat similar to the universal detector molecular beam apparatus 

described in Ref. 1. 

'. The design of this apparatus was guided by three considerations. 

In order to maximize the scattered intensity, the apparatus was designed 

:3U as to minimize Ji:.; Lances between the oven s] its and the COR n11d a 1 flO 

the distance between the COR and the detector without the sacrifice of an 

ultimate scan region of the detector. On the other hand, since the 

"'''' . . \ 
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molecular beam experiments are "not all a matter of· intensity," the 

technique of beam modulation and phase-sensitive detection is provided 

to allow the discrimination against background. As a second consideration 

it was designed to avoid the so-called viewing factor 2 by insuring that 

the detector could see the entire collision zone at various' scan angles. 

\.Jith these design considerations in mind, the defining slits asso,eiated 

with each oven and the detector were carefully chosen. Finally, the 

achievement of a flexibility to allow for future modification or 

substitution of components was also considered. 

Figure I shows the general schematic of apparatus configuration. 

The ueticription of the apparatus presented here will concentrate on 

the ~eatures of the two beam sources and the vacuum chambers housing 

them. A detailed discussion of the detection chamber and its associated 

components is given in Ref. 3. Lists of the mechanical and electrical 

drawings for this'apparatus, With the exception of those pertaining to 

the detector, are given in Appendix A and B respectively. 

B. Vacuum System 

To ensure that the molecules in the beams suffer no collision with 

the ambient background gas, a sufficiently low pressure is required; it 

is provided by the high pumping speed of oil diffusion pump and liquid 

nitrogen cold trap. However, because of the excess residual gas 

resulting from housing the gas source oven in the collision chamber, the 

studies reported in thls thesis have been limited to reactions with 

gaocs which are either condensable or moderately condensable at liqu1<1 
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1400 Angular· Scan 
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/. "" 
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\ J 

\ 

-
High Temperature 

Oven 

10 em l 
To 

Collision Chamber 
Pumping System 

t 
To 

Oven Chamber 
Pumping System 

XBL 721-5921 

Fig. 1. Schematic diagram 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 0 to +120 0 with respect to the stationary alkaline 
earth beam. 
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nitrogen temperature. Figure 2 shows a block diagram of all pumping 

components associated with each vacuum chamber; notice that the detection 

chamber, which is mounted by means of a rotatable seal on the top of 

collision chamber with its bottom half extending into the collision 

chamber, is also shown in the figure. 

1. Vacuum Chambers 

The collision chamber and the high temperature oven chamber were 

constructed as large rectangular boxes with sizes 70 cm x 45 cm x 72 cm 

and 69 cm x 42 cm x 6.4 cm respectively. The main bodies of both vacuum 

chambers consist of flat top and bottom plates connected by vertical 

supports at each corner; they were fabricated from an aluminum alloy 

(Alcoa-606l), using welded construction throughout. Three side walls 

on each chamber were fabricated from the same aluminum alloy plates. 

These walls are 1.9cm thick and are boited onto the chambers by means 

of bolt holes drilled and tapped directly into the frames of each 

chamber. The two chambers are joined by means of a copper partition 

with a small rectangular hole (1.0 cm x 0.6 cm) through which the 

alkaliIle earth beam passes. The advantages of this construction method 

are pointed cut in Ref. 2. Thus, removal of any side wall provides a 

large opening and convenient access into the chambers; the walls them­

selves are relatively inexpensive to fabricate and furnish flat· sur­

faces for mounting accessory components by means of bolt holes tapped 

directly into the walls. The detection chamber, which was fabricated 

from 11304 stainless steel and supported by a Kaydon 12 in. diameter 

bearing (KC 120 x P) which seated iri a counter-bored hole in the .top 

.. 
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Fig. 2. Vacuum chambers and associated pumping components. 
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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 

Each chamber is pumped by a Consolidated Vacuum Corporation PMC-lOC, 

10 in. oil diffusion pump with nominal pumping speed for air of 4300 lis; 

these pumps are mounted beneath the chambers. Dow Corning DC704 silicone 

fluid is used as pump oil; this fluid has the characteristics of low 

ultimate pressure and high resistance to decomposition. Two aluminum 

tanks with capacities of 21 liters arid 17 liters are housed inside of 

the collision chamber and 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. diameter hole through each 

tank which is immediately above the diffusion pump apening. A diffusion 

pump baffle was bolted onto each of these holes; these baffles were 

designed to prevent the backstreaming of pump oil into the chamber, at 

the sacrifice of about 50% of the diffusion pump speed. Copper boxes 

with removable walls, which were nickel plated, were firmly bolted to 

each aluminum tank. Clearances of - 1.5 cm were provided between the 

1I1I1I'r WH 11 S '0 r the vacuum chambers and the ollte.r wnll A of theRe copper 

boxes, so that each vacuum chamber enclosed an inner chamber which was 

effectively cooled by liquid nitrogen, thereby providing extensive 

cryogenic pumping for condensable vapors. These aluminum tanks are 

supported by thin stainless steel straps, so as to thermally isolate 

them from the outer vacuum chambers. A standard 1 in. swedgelock fitting 

is used to couple a liquid nitrogen filling tube to each aluminum 
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reservoir. They are filled automatically by means of a thermostat 

interlocked with a solenoid valve equipped on a pressurized dewar. 

A Kinney KC-lS double-stage mechanical pump served as the forepump for 

the collision chamber. Realizing that the halogen molecules and other 

highly reactive gases employed as beam materialm these studies may 

attack the mechanical pump, a liquid nitrogen cold trap was inserted 

between the diffusion pump and the forepump; it was periodically cleaned 

while the diffusion pump was idle. 

As it was originally designed as an F-Atom source chamber, an extra 

baffle which would contain hot sodium chloride crystal was also inserted 

between the high temperature oven chamber and its diffusion pump; this 

baffle was to convert the very destructive F2 gas into C1 2 gas so as to 

minimize the damage to the pump. This baffle has remained in the system 

without the hot sodium chloride crystal for the experiments reported 

in this thesis. A Kinney KDH-80 sin~le-stage mechanical pump served as 

the forepump for this high temperature oven chamber. Here again, the 

mechanical pump was protected by a liquid nitrogen cold trap, which 

was periodically cleaned. 

The early attempts to study alkaline earth reactions failed, 

because of the existence of a high background noise level extending 

over a broad mass range; it seemed likely that this was mainly due to 

residual gases (notably diffusion pump oil) which entered the detection 

chamber when the machine was allowed to warm up. Accordingly, a 

Consolidated Corporation BCN-IOlB, 10 in. liquid nitrogen cooled baffle, 

was then placed above the diffusion pump in the collision chamber and 

II 

I 
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a small motor-driven gatevalve was also added .to make possible isolation 

of the detection chamber when experiments were not in progress. This 

resulted in a very significant reduction of the background mass spectrum 

and made possible the experiments reported in this thesis. 

3. Pressure Gauges 

The Hastings thermocouple vacuum gauges are used 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 themselves to turn 

the power on once the pressure sufficiently decreases. The diffusion 

pump power is also interlocked to the cooling water flow rate and to the 

pump temperature. The pressure in each chamber is monitored by Veeco 

RG-75 ionization gauges. An ionization gauge switching panel is used 

to read either gauge with 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 drastically 

increases. 

The pressure observed in these chambers was typically maintained 

-6 at 1-2 x 10 torr in the collision chamber and in the high temperature 

oven chamber and at ~ 2 x 10-8 torr in the detection chamber while 

running an experiment. After an initial outgassing period, much lower 

pressures (by a factor of ~ 10) could be achieved in the absence of 

molecular 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 

Laboratory . 
.. 

4. Vacuum Seals and Connections 

..: Rectangular rubber gaskets are used to seal all side flanges of 
'" 

each chamber, while rubber O-rings ,and Viton a-rings in grooves of 

standard LBL dimensions are used in other static seals. The moveable 

seal for the 12 in. diameter rotating lid to which the detection 

chember was welded is provided by a double a-ring grooves with a pump-

out ring between the grooves; however, this pump out provision was not 

necessary during the expeniments reported here. All gaskets and 

O-rings are greased lightly with Apiezon Land N vacuum grease except 

those on the rotating seal where Dow Corning 33, a medium consistency, 

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 liquid 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 alkali metals, there is negligible equilibrium 

concentration of alkaline earth dimers 4 in the vapor phase at the tempera-

2 tures and pressures employed here. Thus a standard double chamber oven 

commonly used for producing alkali atom beams is not necessary for the 

alkaline earth beams. The block diagram shown in Fig. 3 illustrates 

the general schematic for the oven system and its power supplies. 

1. High Temperature Oven 

The alkaline earth beam is produced by a direct resistance-heated 

oven. There are certain advantages in favor of this type of oven. 

First,because it can sustain high power input, a very high operating 

temperature can be reached within a short period of time so that a 

steady beam can be immediately achieved. Second, it can be designed 

and constructed easily to hold a relatively large quantity of alkaline 

earths at each loading, thereby reducing the frequency of oven recharges 

(a time consuming procedure). A third advantage is that it typically 

provides a more reliable performance than wire-wound oven because the 

commonly used tantalum heating wire usually becomes brittle after 

repeatedly heatings at high temperature. 

The oven is made of two stainless steel cylinders; the smaller 

cylinder, which is charged with the alkaline earths, has a capacity of 

3 
~ 65 cm while the larger cylinder, enclosing the former, has a thin 

wall of 0.04 cm and is 16.4 cm long x 3.8 cm O.D. Electrical insulation 

between the inner and outer cylinders is provided by ceramic spacers. 

The oven is heated by passing an AC current of - 400 amperes at - 3 volts 

.... 

,. 
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XBL727-6482 

Fig. 3. Block diagram of oven system and its power supplies. 
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through the outer cylinder whose resistence at room temperature is 

-3 2.5 x 10 ohm, for a temperature of approximately 10000K and the inner 

cylinder attains the same temp.erature by radiant heating; it took about 

10 minutes to register a steady temperature when the oven was previously 

heated to a temperature typically - 2000 K below the operating tempera-

ture. The power supply_for this oven was constructed by the Lawrence 

Berkeley Laboratory to give a maximum output of 600 amperes and 10 volts. 

A chromel-alumel thermocouple is used to monitor the oven temperature. 

In constrast to the molybdenum oven employed in Ref. 5, the stainless 

steel oven used here was relatively easy 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 operation for - 80 hours at - 0.3 -- 0.5 torr 

after each loading. An attempt to use a graphite oven in early studies 

failed because of the poor strength of the graphite thin wall (~ 0.12 cm). 

In order to reach the desired high temperature, the outer cylinder 

was polished to reduce its emissivity and several layers of stainless 

steel foil were used to surround the entire oven as heat shields to 

further reduce heat loss through radiation. An improvement was found 

when carbon cloth was inserted between each layer of stainless steel 

foil. 

The oven current-is supplied by water-cooled copper blocks which 

secure the outer cylinder at the top and bottom. The oven is firmly 

tighted to the top copper block, but is not bolted to the lower clock 

so as to avoid possible strains due to thermal expansion. Good electrical 
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contact with the bottom copper block is achieved by allowing the bottom 

of the oven to "float in a pool" of indium metal which is contained in 

a hole in the bottom copper block. No evidence for vaporization of 

this indium "solder" hilS been observed. Figure 4 shows the oven 

assembly and its elements. The position of the oven slit is guided by 

a ceramic wafer. The inner and outer cylinders are electrically insulated 

by ceramic guides as well. 

Typical operating temperatures ranged from 8200 K for Mg to 10600 K 

for Ba, corresponding toa source pressure of - 0.3 torr in both cases, 

as interpolated from the tabulated values given in Ref. 6. These beams 

are produced from a: knife-edge slit whose width is comparable to the 

mean free path within the source and thus considered to be characterized 

7 by the molecular effusion. The actual beam velocity distribution has 

been measured for Ba and is discussed in a later section. 

A collimator of adjustable slit width mounted on the top copper 

block provides collimation for the beam; it is separately heated by a 

0.020 in. tantalum wire strung with ceramic beads and wound through 

holes in the collimator plate from a 110 v AC variac to a temperature 

typically SOoK higher than oven temperature. A solenoid controlled 

beam flag, used to intercept the beam path, is mounted on the copper 

partition between two chambers: the collision chamber 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 I torr 
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A. 

B. 
c. 
D. 
E. 
F. 
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Components-of high temperature oven and its assembly. 

Water-cooled high current low voltage terminals. Theseare 
fabricated from copper plates; the top copper block is used 
to support the entire oven 
Stainless steel alkaline earth crucible 
Stainless steel direct resistance-heated oven 
Quartz 
Carbon cloth 
Stainless st~el foil 
Indium pool for electrical contact 
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at room.temperature. However, all experiments were conducted with 

secondary beam of materials with a vapor pressure exceeding 1 torr at 

room temperature so that the vapors were prepared on an· external gas 

line at the desired pressure. In this case,the gas' was admitted to 

the lower oven chamber through a stainless tube, and both oven chambers 

were maintained at the same temperature. The desired pressure of a 

crossed beam gas, typically about 3 torr, is prepared on the external 

vacuum line by either using a barostat temperature bath ora slush bath 

if it is in the liquid phase at room temperature or by means of a 

Granville-Phillips variable leak valve in the case that the substance is 

gaseous at room temperature. The slush bath is prepared by slowly 

adding liquid nitrogen to a dewar, in which the proper organic solvent 

was previously added, wh1leconstantly stirring until the consistancy of 

a thick malted milk is achieved. Appendix C lists the organic solvents 

used in the slush bath for various ranges of temperatures. The barostat 

temperatur.e bath is simply a mixture of acetone and dry ice. The desired 

vapor pressure is achieved by placing the sample in a inner flask, winding 

this flask with heating wires, and isolating the heating wires from 

the acetone-dry ice mixture by means of a concentric outer flask. The 

pressure of the crossed beam gas was measured by means of a Datametrics 

manometer at the external gas line. 

The oven, made of stainless steel, is equipped with a multiehannel " 

source array •. The oven construction is similar to the double chamber 

oven used in producing the Li atom beam in Ref. 2. The standard 

"crinkly foil" many channel array was com:;tructed by alternatively 
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stacking layers of flat and 0.01 cmwide corrugated stainless steel 

foil (0.0025 cm foil thickness). The two chamber oven is heated by 

0.020 in. tantalum wires strung with ceramic beads and wound through 

holes in the oven; the wires are energized by 110 v AC variac. The 

temperatures of the two chambers were measured with chromel-alume1 

thermocouples and typically maintained at 3400 K and 3200 K in the upper 

and lower chambers respectively. 

A mechanical chopper which is partitioned between the oven slit 

and the collimator slit so 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 mcitor by means of a pinion gear linkage. 

With this construction, the crossed beam can be modulated at very low 

chopping frequencies, '" 10 Hz, so that a lock-in-amplifier with long 

time constant may be used to improve the signal-tb-noise ratio. A 

light source and a phototransistor are provided to pick o~f the reference 

signal for the PAR HR-8 10ck .... in ... amp1ifieremployed in the detection 

system. The chopping frequency used in most experiments reported here 

was typically maintained at '" 41 Hz and the crossed beam was 100% 

chopped at this frequency. 

The entire oven is surrounded by a copper box with an open end 

at .the bottom. This box is . cooled by liquid nitrogen to condense the 

crossed beam molecules which are intercepted by the chopper and the 

collimator. In order to maintain the sufficiently low pressure in the 

collision chamber, this cooling system was important. 
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D. Beam Profiles, Velocity Distributions, and Product Intensities 

Table I gives the dimensions that characterize the beam geometries 

and the detector resolution. These dimensions were carefully chosen 

so that the viewing factor, which is defined 2 as the fraction of the 

collision zone seen by the detector at various scanangle,was essentially 

unity at all viewing angles. Theoretical viewing factor calculations 

for the apparatus geometry employed in these studies are presented in 

Ref. 3. 

The beam profiles of O.9°FWHM and 2.8° FWHM for alkaline earth 

atom beam and gas beam respectively, which are shown on Fig. 1, are 

calculated from the oven and collimator slit geometries. However, two 

corrections are of important before comparing with experimentally 

measured beam profiles. First, the finite width of the detector has 

to be considered. Second, since the detector is pivoted about the COR, 

the beam profiles measured experimentally are referred to this origin 

rather than an origin situated at the oven slit. When these considera­

tions are included, the resultant beam profiles are 3.2° FWHM for 

alkaline earth beamalld 5.1° FWHM for gas beam. The measured profiles 

at low electron emission are 3° FWHMand 4° FWHM for the alkaline earth 

beam and gas
l 

beam respectively. The agreement for the alkaline earth 

beam is fairly good; however, the measured beam profile is narrower 

than the calculated value for the gas beam. This disagreement is 

likely to be due to a.nozzleeffect in the "crinkly foil" multichannel 

source array, HJnC(~ this multichannel source array may have a certai.n 

collimating effect. It should be remarked that the measurements of 
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Table I. a Geometry of Beam Alignment 

H . h eig. t W"dh 1 t 

Oven Slit 0.48 0.051 

Collimator 0.71 0.11 

Oven Slit 0.71 0.16 

Collimator 0.71 0.079 

Front slits, A 0.95 0.206 

Rear slits, B 0.41 0.051 

a Dimension is given in cm. 

b Length is the distance measured from COR. 

L engt 

17 .1 

9.5 

5.1 

2.5 

2.5 

6.3 
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beam profiles, at least the gas beam, had to be conducted at low 

3 electron emission ($ 1 rna) to avoid saturation of the ionizer by the 

highly intense beam. 

Since experiments are carried out by employing two beams with full 

velocity distributions, it should be important to know the actual beam 

velocity distributions. In theory, molecules which effuse from an 

orifice should suffer no collision after they emerge from the oven; 

thus, from the bearil$ource pressures and slits widths used here, one 

might expect that the alkaline earth beam would retain the thermal 

velocity distribution and the beam intensity and geometry characteristic 

of an effusive source. 7 On the other hand, since a "crinkly foil" 

multichannel source array is used to produce the gas beam, it is very 

likely that this gas beam may have a non-thermal distribution under 

the experimental conditions. 8 9 Other workers' have reported a non-

thermal distribution for a beam source similar to the multichannel 

source employed in this study. A small, slotted cylindrical veloCity 

3 selector was thus designed to measure the actual beam velocity 

distributions. 

Due to the limitation of space and background noise, the velocity 

distribution of the alkaline earth beam was measured for Ba atoms only; 

a slight deviation from a thermal distribution at the low speed portion 

\vas observed at the typical operating temperature 1030 "'" l1200 K 

(corresponding to 0.2 - 1.0 torr source pressure). 
10 11 A number of reports ' 

have !3hown a similar reSiJlt;it has been Clttrfbuted to the cnllisi.OTls 

w ilill 11 the belllll "III till' Immediate viCinity of the oven 81 it. Ve1oC'fty 

n~asurements 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 

2· 2/ 2 > f(v) = (v-vs ) exp[-(v-vs ) ex.]; v Vs 

o v';;;'v 
s 

(1) 

lIere, v is a flow 8peed which increases with increasing source pressure. 
s 

For the gas beam, ex. is the most probable thermal source speed which is 

1/2 independent of source pressure, i.e., ex. = (2kT/m) • Thus, the gas 

beam velocity distributions maintain the breadth characteristic of a 

thermal distribution, but are displaced to higher speeds with increasing 

source pressures. For the Ba beam, however, ex. is a function of source 

pressure; detailed discussion will be found in Ref. 3. Table II lists 

the pressure dependence of flow speed for a number of gases. 

Although the overall detector sensitivity is not directly calculable, 

it may be roughly calibrated by comparing the measured umbra intensity 

of the alkaline earth beam with the predicted intensity calculated from 

molecular effusion. The umbra Ba beam in~ensity may be evaluated for 

. 12 
the apparatus geometry given in Table I as - 6 x 10 atoms/sec; this 

-6 would correspond to a current of - 1 x 10 amp if the overall detection 

gain were unity. The measured umbra Ba intensity is 3 x 10-7 amp at 

2.4 KV applied to the electron multiplier. From the measured electron 

multiplier gain, 1.5 per 100 volts increment from 2.4 Kv up to 3 Kv, 

-6 this is equivalent to 3.5 x 10 amp at 3 Kvwhere the product signal 

was measured, or an overall gain of 3.5 for the detector. We can now 

proceed to calculate the expected intensity of scattered product BaBr 



p 

Br2 v s 

P 
C1

2 v 
s 

P 
C CI 4 v 

s 

p 

CH3I 
v s 

p 
CH

2
1

2 v 
s 

Table II. 

0.53 

0.56 

0.41 

0.55 

0.45 

0.71 

0.44 

0.6 

0.60 

.0.67 
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a Flow speed of gas beam. 

0.80 1.40 

0.75 1.10 

0.74 L60 

1.00 1.58 

0.72 1.7 

1.04 1.54 

1. 25 2.5 

1.25 1.5 

apressure is given in torr and speed in 100 m/sec. 

. 
~ 

2.50 3.50 

1.32 1.4 ... 

3.60 

2.00 

3.6 

1.65 
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from a prototype reaction of Ba + Br
2

• We know that for two gaseous 

species with uniform number densities NBa and NBr in an intersection 
2 

volume V, moving toward each other with relative velctl:ty v , and with .. . . . r 

reaction cross section Q(vr ), the rate of forming reaction product will 

be given by 

R = 

We estimate NB . a 
10 -3 = 1.5 xlO cm and NB 

r
2 

0.036 

(2) 

12 -3 = 7. 7 x 10 cm· in an 

3 cm ; the relative velocity intersection volume of approximately 
. 4 

was estimated to be 4.2 x 10 cm/sec for these two beams intersecting 

at 90° and the temperatures employed. The reaction cross section was 

. 1\2 12 estimated as - 150 . , as this is the value accepted for the analogous 

Na + C12 reaction; it may be a factor of two too high, as Jonah and 

Zare13 reported ·60 1\2 for the Ba + C12 reaction. 

Substituting th~se estimated values into Eq. 2, we obtained 

2.5 x 1012 sec-l as the formation rate of BaBr at the COR. As shown 

in Fig. 1, the detec.tor is characterized by the rear slit (slit B) 

with a crosS section area 0.021 cm2• All molecules travelling through 

the rear slit will .reach the ionization zone and be detected; thus, the 

. -4 
detector subtends a solid angle of - 5.3 x 10 Sr. Assuming an 

isotropic scattered BaBr angular distribution, we expect the BaBr signal 

9 -1 at the detector as to be 'f: 1.3 x 10 sec • If the detector has the 
.j:" 

same overall gain forBa as well as BaBr, the calculated intensity 

would be 

value of 

7 x 10-10 amp, in reasonable agreement with the measured 

5 x 10-10 amp at the peak of measured angular distribution. 

I . 
i / 

.' 
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Finally, the potential effect of background scattering deserves 

some conunents here. The background scattering has the larger effect on 

the alkaline earth beam and results in an attenuation of the beam 

intensity as well as a broadening of the beam profile. In this latter 

case, the correction for viewing factor could become important. 

Measurements of the dependence of the Ba beam intensity indicated that 

a ~ 7% reduction of beam intensity occurred when the pressure in the 

collision chamber rose from 1 x 10-6 torr to 3 x 10-6 torr; this 

-5 attenuation increased to almost 30% at 1 x 10 . torr background pressure. 

These figures are considerably higher than the attenuation of the 

alkaline earth beam by the secondary gas beam (typically - 5%). Except 

were noted, all reactive scattering angular distributions were measured 

for background pressures ~. 1 x 10-6 torr so that this pressure attenuation 

factor was negligible. 

I 

.. -
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UPEND IX ,A 

* List of Apparatus Mechanical Drawings and LBL Numbers 

1. Vacuum chambers 

,A. Collision ch~mber 

main chamber l2N 2746 

side flanges (2) l2N 2833 

back flange l2N 2843 

liquid nitrogen reservoir l2N 2804 

liquid nitrogen shield chassis l2N 2784 

liquid nitrogen fill tube l2N 2913 

side flange liquid nitrogen shields (2) l2N 2863 

back flange liquid nitrogen shield l2N 2823 

oil diffusion pump baffle (2) l2N 2962 

ion gauge flange l2N 2952 

chamber support stand l2N 2933 

adapter to high temperature oven chamber l2N 2764 

B. High temperature oven chamber 

main chamber l2N 2754 

side flanges (2) l2N 2923 

back flange l2N 2794 

liquid nitrogen fill flange l2N 2903 

liquid nitroge~ reservoir l2N 2943 

liquid nitrogen shield chassis 12N • 2774 

* , , These drawings are filed at the Lawrence Berkeley Laboratory; ,copies 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. 
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side flange liquid nitrogen shields (2) l2N 2893 

back flange liquid nitrogen shield l2N 2883 

adapter to collision chamber l2N 3812 

flange to adapter l2N 3153 

pUmp baffle . l2N 2853 

chamber support stand l2N 2873 

corrosive gas exchanger l2N 3193 

liquid nitrogen cold tr~ps (2) l2N 3203 

2. Ovens 

high temperature oven l2N 4693 

oven support copper blocks l2N 4682 

ceramic adaptor l2N 4672 

gas source oven l2N 3162 
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APPENDIX B 

List of Apparatus Electronic Diagrams and LBL Numbers 

System wiring diagram 

Du~l liquid nitrogen level control 

Single vacuum interlock (2) 

Hastings gauge dual va.cuuminter10ck 

Hastings gauge dual vacuum interlock 

Ion gauge 5 position switching panel 

High temperature oven power supply 

8S 8405 

8S 7252 

8S 2B03-lA 

6z 4664E 

5z 4994-lD 

8S 7392 

BS 7351 



Beam Materials 

CH212, ICl, SnC14 ; IBr 

2-nitropropane ,te rt-butanol 

12, C2C14 , C C13Br, C C13N02 

S2C12 
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APPENDIX C 

Slush Bath 

Solvents 

* ice-water 

* CH2ClBr, CH2Br 2, iso-amyl nitrite ice-brine 

Br 2, C C14 , PC13 Carbon tetrachloride 

SiC14 ethylene dichloride 

CH31 n-hexanol 

NOCI dry * ice-acetone 

methanol 

carbon disulfide 

* It is simply a mixture of two solvents. 

Temperature, °c 

o to 20 

° to -20 

-22.9 

-35.6 

-48.0 

-78.5 

-97.8 

-111.6 



t) ~ ~ t} 
.. ~ 

'",~I t:J . " 

/'1 ,.1 ' ~<-' t..;.) u (""~ ""i 

-37-

III. REACTIONS OF ALKALINE EARTH ATOMS WITH Br 2 AND Cl
2 

A. Introduction 

The main subject in the development of crossed mol~cular beam 

studies during the past few years has appeared to be either the 

elucidation of more detailed information of the reaction dynamics of 

a few simple alkali atom reactio.ns by refining the crossed beam 

apparatus, or else a "chemical scanning" of the reaction dynamics of 

various non-alkali atom reactions by means of a suitable mass spectrometer 

detector.. In particular, the inttlarddction of the electron bombardment· 

ionizer-mass spectrometer detector has brought the chemical scope of 

crossed beam studies of neutral reactions into a new eEa beyond the 

"alkali age." This has prompted a number of studies of the halogen 

I 2 3 atom, the hydrogen atom, and the alkaline earth atom reactions. The 

present chapter reports results on the reactions of Ba, Sr, Ca, and Mg 

with Br2 and C12• 

By observing the chemiluminescent spectrum of Ba and Sr reacting 

with C12, Jonah and Zare4 showed that both monochloride and dichloride 

products were responsible for the light emission and the reaction cross 

section for the formation of BaCI was estimated to be 60 A2. IIi this 

work, we have measured product laboratory (LAB) angular distributions, 

via an electron-impact ionization process,by crossing two beams with 

full velocity distributions. + Only monohalide ion (MeX ) mass 

spectrometer signals are observed in any of these reactions; these 

peak near the atomic beam direction in the LAB angular distribution. 

The predominant product for these reactions is considered to be the 
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monohalide on the basis of an analysis Of the angular di~tributions. 

Al,though alkaline earth monohalides have been known for many years, 

many of their physical and chemical properties are still uncertain. 

Recently, however, there has been a growing interest in the study of 

bond dissociation energies of alkaline earth monofluorides and 

5 6 monochlorides'by either mass spectrometry or flame e1lllLssion. These 

experimental results are in fairly good agreement with ti'le values 

5a evaluated from the Rittner ionic model; thus, Hildenbrand . indicated 

that anionic model is likely applicable to BaCl, SrCl, and perhaps 

to CaC!. 

B. Experimental Conditions 

As described in a previous chapter, the apparatus used in these 

experiments consists of three distinct vacuum chambers; the first two 

-6 . 
chambers act as the alkaline earth atom source chamber (- 2 x 10 torr) 

and the collision chamber «2 x 10-6 torr); this latter chamber also 

houses the halogen beam source. The two beams are crossed at an angle 

of 90° with their full velocity distributions. The atom beam is formed 

by thermal effusion from a resistance-heated oven source with a standard 

knife-edge slits; the halogen gas is prepared on an external gas line 

and is chopped at a low frequency (- 41 Hz) after emerging from a 

"crinkly foil" multichannel source array. Table I summarizes the 

experimental conditions. 

The angular distributions of reactive products are measured by 

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

on a PAR HR-8 lock-in-amplifier referenced to the halogen beam chopping 
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System 

Br2 + Ba 

Sr 

Ca 

Mg 

C1
2 

+ Ba 

Sr 

Ca 

Mg 

source 

T 

1060 

960 

1020 

820 

1050 

960 

1010 

820 

Table I. Experimental conditions. a 

alkaline earth atom beam 

conditions speed distribution c source 

pb a v T 
S 

0.35 3.1 1.1 340 

0.4 3.7 1.3 340 

0.3 5.8 1.9 350 

0.28 6.7 2.2 340 

0.32 3.1 1.1 340 

0.4 3.7 1.3 330 

0.28 5.8 1.9 360 

0.28 6.7 2.2 340 

aTemperature is given in oK, pressure in Torr, and speed in 100 m/sec • . 

Halogen 'illOl~cule beam 

conditions flow speed 

P 
c v s 

4-5 1.4 

2.5-3.3 1.4 

3-4 1.4 
,.., 4 1.4 

2 1.7 
,.., 4 2.0 

3.0-3.5 2.0 

2-4 1.7-2.0 

: ~ bVapor pressure of aJ.kaline earths is takenf~om J. L. Margrave, Characterization of High Temperature 
ya~or. (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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frequency. These detection elements are housed in a differentially 

-8 pumped UHV chamber « 2 x 10 torr) which is rotatable. in a plane 

defined by the two intersecting beams. The use of an electron bombardment 

ionizer detector makes it necessary to consider the fragmentation 

pattern of the product ion formed in the ionizer. The possible products 

of the Me + X2 reactions studied here are MeX2 or MeX +X. Because X2 
+ molecule itself produces an X signal upon electron impact, it was 

+ impossible to study this family of reactions by monitoring the X mass 

spectrometer signal. Thus, all 8f the product angular distribution 

measurements reported here were obtained with the mass spectrometer 

+ tuned to the MeX signal. Although the neutral precursor of this ion 

might be either MeX or MeX2 , careful mass scans were made for some of 

these reactions (notably Ba and Mg with C1
2 

and Br
2

) but no scattered 

signals have been observed at the. MeX
2
+ mass peaks. A=guments presented 

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

(if not exclusively) from the ionization of MeX rather than MeX2 • 

c. Results and Data Analysis 

The main object in the beam experiment is to determine the direction 

and magnitude of the recoil velocity that carries the products away 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 to the CM 

coordinate system where the restrictions imposed by th~ conservation 

laws make it possible to infer the final relative translational energy 

, 

J 
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of, the products 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, I LAB (0), may be 

explicitly expressed as 

where f (Vi) d'J is beam number density velocity distribution and v is 
i 

the product LAB velocity at a given angle, G. In this expression, 

lLAB(G,v) is directly related to the eM differential cross section 

Q(8,u,V) as 

ILAB (0,v) = VQ(8,u,v) 
v 
2 

u 
(2) 

where V is the initial relative velocity and u is the product velocity 

in the eM coordinate system. Since the product LAB intensity measured 

from an electron bombardment detector is a number density distribution 

and since flux density but not number density is cons~rved in the 

transformation between two coordinate systems, one power of v has been 

removed from the Jacobian factor in the above expression. Thus, in 

favorable cases the eM differential cross section,Q(8,u,V), may be 

accurately determined from the measured quantity l LAB (0). 

1. Data analysis. 

Both stochastic and SRE (single recoil energy) methods are used in 

7 analyzing the experimental data. The stochastic procedure is embodied 

in Eqs (1) and (2) and is actually the correct data analysis procedure. 
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It starts from a LAB + CM transformation, by assuming a form ofQ(e,u,V) 

and averaging over the measured velocity distributions of the par~nt 

beams to yield 1(0) which is subsequently compared with measured value. 

This comparison is repeated untii a satisfactory agreement is achieved 

by varying Q(e,u,V). 

Two assumptions are. made in the stochastic procedure; they are (1) 

the factorability of CM angle and product recoil energy and (2) no 

activation barrier in the reaction channels (1.e., Q(e,u,V) = Q(e,u». 

These assumptions have been commonly used in data analysis for alkali 

atom reactions. 8 The validity of this second assumption is challenged 

9 somewhat by the recent observation of the K + Br2, BrCN, and CC14 

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

experiment showed an increased forward scattering but decreased total 

reaction cross section with respect to results obtained using thermal 

beams for these reactions; however, the quantitative validity of some 

of these thermal beam studies is open to question because of uncertainties 

in the beam speed distributions so that it is unclear what to make of 

the results of Ref. 9. 

analyses expetiments on 

Furthermore, results of detailed product velocity 

10 the K + 12 reaction with well defined collision 

energy, E = 1.9 - 3.6 kcal/mole, indicated that the CM scattering 

pattern is insensitive to the collision energy, although the total 

cross section decreases. rather weakly with increasing energy. Moreover, 

this study also supports the assumption of separability of the revoil 

angle and energy distributions because only a weak coupling of these 

distributions was found for the K + 12 reaction. This weak coupling of 
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the recoil angle and energy has also been indicated 'lIt a few reports 

'11 12 
of trajectory calculations. As has been pointed out, product 

internal energy (therefore recoil velocity) distributions seem to arise 

from the properties of the potential well at small interatomic distance 

whereas the scattering patterns depend on the details of the potential 

surface at large reactant separation, so that this weak coupling 

assumption generally gives a fairly satisfactory result in determining 

,2b lla 
the eM differential cross section.' Accordingly, the eM dif-

ferential cross section, Q(e,u), in the stochastic procedure is simply 

expressed in terms of the product of two independent functions as 

Q(e,u) = T(e) D(u) with T(e) and D(u) given in the conventional form/a 

(3) 

and D(u) = 1 

(4b) 

(4c) 

where symbols with subscripts are constants. Since the low velocity 

portion of the D(u) distribution is weighted more heaVily in the 
( 

Jacobian factor during the LAB ~ eM transformation, the measured LAB 

angular distribution determines the form of Eq. (4b) mo'.ce uniquely 

than that of Eq. (4c). Therefore, for a given T(e) distribution, the 
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LAB angular distribution is, in general, relatively insl!nsitive to the 

full width of the O(u) distribution and results of our kinematic 

analysis should provide a fairly good estimate of the T(e) distribution 

but only a cr.ude estimate of the O(u) distribution. Because of this 

lack of sensitivity, the LAB ~ eM transformation was also performed 

7 8 by employing a simpler procedure, the single recoil energy (SRE) method ' 

which has been extensively used in analyzing most of alkali atom 

reactions. 

In addition to the assumptions included in the stochastic method, 

the SRE approximation further assumes that the product recoil velocity 

may be. treated as a delta function and the entire LAB angular distribu-

tionarises from a eM angular spread. Thus, the eM angular distribution 

derived by SRE is anticipated to be broader than that obtained from 

the stochastic method and is taken as the upper limit on the breadth 

of the trueT(e) distribution. 

2. Reactive scattering. 

Figures 1- 8 show the measured product LAB angular distributions 

of alkaline earthmonoha1ides and the resultant eM angular distributions 

and product energy density functions obtained by averaging over the 

measured beam speed distributions. For all of these reactions, Me + X2, 

+ . 
the only detectable product were MeX ionB. The identification of the 

MeX+ with MeX rather than MeX
2 

is based on the shape of the measured 

LAB angular distribution. Any MeX
2 

formed would have to be directed 
. + 

along the center-of-mass vector (C) in the LAB. Figur.es 1 - 2 also 

show the' calculated angular distributions of e and clearly indicate 
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Fig. 1. Product angular distributions and CM recoil functions for the 
Ba + C12 reaction. The solid data points (one run) show measured 
LAB angular 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 centroid distribu­
tion and kinematic diagram based on the most probable beam velocities 
for three possible product recoil energies, E', a~~ also shown. 
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this is not observed for any of these reactions. ,Moreover, our results 

on the Me + ICI reactions,l3 with two distinguishable LAB angular 

distributions corresponding to product Mel and MeCl, further illustrate 

that the dihalides are not significantly produced in this family of 

reactions. 

Velocity measurements of parent beams have indicated that our beam 

velocities were different from the Boltzmann distributions,' particularly 

the crossed beam. Although deviations in the Ba beam were minor, our 

data analysis used the measured speed distributions which were also 

fitted by the empirical equation (Eq. 1 described in previous chapter) 

with v = 1.06 x 104 em/sec and the most probable speed, ex, corresponding 
s 

to a calculated temperature, 8l0oK. We converted this correction to 

other lighter atoms whose velocity distributions were not measured 

experimentally by using the same expression and attenuation factor 

(33%). Detailed discussion of these conversions is given in Ref. 13 

and results of these parameters, v and ex, are listed in Table 1. In s . 

practice, results derived from the data analysis procedure are (1) 

seriously in error if one doesn't recognizetbenon-thermal behavior 

of the halogen beam speed distribution, but (2) practically insensitive 

to recognition of the weaker non-thermal behavior of the alkaline 

earth beam. 

For each reaction, the CM angular distribution is given in a range 

(the solid and dashed curves) within which the agreement between the 

calculated LAB angular distribution and the measured values is well 

satisfied. These two curves are obtained from the stocpastic method 
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and the' solid curve is the best fit found. Table !Illsts the best fit 

parameters for the CMangular and velocity distributions. The dashed-

dot curve is obtained from the SRE method although this provides a 

less satisfactory fit to the LAB data for some of these reactions. 

The kinematic diagram shown in the lower panel, constructed from the 

measured peak beam velocities, illustr~tes LAB # CM transformation 

and the product recoil velocities for some of the possible final 

relative kinetic energy, E', obtained from the relation E' ... 

-i (~eXX ~ex/nx) u
2

, for the. reaction Me + X2 -+ MeX + X; ~eXX is 

the total mass and ~eX is the mass of theproduct detected. This 

relation, combined witl1. the expression P(E')dE' ... O(u) du, is used to 

convert the product recoil velocity to the energy density function 

which appears in the upper. panels. The total energy available to the 

products has to be partitioned between E' and internal excitation 

W' by 

E' +W'= E + W + till . 0 (5) 

where E = llV2/2 is the .initial relative translational ~nergy, W is the 

initial internal excitation of the halogen molecules, . and till is the 
o 

bond energy difference in alkaline earth monohalide and halogen 

molecules, measured from the zero-poi~t vibration level. Also shown 

in Fig. I - 2 is the n~ber density centroid distribution calculated 

from an energy independent collision cross section. Table III summarizes 

results of our kinematic analysis. 

Figure 9 shows a direct comparison of the best fit CM angular 

distributions among these reactions. For the Cl2 reactions, weare 
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. Table II. Parameters for recoil angle and velocity distributions. 

Modea System T(6) O(u)b 

61 HI C1 u1/u2 n/m1 n/m2 

M Br2 + Ba 0 20 .08 3.2 2 2 

Sr o· 27 .20 4.3 2 2 

Ca 0 20 .12 6.0 2 2 

Mg 0 15 .15 5.0 2 2 

C12 + 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 Br2 + Ba -10 30 .15 3.0 2/1 4/2 

Sr 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 
Csc 0 35 .20 2.5 2/1 4/2 

C12 + Ba 0 30 .25 2.0 2/1 4/2 

Sr 0 40 .30 3.0 2/1 4/2 

Ca 0 30 .45 4.5 2/1 4/2 

Mg 0 10 .13 3.5 2/2 4/2 
Csc 0 .25 .10 2.0 2/1 4/2 

~ refers to measured beam velocity distributions and T to thermal beams 

b Parameters with subscripts 1 and 2 are taken as equal when only one . 
value is given. 

c .. . 
These parameters were found in this work; LAB data were taken from 
J. H. Birely, et a1. J. Chem. Phys. 47, 993 (1967) for Bre and R. Grice 
and P. B. Empedoc1es, J. Chem. Phys. 48, 5352 (1968) for 12 , 
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Table III. Kinematic resultsa 

Energetics b stochastic SRE 

System E W !:ill c 'd Q e E'd Q e f MeX g E r f f 2 0 x 

Br2 + Ba 2.50 1.06 55 4.8 0.67 5.5 0.73 5.4 

Sr 2.39 1.06 35 5.6 0.62 5.0 0.68 4.6 

Ca 2.71 1.09 45 6.3 0.62 6.5 0.67 4.0 

Mg ·2.26 1.06 30 3.5 0.56 4.8 0.63 2.8 

Cl2 + Ba 2.13· 0.88 48 3.1 0.71 3.5 0.70 5.1 

Sr 2.22 0.88 39 3.5 0.71 3.5 0.71 4.4 

Ca 2.56 0~95 . 37 4.2 0.64 4.0 0.65 3.9\ 

Mg 2.21 0 •. 88 18 1.9 0.58 3.5 0.67 2.8 

aAll energies are given in kcal/mole. 

bThe initial kinedcenergy, E, 1s calculated from the measured peaked 
velocities in the two beams and the internal· energy, W, is the sum of 

b 

1 

1 

1 

b 

b 

1 

1 

the classical rotor and of the excess vibrational energy of the halogen; 
spectroscopic constants were taken from G. Herzberg. Molecular Spectra 
and Molecular Structure.!. Spectra of Diatomic Molecules. (D. Van 
Nostrand, Inc. Princeton, N.J., 1950). These estimated internal 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. 

c ..... . 
Bond dissociation energies w~re taken from: for Br2 and C12, R. J. Leroy 
and R. B. Bernstein, Chem. Phys. Letters 5, 42 (1970); for HeCl, 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). 

d .,. 
TheljJe are the mostprOQable E . values, obtained from the peaks in the 
P(E ) distributions shown in the upper panels in Fig. 1-8. 

e Fraction of products scattered into forward hemisphere, where 

Qf = r'Tf/2 T (9) sined9/f'Tf T(9) sined9 
o 0 
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fTheseare the crossing radius (A) between the covalent and the ionic 
potential surfaces of Me + X2,given by r == e2/(I(Me) -E(X2»; the 
electron affinity of X2 (E(X2» is taken from w. A. Chupka and 
J. Berkowitz, J. Chem. Phys. 55, 2724 (1971) and ionization potential 
for the met'al (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 C12 was used in calculating them. 

gThese are given in L. Whaston, R. A. Berg, and W. K1emperes, J. Chem. 
Phys. 39, 2023 (1963); b refers to bend molecules and 1 to linear 
molecules. 

I. 
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Fig. 9. Product CM ang~lar distributions of Me + X
2 reactions; these distributions are corresponding 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 CM angular distribution to fit both the 

Ba and Srreactions. when this set of parameters is taken to the 

Ca + Cl2 reaction, we find that a smaller breadth of the LAB angular 

distribution occurs, mainly due to a small intensity at e larger than 

30°. Consequently, our best-fit CM angular distribution for Ca + C12 

has (i. larger fraction at wide angle, e, than does the Ba and Sr with 

C1 2 reactions. For the Mg + C12 reaction, this best fit CM angular 

distribution found for Ba andSr + Cl2 results a LAB angular distribution 

peaking at large e with too much intensity at small e in comparison 

with the measured values; this results remains almost the same for a 

wide range of O(u) distributions. Thus we have to decrease the HI and 

CI values in order to shift the peaking position to s~ll e and the 

CM angular distribution appears to have a strong forward scattering 

pattern. Since its forward contribution is mainly confined at 6 <30°, 

the fraction of MgCI sca~tered into the forward hemisphere is actually 

smaller than that for the heavier atoms. This is easily seen by inte-

grating the differential cross section to its total reaction cross 

.section in the form 

T(e) sined6 / i'IT T(S) sinSdS. 
o 

Results of these calculations are also given in Table III. It clearly 

illustrates that this forward contribution decreases with decreasing 

mass of the reacting atom. 

As we discussed earlier, the LAB angular distribution is generally 

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

.. 
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but less sensitive to the full width of the velocity distribution, 

D(u), due to the Jacobian factor shown in Eq. (2). In order to show 

the sensitivity of the CMangular distribution to the measured LAB 

data, we have also tried to vary the backward contribution by increasing 

the CM angular distribution at large 9 (Le., 9 = 91° - 180°)'; here, 

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

at 9 = 0° - 90° but was replaced by (C2 - Cl ) exp {- In 2[(9 - 180)/ 

2 HI] } +Cl at 9 = 91° - 180°. Thus, for a given set of C2 and Cl 

(C 2 > Cl ), the T(9) distribution first decreases until e = 90° and 

then starts to slowly increase to C2 at 9 = 180°. For all of the C12 

reactions, the results of these calculations show that the difference 

between C
2 

and Cl can not be more than 0.1 without blowing up the 

intensity at large 0. For the Ba + C12 reaction, we have also tried 

to mOve the CM peaking angle to 9 greater than 0° by either using a 

sideway peaking or a plateau extending from 0° to large 9; results 

show that a similar good fit is achieved by either extending 91 = 0°-10° 

ot 91 = 15° combined with tne best set of parameters, HI = 35° and 

Cl = 0.15; for the latter case, a peak reflected through 91 = 15° is 

used for 9= 0°_30°. 

For the Br2 reactions, no given trend in its CM scattering pattern 

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

a larger values of HI and C
l 

thanBa and Ca + Br
2 

reactions. A direct 

comparison" in the product LAB angular distribution also shows that 

Sr+ Br2 has a breadth broader than that of Ba and Ca + Br2" However, 

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

angular distribution; here again, the difference between C
2 

and Cl 

is also less than 0.1. In all cases, the Br
2 

reactions give a less 

forward contribut'ion but larger ratio of E' j till for a given atom in o . 

comparison with the C12 reactions. 

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

as shown in Table III and Fig. 1 - 8 (_. - curves in the middle 

panels). Since this procedure removes the flexibility in the D(u) 

function, the T(8) function has not been restricted to the form of 

Eq. (3). In favorable cases where the mass ratio of MeXjX is small, 

this procedure gives a good fits as well as the stochastic method. 

As a result, this procedure has a better fit for Mg + C12 among the 

C12 reactions and with a given Me, it is better for Br2 than C12 ; this 

particularly happens at small 0 and large 0. For instance, it tends 

to give a small intensity at both tails of LAB angular distribution 

for Ba + C12 which is the worst case. 

3. Effect of non-thermal beam velooity distributions. 

To understand the importance of non-thermal beam velocity distribu-

tions, we have also analyzed the data by assuming thermal beam distribu-. 

tions; results are listed in Table II (mode T) and their CM angular 

distributions are shown in Fig. 10. In all cases, these functions 

weight more at large 8 for T(e) distributions and small u for O(u) 

distributions 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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Br2 Reaction~ 

------------

C 12 Reactions 

Mg 

--~----------------

XBL 727-6483 

Fig. 10. Product CM angular distributions or Me + X
2 reactions, obtained using thermal beam velocity distri­

butions. Also shown are the Cs + Br
2 

and C1
2 

reactions; 
their parameters were found from this work and are given 
in Table II. 
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centroid distribution has become narrower and has shifted toward 

large e due to the upward shift of velocity enhancement for both 

parent beams, an increase'in the product recoil velocity with a 

simultaneous decrease in T(8) distribution at large 8 is necessary 

to compensate this deficit for a LAB angular distribution peaking at 

small e 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 without 

this correction for non-thermal beam speed distributions. Although 

there,was no iridication of how large a gas pressure was used, their 

apparatus conditions were similar to ours so that similar non-thermal 

beam velocity distributions seem likely to have existed. Therefore, 

we b.elieve, 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 next 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 from ionization of SrBr rather than Sr; the 

possibility precludes any inferences regarding the elastic scattering 

in the collisions studied here. This inability to study the elastic 

scattering as well as unknown detector response factors also precludes 
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'I 
I 

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

D. Discussion 

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

forward 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 C1
2 

reaction produces somewhat more forward scattering than does 

the Br2 reaction; (2) for a given X2 , the forward MeX scattered 

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

more closely resembles Ca + Br2 whereas Sr + C12 more closely resembles 

Ba + C1
2

• The first two trends are also observed in the reactions of 

14 the alkali atoms with halogen molecules. The third trend correlates 

with the geometries (linear vs. bent) of the ground. electronic states 

15 of the alkaline earth dihalides, although it is not clear how much 
I 

significance should be assigned to this correlation because of the 

many other uncertain parameters associated with these reactions (e.g., 

precise forms of T(8), reliable values for D (MeBr), and the absence 
o 

of trajectory studies). 

5a As Hildenbrand indicated, the Rittner ionic: model yields 

reasonably accurate dissociation energies for BaCl and SrCl, fairly 

good for CaC1, but less accurate for MgCl; this trend is probably true 
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for monobromides as well. We thus argue on the basis of this ionic 

model that the electron transfer mechanism, which has been widely used 

to interpret the alkali and halogen reactions, may be also appropriate 

to describe the reactions reported here. In 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 large internuclear separation; in the. vicinity of crossing 

point, an electron transfer from the alkaline earth atom to the halogen 

molecules takes place and the reaction beoomes 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 terms 

of the ionization potential of the atom, I (Me), and th-e electron affinity 

of the halogen molecules, E (X
2
), by 

Here r refers to the crossing radius which is given in Table III. 
x 

In its crudest form, this model predicts the total reaction cross 

section of 7fr 2 
x 

(6) 

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 

hy crossing two beams with full velocity distributionEJ; results were 

then analyzed by either the SRE method or the stochaslic procedure. 
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Although little information could be achieved by comparing our results, 

which have been derived for the act:ual beam velocity distributions, 

with those reported for the alkali atom reactions where a thermal beam 

distribution was always assumed, a qualitative idea maybe obtained 

if we compare all results obt~ined by assuming thermal beams distribu-

tions.Thus, we have chosen two "prototype" reactions, Cs + Br
2 

and 

C12, to compare with Baatom reactions which, as we discussed earlier, 

are considered to be closely related to the alkali atom reactions. 

Since the kinematic results reported for Cs + Br2
l6 and Cs + C1 2

17 

are not perfectly matched with the measured values, we have re-analyzed 

their data using the stochastic procedure. Figure 11 exemplifies 

results for Cs + Br2 reaction. The solid curves are the best-fit 

found in this work with their parameters listed in Table II while the 

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

This best fit CM angular distribution is also shown in Fig. 10 (dashed 

curve); alsolncluded, is the "best-fit" data for Cs + C12• A direct 

comparison shows that Cs + Br2 has a broader scattering pattern than 

Ba + Br
2

whereas a reverse order occurs for Cs and Ba + C12 reactions. 

This comparison, although not rigon~u8~ further indicates that 

reactions for Ba atom and halogen molecules are indeed very similar 

14 to the Cs reaction rather than the Li reactions. This observation 

is somewhat surprising because the electron transfer model would 

suggest that Li (I = 5.4 eV') and Ba (I 0:: 5.2 ev) are likely to react 

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

sensitivity of the product angular distributions in these electron 
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Fig. 11. Pr.oduct angular distributions and CM recoil energy function 
for the Cs + Br reaction. The solid data points and the dashed­
dot-curve were taken 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 of the attaching atom. Existing 

18 trajectory calculations do not support this conjecture, although 

these calculations have not extensively studied the influence of changing 

reactant masses. 

In view of· the deep chemical wells in the potelitial hypersurfaces 

for the alkaline earth reactions which are associated with the stability 

of the alkaline earth dihalides~ this similarity between the reactions 

of alkali atoms and the heavier alkaline earth atoms (notably Ba) is 

. 19 
striking. Studies of the reactions of alkali atoms with alkali halides 

clearly indicate that the presence of a well corresponding to a stable 

intermediate can result in a long-lived collision complex reaction 

mechanism; on the other hand, the direc~ product scattering observed 

20 . 
in the Li + N0

2 
reaction indicates that this need not always be 

true. Co-linear trajectories of attack of the Ba atom on the nalogen 

molecule might be expected to lead to reaction without assuming 

intermediate configurations which felt the presence of this well; in 

terms of the electron transfer model, these reactive trajectories, at 

least, would be expected to resemble those characteristic of alkali 

reactions. Furthermore, the metal atom (alkali or alkaline earth) 

cannot transfer its totally symmetric valence electron into the vacant 

au orbital (the lowest unfilled orbital) of X2 in the case of the 

broadside approach along the C
2v 

symmetry axis becau~e these two 

orbitals transform as different irreducible representations of the 

C2v point group; this symmetry restriction is likely to favor the 

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

- . 
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even if the BaX2 well were sampled in a significant fraction of the 

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

the large reaction exoergicity, the lifetime of the complex would 

probably not exceed its rotational period. 

The ionization potentials of Ba,Sr, Ca, and Mg are 5.2, 5.7, 6.1, 

and 7.6ev, respectively. Thus, reactions of this family of atoms 

should show the transition from a reaction forming an ionic bond, where 

the potential surface exhibits long-ranged reactant attraction due to 

an electron transfer, to a reaction forming a covalent (more precisely, 

less ionic) bond, where the potential surface leading from reactants 

to products i8 more short-ranged and is, presumably, traversed more 

quickly. In view of this, it is perhaps surprising that the CM reactive 

cross sections given in Table III and Fig. 1-8 don't exhibit more 

variation for changing reactants. The stochastic MgCI angular 

distribution from Mg + Cl2 which is shown in Fi~. 7 and 9 is striking; 

this reaction especially warrants further study, with product velocity 

measurements, to quantitatively determine the CM cross section. While 

the wide-angle isotropic product scattering is likely to arise from 

small impact parameter collisions, the sharp forward spike in the 

product angular distribution for this reaction is suggestive of a 

spectator stripping mechanism. Although the true reaction trajectories 

are unlikely to be quite this simple, the spectator stripping model 

might approximate them because of rapidly reacting force in the 

reaction. Similar ideas have been advancedl6 in discussion of the 

forward product scattering seen in the Cl + Br
2 

reaction. 
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In constrast to our kinematic result, however, the CM angular dis-

b f 1 i d b B ' d h' . k 3a tri ution 0 Ba + C 2 react on reporte y ernste1n an 1S cowor ers 

is relatively broad despite a product LAB angular distribution of BaCl 
. , 

(8/13/71 data) very similar to ours. Owing to the randomly scattered 

data, Bernstein and his coworkers actually provided four different com-

binations of CM angular distribution and product recoil energy function; 

for all cases, they used a broader CM angular distribution and a nar-

rower peE') distribution to fit their experimental data. Among them, 

our best-fit product recoil energy function is essentially identical to 

their reported curve A and our upper limit of OM angular distribution 

found from SRE procedure is somewhat similar to their curve A at 

a = 0° - 100°. We have used their proposed four different sets of T(a) 

and peE') to analyze our data either on the basis of our measured beam 

velocities or by assuming thermal beam distributions; the latter was 

apparently used in their data analysis. All of their OM fits give too 

little intensity at 0 greater than 40° or 60°, and the predicted peaking 

angle is almost acceptable if one assumes thermal beams while a 5° - 15° 

shift toward large 0 occurs when the measured beam velocities are used. 

Because of the lack of sensitivity inherent, in the kinematic analysis 

when the product detected is much heavier than its counter partner, 

their widely dispersed LAB angular distribution confined at 0 less 

than 60° would prevent them in choosing a more representative T(a) and' 

peE') distributions. Nevertheless, their results (e.g., curve D cor-

responding to Qf = 0.72) do agree that the reactively scattered product, 

BaC!, is predominantly confined in the forward hemisphere with a small 

" 
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fraction of exoergicityappearing as the product recoil energy. 

Results of this work may be summarized as: (1) most of the reaction 

exoergicity G:: 80%) appears as internal excitation of the products 

rather than as product recoil energy; (2) the CM anguJ.ar distribution 

of products is anisotropic: with respect to the, incoming Me atoms, 

the Cl2 reaction produces more forward scattering than does the Br2 

reaction for a given alkaline earth atom,and for a given X2, the 

forward MeX scattered component increases in thesequence Mg, Ca, Sr, 

Ba; (3) theBa atom rea,ctive cross sections t QRt are qualitatively 

much more similar to those of the Cs reactions rather than the Li 

reactions; order-of-magnitude estimates suggest QR - 10-100 A for Ba 

reactions and QR for Mg reactions about 25% of those for Ba reactions; 

and (4) experimental evidence gives no indications of ,adihalide 

product (MeX2) and the formation of MeX2 can not account for more than 

a small fraction ($ 5%) of the reactive collisions. 
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IV. REACTIONS OF ~INE EARTH ATOMS WITH SIMPLE ORGANIC COMPOUNDS 

A. Introduction 

This chapter presents our results on alkali earth atom reactions 

with CH3I, CH2I 2, C C14 , CF3I, C C13N02, and (CH3)2 CHN02• Measurements 

of all product LAB angular distributions reported here have been 

obtaineci with the mass spectrometer' tuned to the MeX+(X = I and Cl) 
' .. + 

signal for the first five reactants and MeO for (CH3)2 CHNOZ' These 

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

behavior; in the CM coordinate system, they vary from forward scattering 

for CH2I 2, C C1
3

N02, and (CH3)2 CHN02 to backward scattering for CH3I, 

with intermediate behavio.rs for C Cl4 and CF 3I. 

In previous molecular beam studies of· alkali atom reactions, 

these three prototype direct reaction mechanismsl have also been 

found; in general, the tra~sition 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 
. 2 

investigated in both crossed molecular beam studies and model 
. 3 

calculations; these reactions yielded products scattered mainly into 

the backward hemisphere and proved to be the typical example of 

rebound scattering. In constrast to CH
3
I, the recent study of CH2I 2 . 

4 with Cs and K reactions showed broad forward product scattering with 
;.., 2 

large reaction cross sections (.> 150 A). Measurements of crossed 

5 6 beam product angular distributions from C C14 + alkali atoms,' 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 dist~ibutions has 

7 also been reported for this system. Although no previous measurements 

of product angular distributions for the other three reactants, CF3I, 

C C13N02' and (CH3)2 CHN02 , have been reported, a number of crossed 

beam studies of alkali + CH3N02 reactions have been published by 

- Herm and hisassociates. 8 In these studies, they have assigned the 

alkali nitrite as the scattered product from a detailed analysis of 

magnetic and electric deflection experiments. The steric effect for 

CF31 reacting with K atoms has been demonstrated recently in the 

9 10 crossed beam studies; this result and the early flame experiments 

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 C12 reactions. Velocity measurements have been made 

for the CH3i, CH212, C C14 , and (CH
3
)2 CHN02 beams; they also show 

a upward shift in the velocity distributions with respect to thermal 

beams and are fitted by the same equation described in chapter II 

but with various flow speed, v. Since the dependence of v on source s s 

pressure is similar for a number of gases studied, we have interpolated . 

Vs values for CF3I and C C13N02 from the calculated Vs values of other 

gases. Although the beam velooity spectr~ for (CH3)2 CHN02 have been 
~ . 

measured at several pressures, the high velocity portions. were not 

measured because of the speed limitations of our small velocity 

selector. We are thus unable to determine v at its high pressure s 
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limit so that an interp()latedva1ue is 'usedhere as well. Details of 

these pressure dependences of the flow speeds are discussed in Ref. 11. 

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

observed to react with these 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 if the reaction 

cross section were as large as - 1-5 A2. For Mg atoms, no product has 

been found when crossing withCH
3

! molecules; since the reaction cross 

sections for Mg are apparently smaller than those for heavier atoms 

and since there existed a high background noise at low massnumber in 

our massfi1ter, no further attempts were made to study reactions of 

Mgwith other reactants. Table I summarizes the. reactions studied and 

Table II lists the experimental conditions for those reactions where 

product angular distributions have been measured • 

. C. DataAna1Ysis 

The same procedures, the stochastic and the single recoil energy 

(SRE), used in analyzing the Br
2 

and C1
2 

data are employed here. In 

the stochastic procedure, the CM angular distribution is expressed as 

T(e) = (l-Cl ) exp [
- In 2 (9H-1

91) 2J (la) 

= 1 (lb) 

(lc) 
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Table I. Summary of reactions studieda 

Alkaline earth atom (Me) 

Molecules Ba Sr Ca Mg Mass peak detected 

CH3l R R R NR Mel+ 

CF3l R NS NS NS + Bal , BaF+ 

CH
2
1

2 R R R NS Mel+ 

CH
2
Br

2 NS NS F NS CaBr + 

CH
2
BrCl F NS NS NS BaBr + 

CC1
4 R I NR NS· BaCl+ 

CC1
3

Br NS NS NR NS 

CC1 3N02 NS NS R NS + CaCl , CaO+ 

(CH3)2CHN02 R R NR NS MeO+ 

(CH3) 2CH (CH2) 20NO NS F NR NS + SrO , SrNO+, + 
CSHllOSr 

(CH3) 3COH NR NS NS NS 

a. R = product angular distributions reported here 

NR = no reaction 

NS = not studied 

F = product observed, but meaningful angular distribution not 
obtained 

I = interference from a mass peak of reactant beam. 
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. System 

Source 

T 

CH31 +.Ba 1030 

Sr -- 980 

Ca 1050 

CH212 + Ba 1050 

Sr 970 

Ca 1030 

C3H7N02 + Ba 1020 

Sr 960 

CC13N02 + Ca 1020 

CC14 + Ba 1040 

CF31 + Ba 1060 

Table II. a Experimental conditions . 

Alkaline earth atom source 

Conditions .Speed Distribution Source 

P a v T 
s 

0.26 3.1 1.1 360 

0.6 3.7 1.3 330 

0.6 5.8 1.9 370 

0.32 3.1 1.1 ·330 

0.5 3.7 1.3 340 

0.4 5.8, . 1.9 330 

0.2 3.1 1.1 390 

0.4 3.7 1.3 350 

0.4 5.8 1.9 320 

0.28 3.1 1.1 370 

0.35 3.1 1.1 330 

~emperature is given in oK, pressure in Torr, and sp~ed in 100 m/sec. 

gas source r-
~.' 

Conditions flow speed ~ .. , 

P v s, 
,(.f,,! 

3.3 - 3.9 1.7 
fi" ""', 

3.0 - 3.-5- 1.7 0·' '-. 

3.4 1.7 .~-

\~ .. 
I 

00 
0.6 0.67 .... 

I 

0.3 - 0.6 0.6 

0.4 0.4. 
Cr~. 

", ...:-,..... 
2.6 1.8 

2.8 1.8 

3.8 1.7 

3 1.6 

3.5 - 4.1 1.4 
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For each reaction, this expression enables us to determine a forward 

scattered component (Eq. I-a, b), a backward scattered component 

(Eq. l-b, c), or a sideway peaking (Eq. I-a, b, c). The O(u) distribu­

tion used here is of the same form as that described in the previous 

chapter. Table III lists our best-fit parameter, obtained from the 

stochastic analysis, for the T(8) and O(u) distributions. 

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. CH31 with Ca, Sr, and Ba. 

Figures 1-3 show kinematic results for CH31 reactions with the 

same conventional format designated for the halogen reactions reported 

in the previous chapter. A backward scattering in the CM angular 

distribution with a substantial amount of reaction exoergicity appearing 

as the product recoil energy is found for all thre.e reactions; both 

the T(8) and peE') distributions show an increase in their breadth and 

peaking recoil energy from Ca to Ba with Sr as the intermediate case. 

Table IV lists results of data analysis of the CH31 reactions. 

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

small e (;s 20°) for both the stochastic and SRE methods. We have also 

tried to modify Eq. l-c, as described in the previous chapter, to give 

a fraction of 50% at 8 = 0° from the best set parameters found for 

Ca + CH3I in the stochastic procedure; however, results of this cal­

culation show no increasing intensity at e < 15°, but give too large 
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Table Ill. Parameters for CM recoil angle and velocity distributions. a 

System T(8) o(u) 

8/82 H1/H2 C/C2 u/u2 n1/n2 ml /m2 

CH31 + Ba 180/140 80 0.3 1.4 6 2 

Sr 180 60 0.1 1.6 6 2 

Ca 180 40 0.1 1.9 6 2 

b CH212 +Ba 0 100 0..3 1.2 2 2 

Sr 0 100 0.3 1.2 2 2 

Ca 0 100. 0.5 1.0 2 2 

C3H7N02 + Ba 0 30 0.15 3.5 2 2 

Sr 5/0 10 0.15 4.3 2 1/2 

CC13N02 + Ca 5/0 15 0 •. 2 7 2 1/2 

CCI 4 + Ba 30 60/30 0.2/0.5 4.0 2 2 

CF I + Ba 90/70 45/15 
3 

0/0.8 2.5 6 6 

a . 
Parameters with subscripts 1 and 2 are taken as equal when only one 
value is given. 

b Subsequent to the data analyses reported here, a further computation 
has indicated that for this family of reactions, a reasonable fits can 
also be achieved by an even narrower T(e) distribution coupled with a 
broader O(u) distribution; 

T(e) O(u) 

8l /e2 H/Hi Cl /C2 U/U2 ri1/ri2 m/m2 

Ba 0 10 .2 1.2 2 1/2 

Sr 0 10 .2 1.2 2 1/2 

Ca 0 10 .4 1.25 2 1/2 
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Fig. 1. Product LAB angular distributions and CM 
recoil functions for the Ca + CH31 reaction 
(one run). Format is as it was described for 
Fig. 1. in the previous chapter, 
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Fig. 3. Product LAB angular distributions and CM 
recoil functions for the Ba + CH31 reactions 
(3 runs). 
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- - a Results of data analysis of theCH31 reactions. _ 

Sr Ba K C 
s 

Eb 2.8 2.5 2.6 

~D 
c 

23 26 34 
0 

E,d 7.1(8) 8.1(10) 9.3(10) 

Qb 
e 0.78(0.74) 0.77(0.70) 0.59(0.58) 

MU f 286 (318) 305(342) 332(370) 332(398) 449(573) 

a- 4 
Energies are given in keal/mole. Momentum given 10 gm-cm/see/mole. 

b 

c 

d 

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

Bond strengths are taken from: for Mel, 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 1.n Simple Molecules. Nat!. Bur. Std. U. S. Report NSRDS-
NBS 31, 1970. 

Product recoil energies are calculated from the peE') distributions 
obtained from the stochastic method; values in the parenthesis are 
obtained from the SRE approximation. 

eThe baekw:ard contribution, Qb' is calculated from Qb :::: [1T2 T(e) 
sinede/! - T(e) sinede for both stochastic and SRE methoa'; the latter o is quoted in parenthesis _ _ -

f eM momentum of product detected. These values are calculated from the 
peaks in either the peE') or O(u) distribution; the latter are 
represented in parenthesis. For comparison, we also present the 
experimental data for K and Cs + CH31 reactions from both peE') and 
O(u) distributions (E. A. Entemann and D. R. Herschbach, Disc. Far' 4 Soc. 44, 289, (1967». Model calculations predict 456 and 453 x 10 gm­
em/ sec/mole for K + (;H 1 and C + CH I. respectively (see D. P. Pf.lrrJlilh. 
PiI.n. (-heaIH, IInlvt~nd~y of: Ca!iforn~a. Berkeley. (;11.1970). -
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an intensity at e = 20°-60°. EXperimentally, no impurity was observed 

in the CH3I beam; however, product CaI+ signal was so small that those 

data taken at e less than 25° were measured at a longer time constant 

(T = 3 sec and 12 db) so that the small hump ate near the atom beam 

is presumably due to an experimental error. 

. 3 
The normal modes calculations which were made to correlate the 

family of reactions of Cs with alkyl iodides indicate that a large frac-

tion (19 kcal/mole) of the reaction exoergicity is required to be initially 

dissipated as repulsive in the I-C bond during the course of reaction. 

Accordingly, one may expect that an activation barrier may exist for 

this family of reactions which are characterized by reaction at small 

impact parameters (therefore small. reaction cross section); indeed, 

we have observed no detectable product for Mg + CH
3
Iwhere the reaction 

exoergicity is nearly neutral (aD = 1 ± 10 kcal/mole, see references 
o 

listed in Table IV). This model calculation also predicts that a 

larger reaction cross section may be expected for the reaction which 

has the larger exoergicity. These features combined with the trend 

that a small cross section would faster the backward scattering are 

in good agreement with the results reported here. 

2 A recent study of the K + CH3I reaction shows a strong energy 

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, beyond which it decreases continuously. We have 
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* used this reported reaction cross section function, Q{E), to calculate 

the LAB distribution with our best fit parameters of T{e) and O{u) 

distributions; however,results of these calculations show no conceivable 

change for all three reactions. -This behavior that T(e) and O{u) 

distributions are relatively insensitive to collision energy is also 

indicated in the K + CH3I reaction. 2 

According to the impulsive limit model developed in Ref. 3, the 

product CMmomentum would remain almost constant regardless of the 

mass of attacking atom. A possible explanation for the slight decrease 

of the product CM momentum with decreasing mass of reacting atoms 

which is shown in Table IV is that the lighter atoms interact in a 

more complex manner, thereby deviating further from the impulsive 

limit than would be the case for the heavier atoms. 

2. CH~2 + Ca, Sr, and Ba. 

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

spectrometer is the monoiodideions. However, since synunetry arguments 

allow transfer of two iodine atomS, we have analyzed the data for both 

mono iodide and diiodide products. The difference between these two 

products is the restriction imposed by the conservation law of linear 

monentum in the CM system, Le., that for a given product recoil 

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

* It was approximated from Fig. 10 of Ref. 2';:as 

Q{E) = 2.357 El/2 

= 0.25 + exp{-49.328 E3) 

* E ~ E = 0.18 e.v. 

* E > E 
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which iodide compou~d is prQduced. Consequently, the same set of T(8) 

.and O(u) distributions produce the same data fit regardless of which 
, 

product (monoiodide or diiodide) is assumed. Results are shown in 

Fig. 4-6 and Table III. 

Forward scattering is found for all three reactions. The same 

set of T(8) and O(u) distributions gives an equal good fits to both 

the Ba and Sr reactions but too much intensity at small e for Ca. 

When this T(8) distribution is retained, the calculated LAB intensities 

always exhibit a little too small a breadth for Ca with its peaking 

position dependent of the parameters used for the O(u) distribution. 

As a result, the T(8) distribution for Ca possesses a larger fraction 

at large e than does that for Ba and Sr. Although the same set of 

O(u) distributions is used for both diiodides and monoiodides, there 

is a tremendous difference in the peE') distributions; these are shown 

in the upper panels. 

The SRE results shown in Fig. 4-6 indicate a sideway peaking 

(8 = 50°) with a smaller fraction at 8 = 0° for Ca than Ba and Sr. 

However, this sideway peaking is less significant for Ba and Sr. When 

T(8) is made flat from 8 = 0° to 50°, reasonable fits are also achieved 

for Ba and Sr but a significant shift toward small e with a smaller 

. breadth near the peak is observed for Ca. However, as indicated in 

Table III, the subsequent calculations by assuming a narrower T(8) 

distribution coupled with a broader O(u) distribution (i.e., more 

weight at low velocity portion) also show a reasonably good fits to 

our measured values. Thus, the actual eM scattering patterns are only 
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Fig~ 4. .Product LAB angular distributions and CM 
recoil functions for the Ba + CH2I.2 reaction 
(2 runs). The Newtonian diagram snown at the 
bottom panel is shown for both BaI (solid circles 
for E' = 0.3 and 1 kca1/mo1e) and BaI2 (dashed 
circles for E' = 10 and 30 kca1/moleJ. 
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Fig. 6. Product LAB angular diStributions and CM 
recoil functions for the Ca. + CH2l 2 reaction 
(1 run). The Newtonian diagram Is shown for 
Cal (solid circ~es for E' = 0.2 and 1 kcal/mole) 
and CaI

2 
(dashed circles for E = 8 and 25 kca1/ 

mole). 
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poorly characterized by the measured LAB angular distribution alone 

so that further quantitative comparisons could 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 that for Ba and Sr. 

The product recoil energies shown in Table V are extremely small 

if the products are the monoiodide, this small product recoil energy 

has never been. previously observed in crossed beam studies. Moreover, 

12 the electron capture experiment on CH
2

1
2 

+ e + CH
2
1 + 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 translational 

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 diiodide product seems more likely 

for these reactions. Moreover, the MeI
2 

product which would form in 

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 some remarks on 

the experimental evidence found for molecules Closely related to 

CH212 : CH2Br2 and CH2BrCl. Product angular distributions have been 

measured for the Ca + CH2Br
2 

reaction. Because the product yield 

+ (CaBr ion) is smaller than the case for Ca + CH
2
1

2
, the scattered data 

are rather noisy and only a qualitative comment will be given here. 

The LAB angular distribution is very broad and peaks around e '" 400 -110 0 

(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. a 

System Eb !::.n c,d . E,d Q e 
0 f 

stochastic SRE stochastic SRE 

f CH212 + Ba 2.39 37 (70) O. 64 (9~5) 0.7(10) 0.61 0.64 

Sr 2.31 29(59) 0.46(1.3) 0.6(8) 0.61 0.64 

Ca 2.63 26(54) 0.20(3.8) 0.3(5) 0.57 0.59 

(CH3)2CHN02 + Ba 2.44 80 3.4 3 0.68 0.69 

Sr 2.32 45 1.4 2.5 0.56 0.61 

CC13N02 + Ca 2.77 26 1.8 3 0.57 0.63 

CC14 + Ba 2.65 37 4.0 10 0.69 0.72 

CF31 + Ba 2.61 31 9.0 6 0.58 0.56 

a Energies are given in kcal/mole. 

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

cBond 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 MeI 2, L. Brewer, Chem. Rev. 
63,111 (1963); for MeCl, P. L. Hildenbrand, J. Chern. Phys. 52, 5751 
(1970); for CH212, S~Furuyama, et.al. Intern. J. Chem. kinetics, 1, 
283 (1969); for (CH3)2CHNO , CC13N02 ·(estimated from CH NO and CC14 , 
res~ectively), CR3I, and CC14 , V. 1. Vedeneyer, et.a1. ~ona Energies, 
Ion1zation Potentials and Electron Affinities (Edward Arnold Ltd.,. 
London,1966). 

d The values indicated in parenthesis refer to the diiodide products. 

eQf == ~1f/2 T(e) sinedel~1f T(S) sinSdS 

f . 
In accord with the remarks made in Table III, the Q value calculated 
from the strongerfcirward s!cattering pattern is 0.53, 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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distribution (which peaks at 0 = 60°), one may expect the ratio of 

forward/backward contribution in the CM coordinate system to be 

comparable, suggestive of a sideway peaking (or an isotropic distribu-

tion). This feature of a decrease in the forward contribution for 

4 CH2Br2 relative to CH212 has also been observed for alkali reactions. 

+ + For CH2BrCl, we have observed a very weak BaBr signal, but no BaCl" 

in the Ba + CH2BrCl reaction. These results are well in accord with 

4 the cross sections reported for C
s 

and K reactions: . Qr(CH
2
1

2
) > 

Qr(CH2Br 2) » Qr(CH2C12)· 

3. C C14~31 + Ba. 

Figure 7 shows the kinematic results for the Ba + C C14 reaction. 

Using the stochastic procedure, the best-fit T(8) distribution peaks 

sideway at 8 = ~OO; however,a reasonably good fits is also achieved 

with a forward peaking. On the other hand, the SRE procedure can only 

yield a sideway peaking at 8 = '" 50°; in this method, the LAB angular 

distribution is so sensitive to the peaking angle of T(8) that a shift 

of 10° toward either direction fails to produce a good fits to the 

measured values. Moreover, in the range E' = 5-15 kcal/mole, a second 

peak ;in the LAB distribution at 0 ~ - 25° always appeared in the SRE 

method even for a T(8) = 0 at 8 = 0°, which is in constrast to the 

stochastic method from which no double peaks occurred. Since there is 

an indication7 of a strong coupling between T(8) andO(u) distributions 

for the alkali + C C14 reactions, the quantitative T(8) 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 BaC12 mass peak 

for the Ba + C C14 reaction; an earlier discussion made in the previous 

chapter, however, pointed out" that this does not preclude a BaC12 

product. If the product BaC12 is assumed here, the product recoil 

energy E' = 6.9 kcal/mole is expected for a reaction exoergicity 

6n = 80 kcal/mole whereas the T(8) distribution remains the same as 
o 

we discussed in the last section. Besides Ba, we have also tried to 

+ + react C C14 and C C1
3
Brwith Ca; however, neither a CaCl nor a CaBr 

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

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

+ have resulted from the mass interference of C C1
3 

(m = 117) which 

resulted from ionization of the. C C14 beam; the latter produced a 

background about two order of magnitude higher than the expected SrCl+ 

signal level. In the present apparatus where the detection system is 

referenced to the chopping frequency of the gas beam mass differences of 

6 amu or less cannot be completely resolved if the two species have the. 

same modulation. 

For CF31 + Ba, there are 

exoergic reaction: BaI, BaF, 

four possible channels leading to an 

13 BaF2, and BaIF. Experimentally, in 

+ addition to a himodal LAB angular distribution of BaI product signal, 

+ we have also observed a very weak BaF signal at LAB angle 0 = 10°-30°. 

,Moreover, there was a large background 'noise around the BaF+ (m = 156) 

mass peak and it increased with increasing 0 (Le., toward the crossed 

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

+ + 
of product intensity of BaF /BaI observed 1a smaller than 1:10 ut 
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o = 100 and essentially becomes zero at 0 = 30 0
, one would expect 

that for the Ba + CF31 reaction, the products BaI + CF3 should be more 

favorable than the other three reaction channels. Moreover, measurements 

of the dependence of the reaction cross section on orientation of 
, 9 

CF31 molecules for the K + CF31 reaction indicate that the favorable 

configuration for reaction to take place is for the K atom to initially 

approach the more electronnegativity of the F atom according to the 

electron transfer model. In connection with this model, one would 

+ also expect that the small yield of BaF might arise from the product 

BaF or BaF
2 

rather than BaIF. 

+ Figure 8 shows the bimodal LAB angular'distribution of BaI 

product signal and the kinematic results obtained by postulating that 

+ this BaI signal is due to ionization of a Bal. The CM angular 

distribution exhibits a sideway peaking at 8 = 600 -900
• In the 

stochastic method, any T(8) distribution peaking outside of this range 

would result in a LAB angular distribution with a si~gle peak around 

the centroid. Also, we have to use a rather narrow O(u) distribution 

in order to produce the bimodal structure of the measured angular 

distribution. 

Measurements of product angular distributions have been attempted 

for (CH3)2 CHN0
2 

with Ba, Sr, and Ca. For Ba and Sr, product angular 

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 observed any product signal. Although the formation 

It I 
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of MeN0
2 

is probably an exoergicreaction, the formation of the oxide 

product is expected to be more exoergic. Moreover, the steric effect 

also favors formation of the oxide product because reaction occurs 

instaneously when Ba or Sr approaches to the perimeter of the - N02 

group. All analyses presented here proceed by considering that the 

+ .. 
MeO signal comes directly fromMeO rather than MeN02• Figures 9 and 

10 show the kinematic results. For this family of reactions, both 

product LAB angular distributions and CM recoil functions have a great 

similarity to results found for·the C1
2 

and Br2 reactions, i.e., a 

sharp CM forward scattering pattern with relatively low recoil energies 

of the reaction exoergicity. Accordingly, one would expect that a 

reaction m.echanism similar to that of the halogen molecules also 

occurs here. 

This result is in constrast to the results for the Li and K + CH3N0
2 

8 reactions. These studies indicated a LiN02 and KN0 2 product on the 

basis of information provided by magnatic and electric deflection 

analysis and the product CM angular distribution yielded a comparable 

intensity 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 KN0
2 

CM angular 

distribution rather insensd.tive to the relative motion of the products. 
I 

These considerations led to the choice of (CH3)2 CHN0 2 rather than 

CH 1N0
2 

for our alkaline earth studies. 

For + + Ca + C Cl3N02' we ha,ve·observed both Cael and CaD mass 

signals. + However, the CaO signal is not large enough to scan the 
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angular distribution; for e from -10° to 20°, it was measured to be 

largest at e = 5°, the same peaking angle observed for the Ba and Sr 

with (CH3)2 CHN02 reactions. Figure 11 shows the kinematic results 

+ for the CaCl product.· Here again, the CaCl product is predominantly 

confined in the forward hemisphere with a small fraction of the reaction 

exoergicity appearing in the product recoil energy. These also resemble 

results found for the halogen molecule reactions. 

We have also measured the scattering from Sr + iso-pentyl nitrite, 

(CH3)2 OH (CH2)2 ONO. Product signals were observed at mass peaks 

+ + + corresponding to SrO , SrNO , and C
S
Hl10 Sr ; yields of the first two 

+ products were comparable and larger than the yield of C
S

H1lO Sr • 

However, iso-pentylnitrite is so unstable that the pressure in the 

collision chamber increased drastically during the experiment; 

consequently, none of these three product angular distributions has 

been transformed into the center-of-mass system. Qualitatively, the 

SrO+ angular distribution for e from -15° to 80° is very similar to 

the SrO+ observed for the Sr + (CH
3

)2 CHN0
2 

reaction. 

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

+ t-C4HgO Ba , nor any otherscatttered product signal was observed 

although formation of both products, BaOH and t-C
4

HgOBa, is probably 

exoergic from the reported D of 39.114 and 10415 kcal/mole for the 
o 

C-OH and CO-H bonds, respectively. 

'I 
I 
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E. Summary 

For all reactions studied here, an anisotropic angular distribu-

tion in theCM coordinate system has been found: a backward scattering 

for CH3l, a forward scattering for CH212 , C C1
3

N02, and (CH3)2 CHN02 

and a sideway peaking for C C14 and CF3I. The main features are 

summarized as follows: 

(1) For the reactions of CH3l with Ba, Sr, and Ca, a backward 

scattering in the CM angular distribution with a substantial amount of 

reaction exoergicity ('" 30-40%) appearing as the product recoil energy 

is found for all three reactions; this backward scattered component 

increases in the series Ba, Sr, and Ca~ The product CM momentum of 

Mel is nearly constant for these reactions; this is consistant with the 

3 trend predicted by the impulisve limit model calculations. 

(2) 
. + 

Experimentally, a large yield at the Mel ion signal in the . 

mass spectrometer was observed for the reactions of CH2l2 with Ba, Sr, 

and Ca. An argument on the magnitude of product recoil energy 

estimated by postulating that this ion signal arose from either a 

diiodide or a monoiodide product upon an electron-impact ionIzation 

process, however, indicates that the diiodide product seems more likely 

for these reactions. . Since a reasonably good fits to the measured LAB 

angular distributions is found for a large number of combinations of 

the CM angle and recoil velocity distributions, the actual CM scattering 

patterns are only qualitatively achieved. Nevertheless, results suffice 

us to conclude a forward scattering with relatively low recoil energies 

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

\, 
i 
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monoiodide) for this famly of reactions. 
I 

(3) For the Ba +C C14 reaction, the product LAB angular distribu­

+ tion was measured for the BaCl mass peak. A sideway peaking but 

possessing a large ratio of forward/backward scattered contribution is 

+ ' found regardless whether this BaCl ion signal is due to the ioni.zation 

of a BaCl or a BaC12 product. For. Ba + CF 31, a bimodal LAB angular 

+ . 
distribution of BaI product signal was observed; in addition, a little 

BaF+ mass peak was also found. The kinematic results obtained 

. . . + 
postulating that the BaI signal has arisen from the reaction product 

BaIindicate a sideway peaking in the CM coordinate system. 

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

Ca + CC1
3
N02 reaction; LAB angular distribution was only measured for 

+ + theCaCl signal since the CaO signal was not·large enough to allow 

a complete scan of angular distribution. A strong forward scattering 

with low recoil energy was found for the CaCl product. No product 

signal was observed for Ca + (CH
3

)2 CHN02 , however. ForBa and Sr 

with (CH3)2CHN02' no product signals other than MeO+ have been found 

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 been 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 nuclei. 

Therefore, a molecule undergoing a transition must proceed vertically 

upward or downward on the potential energy diagram so as to c~nserve 

relative internuclear separation and momentum.. The quantum mechanical 

formulation of the FC principle assumes that the transition probability 

is merely proportional to the square of an overlap integral 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 or a continuous spectrum within an electronic 

transition is simply the square of the overlap integral or the so-called 

FC factor. 

The FC factor has often been evaluated approximately, if one of 

the two electronic states involved in the transition belongs to a 

continuum, by replacing the vibrational wavefunction for this continuum 

state by a delta function (8 - approximation) located at the classical 

1 truning point. Consequently, the 8 - approximation provides a FC 

factor which is simply given by the probability density function of 

,. 
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. t 
I 

----~.---

. the bound state. This 0 - approximation has been applied to many con-

tinuous transitions in diatomic spectroscopy. In the 1930's, Coolidge 

and James and their associates2 extensively analyzed the continuous 

emission spectra of H2 and of D2 for 

lsa 2sa ~+ and concluded that the 0 
g 

. 'L+ 
the transition lsa 2po -~ + 

u 

- approximation gives fairly 

satisfactory results without the detailed summation over rotational 

states. 3 On the other hand, Doyle in 1968 pointed out that the neglect 

of rotational dependence of the dipole moment for theH2 molecules 

(with the wide spacing of the rotational level) is a major source of 

error when several rotational states are populated in those states. 

Although the 0 - approximation has been widely used. to extract 

the repulsive potential of diatomic halides from the measurements of 

4 5 their absorption spectra and atomic resonance line fluorescence, 

detailed analysis for the validity of this approximation has not 

* apparently reported yet. The present chapter compares exact and 

* Subsequent to the work reported here, the author became aware of a 

recent article (G. H. Dunn, Phys. Rev. 172, 1, 1968) demonstrating 

·that the 0 - approximation provides a good estimates of FCfactors at 

+ + 
low vibrational levels of H2 and D2 molecules if the proper energy 

normalization is used. Furthermore, E. A. Gislason of the Univ. 

Il1inois--Chicago Circle campus (private communication) has developed 

an exact series expansion for FC factors, subject only to the assumption 

of a linear dependence of potential on internuclear distance in the 

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

(properly energynormaliied) 0 - function approximation. 
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"8 - approximation" of the FC factors for the photodissociation of HI 

and of NaI molecules. Results are used to construct repulsive potentials. 

Errors introduced by the 0 - approximation are interpreted in terms 

of the nature of the oscillatory wavefunctions of the continuum state 

and their positions relative to the bound vibrational wavefunctions. 

The rotational angular momentum was included in the calculations for 

HI molecule, but was found to have no significant influence on the 

distribution of relative intensities. Results fromr-centroid analysis 

confirmed the applicability of the FC approximation to the HI and NaI 

transtiions examined here. 

B. Computation Methods 

Since the FC principle assumes that the variation of the matrix 

element of the electronic transition moment, ~e(r), is small that 

~e(r)may be replaced.by an average value, iie(r), the intensity absorbed 

2a in an electronic transition is given by 

I = CN liie(r)12 vf (1) 

where N is the population 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 states, one of which is a continuum 

state, may be expressed as 

f = 1 (£ 1 vj > 12 (2) 

." 
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where v and j are bound'vibrational and rotational quantum numbers; 

S,measured from the asymptotic energy of the two atoms which correlate 

with the repulsive molecular state, is given as 

E = 1 
hv.+ hw (v + 2) D e 

* E (3) 

In this equation, W refers to the circular vibrational frequency of 

* the bound state, D to its dissociation energy and E to the product 
e 

atomic excitation energy. In order to determine the theoretical 

distribution of transition probabilities we first have to solve the 

radial Schroedinger equation for the vibrational wavefunctions for 

both upper aJtd lower states and then evaluate the overlap integral 

shown in Eq. (2). The wavefunction of each vibrational-rotational 

level of the bound state, I vj ) , is computed by replacing the radial 

Schroedinger equation by an equivalent difference equation which is 

. ' 6 then solved numerically. The radial Schroedinger equation is expressed 

22' , 
in the form d <!>/dr =A<!> if length and energy are given in dimension-

less units. The quantity A is equivalent to VCr) - E divided by the 

2 -27 unit of energy hN /47fClla ,where h = 1.05450 x 10 erg!sec, 
o 0 

23 ~l 10 
No = 6.02257 x 10 mol ,c = 2.997925 x 10 cm/secand II is the 

reduced mass. The internuclear separation, r, is ;in atomic unit (a ). o 
7 A program written in machine language IBM 7090 was used in this 

computation. 

For the 0 - approximation, the Fe factor for a transition to a 

given eigenvalue of the continuum state, E, is simply equivalent to 

the square of I vj ) • for that value of r corresponding to the v given 

,,' 
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by Eq. (3). We thus obtain the theoretical transition probability 

as the product of this probability density function multiplied by the 

vibrational population and the frequency factor, v, 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 that 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 consideration is not 

sensibly affected and the continuum states are then replaced by a 

discrete infinity of energy states. Using the summed form of the 

8 Numerov method, the computation ef non-normalized continuum wavefunctions 

was carried out to a distance of - 12 a , where the wavelength and 
o 

peak amplitude had reached a constant value and the wavefunction itself 

essentially behaved as a sine wave. This asymptotic peak amplitude 

2a was normalized to unity and the final energy normalized wavefunction 

was obtained by dividing this function by the square root of the energy 

density of the continuum state (i.e., £1/4). 

A pnogram was written to compute the FC factors and the distribu-

tion of transition probabilities from either the 0 - 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 NaI. 
o 0 



. -

-115-

c. Bound State Wavefunctions 

1. HI Molecules • 

The ground state potential was calculated from the RKR (Rydberg­

. . 9 
Klein-Rees) procedure. The spectroscopic constants were taken from 

Ref. (4-c). Figure 1 shows the potential curves generated from the 

RKR method and· the Dunham power sed.eslO 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 c~assicalturIiing point as a function of vibrational 

quantum number and the Dunham potential was calculated from coefficients· 

a's given for J .. 4 in Ref. (4';"e) and corrected back to the J = 0 

using the formula listed 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 the state v = 0 at room temperature), the RKR 

potential was used to calculate the bound state wavefunctions. A direc~ 

7b numerical integration was used in this calculation. 

2. NaI Molecules. 

For a very polar bond such as occurs on the alkali haltdes, the 

. l· 1 . III d R~ttner c assica ionic mode has been successfully use in computing 

the ground state potential near the equilibrium internuclear separation. 

This potential is given as 

V(r) ·A -rIp .., e -
2 e 
r· 

(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. 
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The successive terms in Eq.(4) describe the short range repulsion,the 

Coulombic attraction, the ion-induced dipole interaction, the van der 

Waals attraction and the induced dipole-induced dipole interaction, 

respectively. Th~ van der Waals force constant, C6 , was calculated 

. . c. U . + 
from the Slater-Kirkwood approximation for polarizabilities of Na 

. 13 
and I- taken as ex+ = 0.15 A3 and ex = 7.0 A3 respectively. The 

repulsion constants A and pwere evaluated by requiring that at r = r 
e 

the first derivative of the potential vanish and its second derivative 

14 be twice the force constant of the bond (obtained from the reported 

vibrational frequency). At the temperature employed in measurements 

of the NaI photodissociation (see Ref. 15 - Appendix A), 633-705°C, 

Vibrational levels up .to about v = 9 are thermally populated (- 1% for 

v = 9). Calculations for the NaI molecule included transitions from 

the first 10 vibrational levels but the effect of rotational energy was 

ignored by restricting the calculations to the J = 0 levels. 

D. Results and Discussion 

1.· HI Molecules. 

Figure 2 shows the results computed from a fixed repulsive 

potential given in Ref. (4-c). This repulsive potential was obtained 

in Ref. (4-c) by fitting the observed HI continuous absorption spectrum 

using the 0 - approximation with the ground state potential generated 

from the Dunham po",er series. It should be noted here that in our 

calculation the groundsta~e potential was generated from the RKR 

procedure and only v ::: 0 and jmp = 4 were used to calculate the 
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Fig. 2. (a) Absorption spectrum of HI molecule (e e e) 
and its transition probabilities obtained from the 
exact FC calculation (----) and the a-approximation 
(- - -). (b) The corresponding .FC factors calculated 
from the two methods. 
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theoretical intensity distribution. As shown in panel (a), the distri­

bUtion,of total relative intensity obtained from the 15 ... approximation 

gives a satisfactory agreement with the measured absorption spectrum 

(the solid circles, taken from Ref. 4-c); however, results obtained 

from the exact FC calcuiation for this sa~epotent~al shift to small 

wavenUmber, v. This discrepancy is seen most clearly if one directly 

compares the FC factors, f, shown in panel (b). This illustrates 

that the exact calculations shift the entire curve toward small v by 

an amount of - 1000 cm-l and also produce a faster decrease at large v. 

In other W'ords,the 15- approximation weights large v too heavily. 

The origin of this distortion introduced by the 15 - approximation 
I 

may be seen by considering a very steep repulsive potential with the 

classical turning points at or near r , the equilibrium internuclear 
e 

separation of bound state. In this case, f has its maximum at an 

energy corresponding to.a transition originating from v = 0 in the 

lower state to an upper state energy, E,such that the classical 

turning point for this upper state is only very slightly less than r • e 

Now, as E is increased beyond this optimum value, the successive loops 

of IE), which have an opposite 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 Ebut a 

faster drop off at large E-values. On the other hand, the 0 -

approximation provides f eSitimates which remain almost constant for a 

broad range in E. For the mm molecules in, the range studied, the 

-1 -1 
absorption spectrum peaks at 45,000 cm cQrresponding to E - 20,445 cm 
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if the repulsive HI state dissociates into two ground s,tate atoms, 

221 H( S) + I(Sp P3/2). At this energy, the breadth of e:) over which 

f is appreciable is smaller' than the breadth which the <5 '- approximation 

would estimate simply by reflecting I vj ) 2 through the upper state 

potential because the cancellation due to the second loop in the 

continuum wavefunction seems to be important. 

Although the rotational effect on the Fe factor has been shown 

h' 3, 16 h to be very important for bot continuous and band spectra 'of t e 

4c H2 molecules, Ogilvie shows that it is minor for HI. :This is largely 

due to the fact that for HI here only v = 0 is important. Results of 

the Fe calculation with j = 0, 4, and 8 (about 80% of the HI molecules 

have J"; 8) confirmed his indication: only a slight shi-£t toward 

smaller V for j = 8 and larger V for J = 0 in comparison with the Jmp = 

4. This insensitive j-dependencewas also reported for the O2 

1 1 17 mo ecu es. 

By means of the trial and error method, a best-fit repulsive 

potential was constructed to fit the HI absorption data peported in 

Ref. (4-c) and Ref. 18 by using exact evaluation of the Fe factors. 

This potential, shown as the solid curve in Fig. 3, is about 1000 cm-1 

4c higher than the one proposed by Ogilvie for HI using the 0 --approximation. 

Ogilvie also reported an absorption spectrum for the DI molecules. Using 

the 0 - approximation, he was unable to fit the DI absorption spectrum 

by the same potential employed to fit the HI absorption spectrum. This 

disconcerting aspect of Ogilvie's work was the original motivation for 

our interest in HI, as we felt that the <5 - approximation employed by 



"'j o . , 

-121-

Fig. 3. Potentia1ener:gy diagram for HI molecules. The solid repulsive 
potential was constructed f~om the exact Fe calculation and the 
dashed curve from the delta approximation; the ground state 
potential was generated from the RKR procedure. Also shown are 
(1) unnorma1ized ground Vibrational wavefunctions of the ground 
HI and DI molecules, (2) continuum wavefunction for a selected 
vibrational energy of the solid repulsive potential, a~d (3) two 
asymptotic energy levels of H + I (5p 2~31 ) and H + I (5p 2Pl/2). 
Notice that different energy scaling for t6e two potential curves 
is used. 
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Ogilvie would provide a bad estimate of the Fe factors because of the 

very steep nature of the repulsive HI potential. However, we found 

that the potential which best accounts for the HI ,spectrum using exact 

calculation of Fe factors (1. e., the solid curve in Fig. 3) also fails 

4c to reporduce the reported DI absorption spectrum. Results are 

presented in Fig. 4; the solid curve shows the calculated intensity 

distribution for HI and the dashed curve for DI. The absorption 

spectra were taken from Ref. 4-c (e, 0) and Ref. 18 (&). The comparable, 

calculated intensity for both HI and DI at V ~ 45000-52000 cm-l 

corresponding to r ~ 1.64 - 1.56 A appears to be closely related to 

the approximately equal amplitude of I vj ) for these molecules in 
I 

that region, as illustrated in Fig. 3. On the other hand, the fast 

drop of I vj) for DI around 1.8 A shown in Fig. 3 produces the low 

4c intensity at smaller v shown in Fig. 4. Although Ogilvie proposed 

several possibilities for his inability to fit the HI and Dr absorption 

curves by a single potential, none of them seemed very probable to 

Mullikan19 indicated in 1937 that three lowest excited states of us, 

the HI molecules might ,be involved in this transition process: these 

states are 3TIl ,lTI and 3TIo+' The first two states dissociate into 

2 
ground iodine I(5p P3/2) and the third one into excited iodine 

2 ' 2 
I(5p Pl/2 ) with the hydrogen atoms in the ground state H( S) for all 

three cases. Mullikan concluded that either (a) 3TIl + X l~+ and 

1 3 3 1 
IT + X much exceed ITo+ + X or (b) ITl + X plus TI + X about 

equal 3TIo++ X in total intensity, was more favorable than a third 

possibility that the transition mainly involves 3ITo+ +' X. In 1966, 
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0 DI 
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Wave Number x 10-3 (em-I) 

XBL 727-6480 

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 Donovan and Husain20 indicated that 

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

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

hand, showed a 55 ± 25% yield of I* (~1!2) for the photolysis of HI 

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

22 * 2 . Compton and Martin. They indicated that I ( Pl !2) formation was 

only important in the proximity of absorption p~ak (~ 20%). Because 

of the large experimental uncertainty (10 to 25%) and the lack of 

detailed information through the entire spectrum concerned, no further . 

analysis of the absorption spectrum of HI is attempted here. 

I Thus, the potential curve shown in Fig. 3 represents an "average 

potential" for the HI absorption in the 39,000-52.,000 cm -1 range • 
. \ 

Also, the inability .shown in Fig. 4 to fit the HI and DI absorption 

with one repulsive potential is taken as further indication that the 

absorption is due to transitions to two or more repulsive potentials. 

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 of gaining more insight 

into the repulsive excited states of diatomic molecules.- Thus, we 

have shown that the 0 - approximation in general distorts the derived 

molecular potential. Moreover, with the advent of modern, high-speed 

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

integrals and there seems little reason for the continued use of the 

o -approximation. 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 molecular potential s~ that one could expect 

to derive 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 

23 spectrum technique being pioneered by K. R. Wilson and IUs co-workers 

as well as a few other laboratories should provide· valuable information 

because their measurements of the angular distribution of the photo-

dissociation products allow them to distinguish between parallel 

(~Q = 0) and perpendicular (6n = ± 1) transitions. 

2. NaI Molecules. 

The NaI repulsive potential was constructed, based on the 

measurement of fluorescent intensity of sodium D lines by Earl et. al. 15 

in their quenching study. Both the exact Fe principle and the 0 -

approximation were again employed inconstruGtingthe repulsive potential; 

results are shown in Fig. 5. Two repulsive potential curves previously, 

5 4b roughly estimated by Hanson and Davidovits and Brodhead using the 

<5 .... approximation, denoted as Hand D respectively, are also shown. 

The potential curve, B, generated from the 0 - approximation shows a 

similar shape to that produced by the exact analysis but is quantitatively 

// 
I 
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Fig. 5. Repulsive potential of NaI molecules, constructed 
from the exact Fe principle (A) and the a-approximation 
(B). Two previously reported potentials, Hand D, are 
included for comparison (see the context). 
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different in a manner similar to that found for HI in the previous 

section. 

The origin of the difference. between curves A and B in Fig. 5 

is more complicated for this case of NaI than for.the HI case discussed 

in the preceeding section. This arises because more vibrational 

levels of the ground state NaI molecule are involved in the transition. 

The FC factors evaluated by the two methods for the three lowest 

vibrational levels are compared in Fig. 6. For v = 0, the difference 

between the two methods is not as large as in the case of HI; this 

results from the fact that the overlap integrals for NaI in the v = 0 

level essentially involve a smaller range of internuclear separations. 

However, the 0 - approximation (the dashed curves) places too much 

weight on large v transition for all vibrational levels, particularly 

for larger v values. This indicates that the 0 - approximation is 

bad at smaller r values (corresponding to large v). Again, the 

cancellation of successive loops of the oscillatory continuum wave-

function and the neglect of a proper energy normalization, discussed 

earlier in the HI section, accounts for this inaccuracy of the 

a-approximation in the region corresponding to r < r • e 

Figures 7 and 8 show results obtained from the FC calculation. 

The repulsive potential was constrained 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 

* 2 2 to Na (3p P) + I{5p P
3

/ 2) are probably a sum of transitions to two 

" 



U i,.f '\', ,g,' !. i , -:. ~,'".i t)' 'j~ "" .., ,,1 " i' 0 

-(/) -c: 
:l 
>. 
~ 

0 
~ -.0 
~ 

0 -
lI.-

0 -() 

~ 
I 

U 
I.L. 

1.00 

0.50 

0 
1.00 

0.50 

0 
1.00 

0.50 

-129-
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Fig. 6. FC factors of three lowest vibrational levels. 
The solid curves resulted from the exact FC cal­
culation and the dashed curves, the a-approximation. 
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, Experiment Data 
• 633°C 
• 664°C 
• 705°C 

2100 2200 2300 2400 2500 
Wave I ength (It) 

XBL 713-6601 

I,' I g. 7. The reduced fluorescent intensj ty dIstrIbutions or Na ))-1 (IH~A. 

Data are given as solid symbols. The theoretical distributions 
calculated for'T = 633°C are shown by solid curves but dashed 
line's at vicinity of the saddle. The ~omplete curve at large 
wavelength corresponds to Na* (2p) + I ( P 3/2). 
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Fig. 8. NaI potential energy diagram. Thermal population of the 
first ten vibrational levels at T = 633°C and some selected, 
unnormalized wavefunctions are:shown. Also shown is the 
dissociation limit of each state. 



-132-

or more NaI excited electronic states. Consequently, the potential 

curve A shown in Fig. 5 is a potential for all those possible molecular 

states involved in the transitions. 24 Figure 7 only shows the comparison 

at T = 633°C; similarly good fits are also obtained for the data at 

other temperatures. Moreover, by raising this best found potential 

an amount corresponding to the energy separation of the two lowest 

atomic states of iodine 'I(~3/2) and I(~1/2) and assuming constant 

electronic moment matrix elements, curve A of Fig. 5 also fits the 

second peak (- 1950 A) shown in the reduced fluorescence spectrum 

of Fig. 7. 

3. r - centroid analysis 

The Fe principle assumes that the variation of the matrix element 

of the electronic dipole moment with internuclear separation is small 

that it may be considered as a constant. The validity of this 

25 assumption varies from one molecule to the other; however, it 

should be most satisfactory in the case where the vibrational wave-

functions concerned are confined to small ranges of r. This is 

especially true of heavy moleeuihes with strong force constants and 

low vibrational quantum numbers. Although it can be justified by 

directly calculating the dipole momerit as a function of internuclear 

separation, the most widely used method in the analysis of the 

validity of the FC principle in interpreting molecular band spectra is 

- 26 the r - centroid analysis, introduced by Fraser and Turner and 

Nicholls27 in 1954. The r - centroid approximation states that 

(v' Ille (r) I v") ~ lle(r , II) <v' I v") 
v v 

(5) 
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where is defined as r == <v'lrlv") I <v' ·'1 v"). v'v" . This 

expression becomes exact when the transition moment is a linear function 

of r '". The r - centroid analysis has apparently not been applied v v 

on the continuous spectrum yet. It is employed here to verify the 

applicability of the FCprinciple analysis presented earlier for both 

HI and NaI. To facilitate the numerical calculation, a newquaritity,28 

n. d y , ~s use 

n I nl '. -n I y == < E: r vj) /r < E: vj) n = 2, 3, ••• 00 • (6) 

n When y is unity for all n;'s, the approximation implied in Eq. 5 

becomes exact. Results of this calculation are shown in Fig. 9. 

For the HI molecules, the deviation from unity for n = 2 is 

less than 1% and is about 10% for n =0 10 thrclUghout the entire region. 

. 28 
This result is better than that shown by Drake and Nicholls in their 

application of r -centroid on molecular hydride band spectra. 

For NaI, result:s from v = 0 and v = 5 are shown in the figure; 

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

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

range of internuclear separation involved. However, for v = 5, the 

deviation from unity at n = 10 becomes large (10 '" 20%) when the FC 

factor is small. This arises simply because the r - centroid is 

appreciable only at of near the proximity of the overlap integral; 

in other words, the use of r - centroid loses its significance when 

the overlap integral is small. MOre detailed calculations for a 

series of diatomic oxides, nitrides, and halides of bound-bound 
I 
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Fig. 9. r - centroid analysis. Results calculated 
for n=2 and 10 (see Eq. 6) for HI at v"'O and 
NaI at v=0 and 5. Also shown is the NaI Fe 
factors at v=O and 5. 
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tran~itions28 illustrated the same trend at large values of n. For 

both HI and NaI mo·lecu1es, this r - centroid analysis demonstrates 

that the FC principle is a good approximation in analyzing the continuous 

spectrum. 

E. Summary 

A comparison is made between the exact Franek-Condon principle 

and the a-approximation 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 a­

approximation are about 1000 cm-l lower than those obtained from the 

exact FC principle for both molecules. The origin of this discrepency 

is found that the a-approximation weights too heavily at large wave-

number because it neglects (1) the energy dependence of continuum 

wavefunction for the repulsive state, and (2) the constructive and 

destructive effect of vibrational wavefunctions of the two electronic 

states involved. The first effect is most significant when the repulsive 

potential is very steep whereas the second effect is most pronounced 

when the repulsive. potential is a slow function of internuclear 

separation. Auxilliary f - centroid calculations indicate that the 

I 
matrix element of the electronic transition moment is only slightly 

I 
I 

dependent of the internuclear separation and thus, the error introduced 
I 

in the FC prinCiple is in the order of - 1-2%. 
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Photodissociation ofN alVapor and the Energy Dependence of the 
Quenching of Na* (3p 2P) by Foreign Gases 

BoYD L.EAltL, RONALD R. HERH,* SHEN-MAW Lnf, ,\NO CHARLES A. MIHS 

I,,,,rgame AI aterials Research lJivisio", Lawrmee Bwkdey Laboralory and lh/Crtlllmt of Chemistry, Unit'ersity of California, 
Berkeley, Cal~(omia 947Z(} 
(Received 16 August 1971) 

Fluorescence of theNa- (3p IP) D lines is observed upon photodissociation of NaY vapor by 1900-2500 A 
radiation obtained through :1 :monocbromator from a high current, low pressure Hf arc continuum source; 
the properties of this source are briefly described. The D lines fluorescence efficiency exhibits a threshold 
at -2500 A., a relative maximum at -2225 A., and a relative minimum at -2050 A. An expression is 
derived for the distribution in laboratory speeds of an atom produced by photodissociation of a diatomic 
molecule at thermal equilibnum. This exprasion is then employed to calculate the distributions in speeds 
of the photodissociatively generated 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 colli~inn velOcity If of the cross sections Qq for collisional quenching of Na* by 
CO:, CfH., CHaCN, CF,CI, C.H., S02, ~ it have been determined. Over the range in I: studied in this 
work (-1.0-2.S km/sec); Q.varies approximately as g-41', with s in the range of 4-6, for all seven quenching 
gases. At a fixed value of /:, Q~ varies as: It> sOt> CeHe>CH,CN> CF3CI > CtH.> CO2• 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 12 or SO:. 
These measured quenching cross sections are also compared with previous literature values; good agree-
ment is found ill most cases, although some ,:!i~~panC:ies are noted. . 

I 
In 1926, Terenin1 observed that the optical dissoci­

ation of NaI 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.1 Soon after this discovery, 
it was realized that this phenomenon made possible 
measurements of the collisional quenching of electronic 
excitation of the atomic photodissociation product. 
When employed 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 v,,·hich 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 measurements3·· of 
thermally averaged cross sections for quenching of the 
62Pa/2 metas~ablc 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 riependence of the cross sections for collisional 
quenching of the resonance radiation of sodiurn,1-12 
polass·ium,l:l and thalliumH1 ,Il,l4-16 atoms. 

Within the past decade, crossed molecular beam 
st udies' : of the re:lctions of ground state alkali atoms 
have supplemented the older diffusion flame data on 
alkali atom n:actiOI! kinct;cs and h;wc pro\'ided a good 
dcal of insight into the reaclion dynamics of ground 
slate alkali atoms. This has led to a renewed interest 
in the collisional quenching of excited metcl.l atoms. 
For ex::mple, Refs. 4 and 11 drnw analogies between 
their resul ts on quenching collisions an'd molecular 
beam results Oil analogous reactions of ground stat.e 
spl'cies. Tn our own laboratory, this Ims prompted a 

Reprinted from: 

program to measure the cross sections for quenching of 
excited alkali atoms. This present paper reports initial 
results of tbis program on the quenching of 3p2p Na·, 
as well as a more detailed examination of this par­
ticular e~mental technique for measuring the energy 
dependence of quenching cross sections .. 

EXPERIMENTAL CONDITIONS 

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: //6.8 at 2000 A with a reciprocal dispersion of 
approximately 20 .t/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 NaI 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 X FWHM 
bandspread, _ or an energy spread of -950 cm-1 at 
2250 A; 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 1/'21 
photomultiplier tube which had been sprayed with·a 
coating of sodium salicylate. Since the fluorescence 
efficiency of sodium salicylate is reported'S to be con­
stant for the wavelength region studied here, thl' out­
put signal from this phototube 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; il~ intensity was n1(~a!iun:d by mean!! of 
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an RCA 7265 photomultiplier and a PAR HR-8 
amplifier locked in on the ..... 80 Hz oscillation iqlposed 
on the ultraviolet beam. A Baird Atomic B-ll inter­
ference filter, with a transmission bandwidth of -15 A 
F\VH~l, was used to isolate the 5896 and 5890 A 
sodium D lines. Data presented in Rd. 12 indicate 
that the ratio of the fluorescence intensities of these 
two lines varies from -...2/3 to -1 for NaI excitation 
in the 21()(}-2500 A region. Insofar as only the total 
intensity of both duorescence 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· 3p2Plf2 and 3p 2Pall 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 e.'<pectation is further supported by 
the relatively large cross sections reportedl2 for inter­
conversion of these fine structure components by a. 
collision partner as simple as argon. 

The vapor cell was constructed from 30 mm quarti;· 
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-1.25 cm from the tube wall, so that the 
optical path of the ultraviolet through the cell was 
-5.5 COl. At its top, the 30 mm quartz tube was con­
nected to the vacuum line through a 3-mm-i.d. opening 
,vhich could be sealed by a magnetically operated 
ground quutz rod. The 30 mm tube was joined at the 

-bottom to a 10 em length of 10 mm quartz tubing 
which was charged with reagent grade NaI. This 
entire assembly was placed in a wire wound oven 
which contained viewing ports coinciding with the 
windows in the cell. In order to prevent radiatiVe:! 
cooling of these wiridows, they were further sur­
rounded by additional heating· coils. Two thermo­
couples were placed 011 the outside wall of the vapor 
cell, one just below the level of the windO\vs and the 
other at the level of the cha'rge of Xa! salt. In oper­
ation, the temperature of the cell at the level of the 
windows was typically maintained 20-30°Chotter 
than that of the NaI charge, permitting indepen.dent 
variation of the temperature and ·pressure of the XaI 
yap'Jr. The Xal va.por temper.ltures quoted in this 
papl'r rcia to the temperature at the cell windows. 

I II t hl' measurements of the collisional quenching of 
;\,1·, tllc0.'a[ in the cell was ma.intOlined at the temper­
aturc e)f the experiment for a few hours, with periodic 
expo~~m's to the vacuum line. Following this degassing 
pruI:L'du!I', the foreign quenchin:; gas was admitted to 
the cdl by means. of the ground quartz seal. The 
pr6;,ure of the quenching gas admitted was measured 
by means of a Texas Instruments spiml quartz manom-

eter situated on the external gas line. Because the mean 
free path within the gas at the pressures of quenching 
gas employed here wa.s 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. -l discusses this 
thermal transpiration correction). 

All chemicals employed as quenching gases were 
purchased commercially (reagent &Tarle where avail­
able) and used without further purification: In SO far 
as all of these gases elChibited relatively large quenching 
cross sections, the effects of small impuri\ie5 should be 
negligible. It was also necessary to insure that the 
gases studied as quenching agents neither decomposed 
nor reacted with the NaI in the high temperature cell. 
Threee.~erimental checks were employed to attempt 
to insure these conditions. As a first check, the behavior 

. of the sodium liuorescence 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· liuorescence was virtually 
extinguished upon admission of CCL. gas and failed to 
reappear upon evacuation of the celL Similarily, BFa 
and NOt were rejected because admission of these 
gases to the cell produced a rapid drop in the Na* 
liuorescence followed by a slower rise, suggestive of a 
slow chemical decomposition of these species. Ad­
mission of SF. 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 20%-
30%,' although the enhancement deteriorated with 
time. Related enhancement effects have been reported 
for thallium f1uorescence2 b\· X~ and sodium fluores­
cence' by H~ at low pressu~es. As a second check, the 
constancy of the pressure of quenching gas V;'as mon­
itored while it was in the cell. This led to the rejection 
of propene, butene-I, butene-2, and toluene as possible 
quenching agents for study because, upon admission of 
any of these gases to the hot cell, the pressure measured 
on the external gas line increased slowly, su(;gesting 
decomposition: of the gas admitted into smaller molec­
ular weight products. 

The seven gases employed as quenching agents in 
this study (C2IL, CHaeN, CF~CI, CsH.;. SO~, I:. and 
CO~) satisfied both of these checks. As a final check, 
samples of each of the first five gases listed wcrecol­
lected from the hot \'apor cell after actuJ.I quenching 
experiments. The mass spectral patterns of these 
gas samples were identical (to u"ithin experimc:ntal 
accuracy) to those of samples of the samt.' gases taken 
prior to exposure to the hot vapor cell. The! quenching 

. of ~a* iluoresencc bv CF~, CII., and C~H6 W:lS also 
examined brittly. Th~:)c gases ap~ared to bt: stable 
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10 the hot Nal cell, but proved to have very small 
quen<;hing cro;;s sections (estimated as less than 
-5 .\~). 

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 N'aI. In such a 
case, the attenuation of the steady-state Na* fluo­
rescence is due to a combination of the collisiQnal 
quenching of the Na* and of absorption of the ultra­
violet by the foreign gas. Of the seven quenching gases 
employed in this study, 502 and C$H, absorbed" 
O\'er a region of ,the XaI absorption continuum of 
interest. The ultraviolet absorptions by these gases 
were measured directly during the quenching e~r· 
iments, and the quenching cross sections reported for 
502 and CelIa have been corrected for this effect. 
Another gas,C5~, \vas studied brieRy, but proved to 
absorb too strongly to permit quenching studies. 

The Hydrogen Arf: Ultraviolet Continuum Source 

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 H2 arc patterned after a description due to 
Finkelstein:!!) because the high output of visible radi· 
ation from the Xe-Hg arc proved troublesome. A 
brief description of" this H2 arc is given here because 
some initial difficulty was encountered in obtaining 
reliable operation. These remarks are intended to 
complement Finkdstein's!!O description. Figure 1 pre­
sents a schcll'latic diagram of the electrodes inside 
the water-cooled brass lamp housing together with the 
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Fro. 2. The hp.avy solid curves (and dark circle data points) 
show the current through the arc as a function of de voltage 
between the cathode and anode for ~"ariOU$ prl!SSures. of Hz gas 
Bowing 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 
are, th~ cathode is resistance heated and the starting 
electrode is connected to a tesla coil. A voltage of about 
260 V between anode and cathode is required to strike 
the arc with 6 torr of H~. 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 A (the shortest wavelength e:c· 
umined) to above 3000 A. Indeed, it provides an ultra.· 
violet intensity through the monochromator and into 
the Nal cell which exceeds that pro\-ided by a Hanovia 
1· k \V high pressure Xe arc oYer the full 200D-3000 1 
range and by a Hano,,;a 1 kW high pres;;ure Xe-Hg 
arc below 22i5 A. 

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 bari,um-strontium 

, carbonate, and folded into an accordi:tn shape. Initiall)", 
the arc was difficult to strike and the cathodes exhibited 
short lifetimes until it w:tS 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 gh'cn in Ref. 21, cathodes were sub· 
sequently obtained which exhibit acceptable lifetimes 
(-I0-50 h) and render the arc eas\' to strike a.nd stable 
once stru~k. . 

Figure 2 shows the \"oltag~'-currcnt-pre:i5un .. '-in. 
tensity relationship of the arc. Tht: datiL arc limited to 
arc vol tages less than ..... 120 V because the arc is un· 
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FIG. 3. The sodium D lines reduced fluorescence (i.e., the 
ratio of the total number of V-lines photons detected per 
second to the number of ultraviolet photons per second incident 
on the NaI vapor) plotted, in arbitrary units, versus the nominal 
wavelength of the ultraviolet. Data points are given as solid 
symbols. The temperature at the bottom part of the NaI cell, 
where the solid NaI resided, was 530, 565, !'ond 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°e experi­
ments. The uncertainty in the reduced fluorescence increases 
rapidly as the wavelength is lowered o.elow 2000 A. The dashed 
lines show theoretical D-lines reduced fiuorescence curves cal­
culated for an NaY temperature of 633°C for transitions to the 
two upper repulsive potential curves shown in Fig. 4; the solid 
curve i5 the sum of the two dashed curves. All three sets of 
data points and the theoretical curve were normalized t!) 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 H2 range. 

PHOTODISSOCIATION OF Nal 

The D-Lint!s Fluorescence Eftlciency 

Figure 3 shows the ohserwd dependence of the re­
duced fluorescence elliciency R()\o) (defined as the 
ratio of the total number ot D-lines photons detected 
per second to the number oi ultraviolet photons 
per ~ec()nd incident on the :\af vapor) on the nominal 
wan'length Ao of the ultLl,·i.)let impinging on the KaI 
,·apor. J n collecting this data, a temperature difference 
of "" l()()OC was maintained betwecn the lower part of 
the :\al cell, where the solid Nal sample resided, and 
the upper part of the cell where the Nal vapor was 

photodiSSQCiated. This had the effect of rendering the 
temperature of the NaI 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 NaI was governed by the lower temper­
ature, however, the total absorption cross sections. for 
NaI 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 A has not apparently been 
previously reporteci.9•22 

In agreement with previous workers,l.9·11 the fluores­
cence peak at longer wavelengths shown in Fig. 3 is 
assigned to a transition of NaI 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 A 
NaI(X 11;+)- INa*(3p2P)+IeP3/2 ). 

(1) 

A recent study28 of the Doppler widths of the D lines 
suggested that the photodissociation of NaT vapor at 
wavelengths longer than "",2100 A might not proceed 
exclusively by excitation of NaI to a repulsive state 
which dissociated into Na* and I within one vibrational 
period. However, the more recent study by Brusll 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 
due to either or both of the following direct photo- . 
dissociative processes: 

?-2100 X. 
Nal(X 1~+) INa*(3p2P)+I*(2P1/2), (2a) 

or 
?-2100 A 

NaI(X 1~+)-----Na*(4s2S)+I(ZP3/2). (2L) 

Process (2a) would require a threshold energy shift 
relative to thal of Eq. (1) of i600 CI11- I ; procc~s (2h) 
would entail a corresponding shift of 8800 cm- I • Indeed. 
this illustrates that a major Ob51 aclc to the ex­
tension of this Nal photodissociation technique to th~ 
study of quenching of more highly excited Na* species 
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arises because the densitv of NaI excited states cor­
relating to different product atomic states increases 
rapidly with increasing excitation energy. 

If the N ai vapor in vibrationallt:vd r and the zeroth 
rotational level is photodissociated by 1I1~raviolet of 
frequency "0, then the kinetic energy l~. and speed u. 
of recoil of Na· relative to the center-of-mass (c.m.) 
of NaI are given by conservation of energy and linear 
mvmentum in terms of ~n, mr, and m~nt, the masses of 
~a, I, and NaI, by 

m~au.2/2=E.= (m,/m~ .. ')f, 

e=h"o+1i'w(v+l) -D«-~: (3) 

In this equation, (oJ refers to the circular vibrational 
frequency of ground state NaI, D. to its dissociation 
energy~· (25310 cm-I ), and F.* to the Na- (3p2P) 
excitation energy (17000 cm-I ). Since, however, 
there exist thermal distributions in the NaI. vibta­
tional and rotational energies at a temperature T, the 
thermally averaged c.m. recoil energy and speed of 
~a· may be taken as 

mNauT2/2-Er-E...o+(mr/mN"t) (2kT). (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 NaI molecule. 
Upon averaging die vector sums of the c.m; Na· 
recoil velocity given in Eq. (4) and the randomly 
orientated most probable Nal thermal speed, i's'al= 
(2kTlm~.y)1I2, the characteristic Na* LAB speed is 
obtained ll as: 

51000 

50000 

49000 

48000 1 

41 
633't 

1 . 94 
2.04 

.~ 4.49 
14,98 9.99 

33.97 Z2.5Z 

Internuclear ~ration (A) 

Fro. 4. The repulsive potential cun.-es for the two clectronicaUy 
elCcited states of NaI dissociating into Na·(J.ol +1 and Na·(3.o) + 
1* respectively and the N'aI ground state potential curve which 
were used to fit the D-Iines reduced ftuo~ence datil of Fig. J. 
Also shown are (1) the relative thermal populations at 6JJ"C 
of the first ten vibrational le\'e!s of Na(. (2) unnormalizcd 
vibrational wave(unctions for thep-O and 111-9 levels of ground 
state NaI. and (3) three examples of continuum vibrational 
functions for the [ower excited state of Xa.L Note the break in 
the ordinate scale. 

VT=t/T+i~nI2/31lr, ur>i'NuY; 

VT=iixaI+ur/3i~nT, llT<~.I. 

ation of an NaI molecule in vibrational level l' bv an 
ultraviolet photon of frequency "0, normalized ~uch 

(5) that 

In previous measurements of quenching .cross 
sections by this photodissociativc technique, the data 
hJ.s u5ually b~en analvzed9 . in terms of this char­
acteristic T::\B Na$ sp~. In order to proceed further 
and take into account the distribution of Nat LAB 
speeds, it is necessary to first compound the thermal 
distributions in translational and rotational motions of 
the NaI in order to calculate the probability density 
function for LAB Na* speeds, P •. r . ..,(V) , produced by 
photoc.lissociation of XaI in a p:Hticular vibrational 
!,'vl'l ~' b~ .. lilt ,;lViolet of frcl"jucnr.1 110 and intinitesimnl 
t-:Ul(k:id [It "" The full prohabil it.v density function 
of \":1'" "p""d, IIl:ty then bl:! caklll:t!('<1 by slimming the 
('on! rillilti'I1I'; of I'a('h vibrational In'el as 

.. 
l'r, .. J n = L PT(;:)Fr.,/r)P,.r .• o(V), (6) 

.-0 

The first ter!!!. pr(r) , is simply thc:thermal probability 
rli,t.rihution function ior Xaf .... ibrational levels, 
readily calcul:ttcd arid shown in Fig. 4 for T= 633"C. 
The second iactor is the relative probability.of dissoci-

... 
L PT(v) Fr . .., (v) = 1. 
....0 

~-

(7) 

In order to assess these Fr . ..,(t:') 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 oC D.Iines photons 
(ID) was simply equal to the rate of excitation of ~aI 
molecules, since Brusll has observed that :-.raI does not 
itself quench the Xa'" fluorescence. In terms of an un­
known apparatus constant 'Y (comprised of photon 
detector efficiencies. efficiency of light collection. etc.), 
this is gi\'cn by~1 

ID='Y(8rr3/j/;~) 11J.1"'ol:\':l.I]I • .lc, (8) 

where [::-.raT] is the number density of XaI vapor, I •• 
is the ultraviolet flux per frequency inten-al so that 
I.o/e is the corresponding ultru\'iold energy density, 
and IIJ.I •.•• is rht' electronic dipole matrix element 
between the ground st:Lte of Xa[ in vibrntional le\'el 
l' and an upper electronic state dissociating into Xa.$ 
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and I 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.(/lo) =ID/ Pro 
where P'o is the absolute number of incident ultra­
violet photons/sec, given in terms of the cross sectional 
area A"O of the ultra,,;olet flux by P •• -l./J.A,Jh/lo. 
If the Franck-Condon principle is assumed26 SO that 
I ~ I •. ro becomes a product of a constant electronic 
matrix element".. times 3Jl overlap integral f •.• between 
the nuclear wavefunctions in the ground and excited 
states satisfying the radial Schr6dinger equation, the 
reduced fluorescence efficiency becomes . 

( ) _[8r"'[NaI] I "..12
] 110/ •.• • 

R. 110 3he oS.A ro elJ2' . (9) 

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 110, R.(IIo) is given to within 
a constant factor by IIof.}/E"2 • . Furthermore, the 
FT ... (fJ) factors of Eq. (6) are 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 ov~r the known bandpass function 
M(X, Xo) or the monochromator as 

RT(AO) =c E pr(fJ) [ M(X, Xo)R{~)(~). (10) 

In order to calculate the reduced fluorescence curve 
shown in Fig. 3 by means of Eq. (to), the X 12:+ 
ground $tate of Na! was assumed to be described in the 
important region of ,. near its minimwn by an ionic 
poten tial JI1odel, 

[ 
tfl e'l(IX++£L) . Ce 2~] 

VCr) =f3 Ae-'-/"- - - - - - . 
r 2,-4 y6 r 

(11) 

The polarizabilities of Na+and 1- were taken2T as 
cx+=O.15 )\3 and Q_=7.0 A3 respectively and the dis­
persion force constant, Cs, was calculated from the 
Slater-· Kirkwood approximation.:' The repulsion con­
stants, A and p, were evaluated by demanding that 
dV/dr=O at r=r. and fitting (([~I'/dr:),_. with the 
experimelltal force constant (data taken from. Ref. 24). 
:\Ltlt;;o;~:J Joas shown that this procedure provides a 
poten t ial function which correctly accounts for the 
dipole 1,IOlllents and dipole derivati\'es of :l number of 
alkali h;didcs. Finally, the scaling factorf3 was adjusted 
to 1.022 in order to obtain the correct dissociation 
cner;;)" io!" sepa.ration into ~a+ and 1-. Figure 4 shows 
a plot of the ground state potential function for NaI 
which was arrived at by fitting the expression gi· .. en 
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+I. 

The potential curve for the upper electronic state 
of NaI producing fluorescence for ultraviolet wave­
lengths from - 2000 .\ to '" 2500 .\ was constrained to 
asymptotically approach a level 42 300 cm-l above the 
minimwn 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 uni\ asymptotic 
amplitude) were evaluated by nwnerical integration 
of the radial SchrOdinger 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 I p, I 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*+I by the 1* e~citation energy, the full 
theore~ical 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 appro~imation 
for the upper state wa,vefunctions appreciably distort 
the calculated reduced fluorescence curves, resul ting 
in much poorer agreement with experimental data than 
is obtained using the true continuum wavefunctions. 
Two previous studies9 .::! h,n"e 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. 4, backcalcu­
lations based on these potential curves showed much 
poorer agreement with the experimenta.l data of 
Fig.3. 

In the following section, th.e Fra.nck-Condon factors 
computed in fitting the da:ta. of Fig. 3 arc used to 

• 
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Flc. 5. ;\formalized probability density 
distributions for the LAB speed of an 
atom ejected with c.in.' recoil ener~y 
given by Eq. (3) from a diatomic mole· 
cule with a therma.l velocity distribu· 
tion. The solid curves were calculated 
for the reduced speed A distribution 
considering only thermal translational 
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 ttaASlational and rota­
tional energies of the diatomic target; 
these reduced variable curves were tal­
culated from Eq. (23) ·for the mass 
factors appropriate to the Na· product 
of photodissociation of NaI. These 
second probability density: functions are 
also given (unnormalized) in terms of 
the absolute Na· speed for photo­
dissociation of NaI at l000oK. 

NaI + h" at IOOO-X -Case A (Ucludinq RolaliOftQI EIfKI) 
<[ 0.7 
~ 
10.6 

J 0.5 

"so. 
!: 
'! 0. 
I! 
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,J 0.1 

estimate probability density functions for speeds of 
photodissociatively produced Na*. Beforeciosing this 
section, however, it should be noted that ~e pro­
cedure adopted here of fitting the observed reduced 
Buorescence above -2100.~ by a single upper state 
potential curve is an approximation. Indeed, a number. 
of considerations12·.2uo 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 /(2Pa,.,). However, the 
N<i.* 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. 

Th., 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 Herschbach30 did treat the more 
complex problem of the distribution in vector velocity 
of the Na* produced by photodissociationof NaI; 
however, their distributio:1 functions were arrived at b,' 
numerical computations and we,l~ based on the p~­
tential energy junction given in h:d. 0. In this section, 
an analyt ic expression is derived for the ~robability 
tlen:;it.y fllnction, p •. T.-o( V) of Eq. (6), of LAB ~a* 
Sj ,eclb produc<:d by photodissociation of an NaI 
D\!llc('ult! iii vibrational len:: t' willl thermal distribu­
tions in tr,lnslational and rotational energies. This is 
then combined with the Franck""Colldon factors 
discussed in the preceding sectiun to arrive at the full 
probability density function, Pr"o(V) of Eq. (6). 
This is approached by assuming that the Na* recoils 
away Jrom the Nu! c.m. at som!.' one direction with a 

-Cow 8 IIncluclinq Ro~1 EftKI) 

distribution of c.m. speeds u which is computed from 
the excesspboto~ energy plus the NaI 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+ 
VNar obtained by averaging over all of the values of the 
randomly oriented, thermally distributed, VNaI. This 
distribution in V is then subsequently employed to 
calculate the distribution in relative speeds of approach 
of Na* to a foreign quenching gas ~!J i.e., thedistribtl­
tion in scalar lengths of 

(12) 

by averaging over the randomly orientated, thermally 
distributed values of Vl!' Thus, this procedure cir­
cunwents the far more complex problem treated in 
Ref. 30 of the distribution in angles of recoil of the 
Na.* relative to the incident direction. of the ultra­
violet filL". 

The DislribuJioll FWlctiolJ / gnoring Rolalio1l 

In order to assess the relath-e contributio!1s of Nal 
translational and rotational energies to the breadth 
of the i\a* speed distributions, the P •. T ."O(1') prob­
ability density function is first computed for photo-' 
dissociation of Nal molecules with no rota.tional 
angular momentu."Yl. Assuming then that the N a* is 
produced with a recoil speed u, given by Eq. (3) and 
directed along the z axis, the c.m. Xa* n:coil .... e1ocity 
distribution function for this case becomes 

P/-o(u) =t5(llz)t5(Il.)c5(Il.-zt.). (13) 

Since the thermal. distribution in Xu! velocities is 
given in lerms of the most probable thermal NaI' 
speed, .thr corresponding distribution in LAB NJ.* 
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speeds becomes 

P"T"o(V) = ~-at: f P.(u)exj~fl':::t2), I a;;.rj duo lINat u I\. t/:IIar 

(14) 

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

P.,T:./-4(V) = ~: e-I--:~ ex-f:- U
.:) , VNu AI\.VN-:?-J ~ VN.I 

xP(2U.V cos8) 
Xe -,,. ,-

- lINaI 
(15) 

in terms of 8, the polar angle between u. Ilnd V. , 
Equation (15) illustrates that the Na· velocity dis­

tribution obtained in this case is simply the original 
NaI thermal velocity distribution , .... ith 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, i.e., 

P r ,l' .• o(V) == fa P •. 1, . ..,(V) J11 sin8d8tiq,. (16) 

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/Vxat and 
reduced ~a· c,m, recoil speed A .=tt.i~ol as 

P.,T,./·-o(.-t) = (2/".112)(A/o4 r ) exp(-A.2) exp(-.·P) 

Xsinh2AA.. (17) 

Figure 5 shows plots of this reduced speed probability 
densit\, function for several Xa* c.m, recoil energies. 
Tht: t'\~P 1I:;,;hest recoil energies plotted (E~= 10 kT 
:ind 3

'
) ~'n were not achieved in this experiment, but 

are plotted to illustrate the rather severe broadening 
introduced b\' the KaI thermal velocit\, spread even 
in the ca~l' 1)( recoil energies much greate~ than thermal 
energies. 

The expression given in Eq. (17) has actually been 
discussl'd in the literature pre\'iously. Thus, Chantry 
and Schu"~~l gave its high recoil_ energy limiting form 
indisclIs;:.ing the kinetic energy of negative ions fornted 
in dis50ciative electron attachment to diatomic mole­
luks. Stanton and )Ionahan3~ have alsoderh'ed an 
L·,\prl.,;~ill:1 idcntical to Eq. (t i )iil considering the 
Li,il'( i. "11':1'''\' distribution of fra~l1lent ions in a m;\ss 
sp.:c( '''Il''ll'~~: This prohabilit,\' de~\sity function is also 
i(lt-n!i, ,iI to that of the disliibUlion in relati\'e collision 
speed" fnr a monoenergetic bearnimpinging upon a. 
lhamal ;!c\S samp!e in " scattnin:; cell. and in this 
conlt:xl has been given in Rei. 3.r Xe\'crtheless, the 
deri\'atillll oi Eq, (ti) was presented here as a pre· 
liminary tt) the derivation of th\.' probability den~ity 
junction ol!l;linl'd \\'ht'n the Xal rotational cn.:rgy is 
in cluck". 

The Distribution FUllction f ndwlillg Rotation 

If the NaI molecule being photodissociated possesses 
rotational energy Er , this energy'llo;U appear' as an in­
crement to the recoil energy so that the resulting :\a* 
recoil speed will be given by 

(18) 

where "=~a'l1tsd/mI. Because of the small rotation 
constant and high temperature of the Na:I vapor, the 
rotational energy may be treated as continuous and the 
rotational line strengths taken as unit? so that the 
thennal probability density function for rotational-­
energy, becomes 

P(E,.) == (kT)-l exp( -E,./kT). (19) 

This leads to a distribution in Na*c.rn. recoil velocities 
directed along the z axis which is obtained from Eq. 
(19) as 

p.(u) = ("u.lkT) eX-P(KUN2kT) ex-p( -lC:uN2kT) 

Xa(u .. )a(~); u.~u.. (20) 

Inserting this e:q>ression into Eq. (14), the probability 
densitr function for Na* LAB velocities becomes 

P.,T"oeV) == k"T ~~3/: 1'"'1" I" u. ex.J2"kUT"') 
t'S.I -.. -.. v_ ~ 

xe~-m;;;.r) exp(~;~2~(~)/j(tlll)dU. (21) 

Without attempting to .evaluate this integral, the de- , 
sired probability density function for Na* speeds may: 
be obtained by inserting it into Eq. (16). The resulting 
distribution function is naturally e:\-pressed in tenns of 
reduced Na* LAB speed B and reduced Na* c.m. recoil 
speed B. defined as 

B;' (1+17)-11~(V/i~3y)' 

(22) 

in terms of the mass ratio 17=mosa!mr. The results are 
given in terms of the error function3~ as 

. P.,T"o(B) =17(1+17)1I~B exp{[,.,/(I+17)]B.%} 

Xexp( -."Ir-)G(B, B.), 
\vhere 

G(B, B.) =erf(B+B.)+erf(B-B.), B>B., (13) 

G(B, B,) =erf(B.+B)-erf(B.-B), B<B •. 

Figure 5 contrasts this speed distribution fllncti~n 
obtained by includi:lg rotation with the simplcr di:!.· 
tribution obtained by ignoring effects oi rotational 
energy and shows that the etiects of rotation;t! energy 
on the ensuing speed distribution may be app;,,(o. 
ciable for photodis:;ociation ncar threshold .. \t \'cr:' 
high recoill:nergic5, however, Fig. 5 illu:itratcs that th~ 
thermal diatomic tmnslationalenergy is ll1uch mort: 
illlportant than ils rotational cner;;y in ddcnllinin<, tht: 
brc~ldth of tht., SPl'c!ll distribution of the atomic product. 

, .. 
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This effect arises because the rotational energy always 
adds to the retoil .. speed imparted by absorption of a 
photon whereas the translational velocity of thec.m. 
may add to or subtract from the c.m. recoil velocity. 

The full probabiIitYdensityfunctions for Na* speeds 
produced photodissociatively in this work were cal· 
culated by means of Eqs. (23) and (6) and the Franck­
Condon factors computed in the . preceding section. 
The results of convoluting these distribut.ion functions 
with the bandoass function of the monochromator 
are shown in Fig. 6. The curves of Fig. 6 are not un· 
dulv broadened relative to those of Fig. 5, indicating 
that the thermal distribution of NaI vibration energy 
was not a major source of breadth of the Na* speed 
distribution. Moreover, the curves .of Fig. 6 illustrate 
that the 47·1 FWHM monochromator bandpass em· 
ployed in the quenching studies had only a minor 
effect on the energy resolution obtained. In calculating 
averaged collisional quenching cross sections for com· 
parisoll 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, monochromator-bandpass-averaged Na· 
speed distributions with the thermal distribution in 
velocities of the quenchil).g gases. Examples of these 
computed relative collision speed distribution functions 
for collision of Na* with a gas of much greater mass 
(12) and of comparable mass (C2H4) 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 iess than that of the species being 
quenched. 

The Steady-State Na* Speed Distributions 

The ='1a* speed distributions produced by photo­
dissociation of Na} which were computed in the 
preceding section are certainly not precisely the true 
ste::dy·state :r\a* speed distributions because of possible 
rebxation of the original distributions as a conse­
quellce of collisions between the Na* and other gas 
molecules which do not destro\' the Na* electronic 
excitation but may alter its sI;erd. These collisions 
may Le either elastic or inelastic, but certainly the 
clastic collisions will be of dominant importance in 
relaxing the Xu* speed owing to their higher prob­
ability of occurrenc(,. The derivatioll of the trllc steady­
stall' dist ribu tion is a dif1iclll t prohlelll, b('yond the 
scope of the present stud\·. :\everthcl('s~ .. this section 
offers some estimates of the likely magnitudes of the 
di !Tefl'nce.': hetween tht ~! (';L(l\'-statc Xa" J1AB speed 
di"tributions anc.tht, photodissociati.,tiy generated 
distributions. 

The crns:;~ection Q" and ass()ciait'd ratt' constan~ 
kn= g(,!R jor this relaxatiOl! by clastic collisions i~ de­
pendent on the extent of perturbation of tht' :\a>l­
speed. F, considered, Thu~, sm:dl Impact paraml'ter 
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FIG. 6. The lower panel shows the calculated normalized 
probability densities for speed of Na* upon photodissociation or 
NaI 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 l 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 12 and C2H~ at 906°K. Also shown, as 
bold solid curves, are the corresponding thermal distribution 
function's 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
respondingl~' smaller perturbation of V. Suppose then 
that the relaxation is characterized by some cross 
section Qn= 'If'ba2• If this is big, it will include' contribu­
tions of some small impact parameter hard collisions, 
but will be dominated by larger impact parameter 
collisions for which b~bR' Now, let k* represent the 
rate constant for the first order decay of electronic 

. excitation of :\a*. Then, k* will be given in terms of the 
rate constants for spontaneous emission of Na*, k., 
and for collisional quenching of Xa*, J.: v, by 

(24) 

where [M] is the quenching gas number density. Thus, 
the probability that an Na* atom will experience at 
least one e1a!;'lic collision during its liietill1l' is given 
by kRCMJ! U*+J.: R [.Af1)· 

In anaiyzlllb' the problem Iurther, it i,; natLl~al to 
divide it into two regimes, that of high ;>.nd low pres­
sures of quenching gas, because the true steady-state 
);'a* speed distribution will be dependent on pressure. 
In tht low pressure regiml.'. 1:* is essentially given by 

.. 
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FIG. 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 IP) 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 Qq(g) assumed to vary as Ks/gtl5 
and Ke/g~/3 respectively (with K> and K. given in Table I) which 
hest fit the data. The solid and dasht"d curves show the cor­
responding fits to the data when these assumed functional forms 
of Q.(g) are averaged o\'er the distribution in relative collision 
speeds. 

k" knownll to have the value of 6:2X 107 sec-I. Taking 
1 torr of quenching gas as .typical of this regime,this 
implies thatkR must be ,...,6X 1<T"9 cm3 seCI in order 
that 50% of the Na* atoms experience at least one 
elastic collision during their lifetime. This corresponds 
to impact parameters bR for the elastic colIjsions of 
"""14, 12, and 10 A for relative collision speeds of 1.0, 
1.5, 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 
C6/r6, the high energy approximation for the classical 
clastic angle of deflection which should adequately 
{\cscribe these soft collisions gives 

x~15'7rC6/8Jlg2b6 (25) 

·In terms of the reduced mass of the collision part-

ners, J.l=mNamM/(m~a+mM). If Ce is assumed to be 
_-10-57 erg-cm6, this predicts very small angles of 
deflection, - -0.2--0.3° for these collisions. 

The velocity of the quenching gas is distributed 
thennally; 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, VM. In this case, 
the following small angle approximation may be used 

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

aV/V=±x[mM/(mM+m:-la)](vM/V). (26) 

For these small deflection angles, Eq. (26) provides 
estimates of 0.1-0.2% perturbations in V. Thus, at low 
-pressuxes 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 net spread in V 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, k* is dominated by kq[MJ so that the condition 
that half of the Na* atoms experience a relaxation 
collision prior to quenching becomes QR= Qq. Recog­
nizing, however, that the quenching collisions are 
probably given· by the smaller impact parameter 
collisio)ls, we may estimate that Qq=1fbl. Then the 
if!1portant relaxation collisions will occur ~ for impact 
parameters larger than this so that 

QR=r(bR
2-b,l). 

Thus, the 50% relaxation collision is characterized by 
an impact parameter bR =V2bq. Taking benzene as an 
example and anticipating the results of the following 
section on the magnitude of the quenching cross section, 
Eqs. (25) and (26) suggest a deflection angle of ...... 30 

and fractional perturbation of V 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 perturb:l.tion of V is 
encouraging, but may be somewhat misleading in this 
case. Thus, the probability that the Na* will sutTer a 
hard collision is somewhat higher in this high pressure 
limit. For example, it seems probable that -10% 
of the Na* atoms mav 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 resemhle that calculated 

. lor photodissociation of NaI, 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 di~tributiohs.and this procedure is further 
supported by the observation that the high energy data 
evaluated in this study agree weII with other results in 
the literature when extrapolated down to thermal 
energies. 

DATA ANALYSIS AND RESULTS 

If it is assumed that absorPtion of an incident photon 
by NaI 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 collisionallr 
quenched by the foreign gas present in the cell, the 
Stern-Volmer relation is obtained9 for the ratio of the 
reduced fluorescence efficiency for finite quenching 
gas, R(.II], to that for no quenching gas, 14: 

14/ RIM) = 1+ (k,,/kr) [MJ. (27) 

Figure 7 shows this ratio as a function of ethylene gas 
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FIG. R. Cross sections for col!i"i(lnal quenchin~ oJ Na- by 

COs. C,H •• ChCI. SO.; and CH.CX as a function of charai::teristic 
relative speed given by Eq. (29). The data points were evaluated 
by analyzing primary data by means of Eqs. (2i) and (28); 
error bars reflect the standard deviations in /;:q of least squares 
fits of primary data to Eq. (27). The curves sho\\' the best 6ts 
to the data points ohtained by averar,ing cross section functions 
of the form Q.=K./ct/• over the distribution in relative collision 
\peeds: solidcurvc. s== 4; dashed curve. s= 5; dotted curve, 
s=6. The values of K. employed are listed in Table 1. 
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pressure for four typical ultraviolet wavelengths 
studied. :\lso shown are least squares fits of the data 
for each wavelength to Eq. (27). !twill be noted that 
the zero pressure intercepts of these least squares 
linear fits differ slightly from the vahle 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 int~rcept provided by the least 
squares fit. The rest of the primary data collected for 
ethylene 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 12 where the inherent room 
temperature vapor pressure of this material limited 
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/V.1( as 

where 

.y(x)=.rexp(-x2)+(2x2+1) {' exp{-y2)rly. (28) 
. 0 

Quenching cross sections for the N'a*+CtH, collision 
evaluated from measured values of kqby means of 
Eq. C28) are plotted in Fig. 7 against the characteristic 
relatke speed, 

(g)= VT +v.v'/3VT , 

(g)= ii.\(+ Vr2/3ii .• It 

Vr>i.i.II , 

Vr<vAI. (29) 

The error oars shown reflettonly the standard devi­
ations in k" provided by the least squares fits of the 



-150-
. ~,. "\ 

,· .. ···i. 
',' t AR L, HER M, LIN, AND M I M S 

TABLE I. Best experimenta! values' o{K. for Na· quenching cross 
sections varying as A.lt'·. 

Quenching gas I()DK, 1 ()10K; lOUK. 

Co. 0.88 0.78 1.6 
C,M. 0.93 .0.82 1.7 
CH,CN 1.2 1.1 2.3 
CF,CI 1.2 1.1 2.2 
C,H. 1.3 1.2 2.4 
So. 1.8 1.6 3.3 
It 2.9 2.6 6.0 

• K. i. given in units of centimeter!' (centimeterjseco!id)"·. 

data to Eq. (27). Other sources of error certainly exist. 
For example, if the N"al dissociation energy employed 
here were in error, this could significantly alter the 
calculated values of (Qq) and (g), aitho~gh 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
logical values of (Qq) versus characteristic relative 
collision speed. Because S02 and C6H6 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 
Lomparable for the S02 data at higher collision speeds. 

The Stern-Volmer steady-state procedure for meas­
urements of the quenching cross sections which is 
employed here is open to criticism because of its as­
sumption of a very limited chemistry in the hot NaI­
quenching species vapor mixture. The pulsed ultra­
violet excitation followed by observation of the rate of 
decay of the subsequent Na* fluorescence which was 
l'mployed in Ref. 11 to measure the 12 quenching cross 
sections is it more direct method and is not subject to 
t he possible criticisms of the Stern-Volmer technique. 
L' niortunately, this experimental method is much 
1110re Lime consuming and so was not adopted in this 
study. figure 9 shows the very excellent agreement 
betw'een the Na*+I~ quenching cross sections measured 
in this study (if the data analysis method employed in 
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 
,;c.ll1ned. The Xa·+CO~ quenching cross section data 
~hown in Fig. 8 is also in similar good agreement 
with the values measured in Ref. 9 by the same Stern­
\'olmer technique employed hr:re. if our data is anaiyzed 
b.,' t ht~ procedure empioyed in Ref. 'J. 

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(4/.) with s=4, 5, or 6. 
As discussed in the following section, there are varying 
theoretical grounds for expecting that Qq might vary 
in this manner. However, the main reasonS for fitting 
the data to these functions were (1) that a.dequate 
fits to the experimental data were obtained and (2) 
t)tat 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 Qq(g). Having 
assumed a form of Qq(g), the quenching rate constant 
was calculated' by numerical integration over the 
monochtomator-bandpass-averaged probability density 
function for relative collision speeds derived in a 
previous section as . 

(30) 

Phenomenological values of (Qq) were then calculated 
from these computed values of kq from Eq. (28) for 
comparison with the data points. Figure i shows the 
Kal g(4/i) and Ke/ g(2/3) forins of Q,,(g) together with their 
energy averaged phenomenological quenching cross 
sections which best fit the ethylene data. Table I gives 
the K~, Ks, and KG 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 CH3CN 
quenching gas, where s=4 appears to provide the best 
fit. 

DISCUSSION 

Comparison with Other Work 

The good agreement between the quenching cross 
sections .obtained in this work and those derived by 
similar KaI photodissociative studies for 12 (Ref. 11) 
and CO2 (Ref. 9) has already been noted in the previous 
section. Most of the results of earlier workers employing 
the NaI photodissociative technique are discussed in 
Refs. 9 and 11 and so are not considered here. How­
ever, one other more recent studylO by this techniquc 
provided cross sections for quenching of ~a· by CO~ 
and CH3CN 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's9 results for CO2• 

In addition to comparisons of the present work with 
previous studies employing the Nal photodissociatioll 
technique, it is also of interest to compare these rt'sults 
with thermally averaged rate constants for qucnching 
of Na$ obtained b;; mixing Na vapor with quc!1chini! 
gases. The rt:sults of all sllch previous lllt'fl11al sll,lIiies 
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for the quenching gases examined here are listed in 
Table II. Indeed, one previolls criticism3S of the NaI 
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 Qq(g) = K./ gCt,.). 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 e:-.,"pressions given in Ref. 39. 

Table II compares literature values of thermal 
quenching rate constants with the extrapolations of the 
KG/ g(m) form of Qq(g) employed here. The first entry 
in the table for benzene (Ref. 36) was obtained by a 
pulsed excitation study of the lifetime of Nil· fluores­
cence and so should be especially reliable. The C6Re 
and C:IL results reported in Ref. 37 were obtained by 
a steady-state resonance fluorescence technique and 
so are subject to possible ambiguitks occa~ioned by 
imprisonment of resonance radiation and collisional 
broadening of the resonance absorption line. Indeed, 
comparisons of the results of Refs. 36 and 37 for N2, 

JI2, CO2 , and C6H6 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 CSH6 and C2IL is gratifying. Extrapolations 
of the K4/ g or Ks/ g4/5 fits obtained here would. give 
higher values of lOIOkq ( "'"'11 and 13 for s= 5 and 4 for 
C6H6) in poorer agreement with the literature values, 
although the change in going from s= 6 tos= 5 is not too 
pronounced. These comparisons and the data pre­
sented earlier suggest that Qq(g) varies as g-(O,&-c.6) 

for a speed range of ~.7-2.0 km/sec for benzene and 
ethylene as quenching .gases. The agreement between 
the CO2 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, 

T.~IlLE II, Comparison" of thermal quenchinJ; rate constant 
rneasurements with extrapolations o(K.!g:/3 fit. 

l()1°k. 
QucncLillJ:: T IOlOk. This 

):':as Ref. (OK) gr Reported . work 

C.H, 36 .... ,600 0.85 8.0 10 
C,H, 37 400 0.6{J 16 10 
CO, 35 1600 l.4() 7.S 8.2 
CO, 38 Ii9\.' 1.5£ I~ 8.4 
C,H. 37 400 0.82 Ii 7.1 

• Rate con~tant:o:. are ~i\·t'll I1l ('entlmet~r~/molecuie·~econd. The 
3\'(',itl!e n'latlYe (0111.";10'1 $pet"d.,. ':'1' D: (8l.:T:"r:},)i1~. are Given in UOlt. .. o~ 

kilortl("ter ~conc. 

the characteristic thermal collision speed shown in 
Table II is comparable to those directly studied here, 
so that calculations of kq for the s=4, 5, or 6 'fits would 
all yield comparable values. The magnitude of kq 

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 g''-2 dependence of 
Qq for Na*+C02, in clear disagreement with the 
results shown in Fig. 8 unles~ their observed tempera­
ture dependence was influenced by the changing thermal 
vibrational distributions in the ~. 

Theoretical Implications 

The Weak Quenclzers 

The data obtained here for CO2, C2Hc, CHaCN, 
CFaCl, and Celis are well fit by quenching cross sections 
of the form Qq(g) =K./g(t,.) 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 
provides39 an expression for Qq(g) in terms of the power 
law potential constant, 

The Na· atoms involved in these collisions will ex­
perience electric quadrupole interactions. This could 
give rise to a long-range ,,-4 dipole-quadrupolc 
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 CH3CN collisions 
somewhat. This molecule does possess the largest 
dipole moment of the seven quenching gases studied 
here, and the energy depenrlence 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 3 p state of X a'" is apparen tly 
not known, our estimates indicate that these quad­
rupole--quadrupole interactions should be less than or 
comparable to the r-6dispersion interactions at inter­
molecular separations important in detemlining the 
barriers in the effective potentials. However, owing to 
uncertainties associated with the Na* quadrupole 
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TABLE III. C'lmparisons of measured Ka* quenching cross sections with projections based on long-range dispersion forces. 

co, CIl!. 

Reaction product NaO NaH 

ADo" -10 --8 

IA (grams/mole) 15.3 12.6 

ex, (AI) b 2.6 . 4.3 

lO"K,(theor) [Eq. (32)] 2.0 2.5 

1 OUK, ( exptJ) (Table I) 1.6 1.7 

• tiD. -D. (Na-X) +E*-D.(R-X) is the reaction e"oergicity. Do(N'a-Ol 
taken from and D.(Na-CN) estimated from arguments·given in R. R. 
Herm and D. R. Herschbadt. J. Chern. Ph}'" SZ. S783 (1970); Do for NaCI 
and !liaI taken from Ref_ Z4. Bond energie. in the Quenchinli ga"". taken 
from V. 1. Vedeneyev."!-. V_ Gurvich. V. N. Kondrat'yev. V. A. Medvedev,. 
and Yeo L. Frankevich, &nul ErreTcin. loni:aliorr Polmli4ls, alld El~etroil 

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
a tion 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 C, 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 al much greater than the polarizability a2 

of the quenching gas, the Slater-Kirkwood approxima­
tion for C6 provides the following approximation for 
Qq(g) from Eq. (31) in terms of e and m., the charge 
and mass of the electron: 

Qq(g) =w~1I{6e1i/m.1/2JI/3(O!ll/6a21/3/J.'1Iag2/3). (32) 

X ote that this expression predicts that for constant 
';i'. ai, and g, th.~ quenching cross section should vary as 
(0'~/J.L)1/3. This differs considerably from the older 
suggestion40 that Qq should scale as OI.~J.LI/2 and the more 
[lLent suggt::;tion~O that the quenching of electronic 
tscitationin molecules proceeds by a molecular pre­
uissociation so that Qq shoulu vary as 1J112J20!2/ R r3, 

where I~ is the ionization potential of the quenching 
species and Rx is a mean distance of closest approach 
of the collision pair. 

Table III pro\'ides a comparison of the Ks coefficients 
mcasured here wit~ estimates provided by Eq. (32) for 
,;.= 1 and 0'1 = 51 V (Rd. 41), :mo indicates that Eq. 
1.'2) (with 7,'= 1) doe~ provide reasonable estimates of 
the lIlagnit nell' of tht 411t'nchill~ Cf()S3 secLions for the 
\\Tak.-r q\lel1rhtr~ st udied here." The KG values esti-

CF,CI CH,CN C,U, So, 12 

NaCl ~aCN NaH NaO NaI 

66 ,...,46 --8 -14 85 

18.9 14.7 17.8 16.9 21.1 

5.0 4.4 10.3 3.7 9.7 

2.2 2.4 2.9 1.7 2.7 

2.2 2.3 2.4 3.3 6.0 

Allinili .. (St. Martin's. New York, 1966). 
b For CH.CN, from E. P. Lippincott. G. N'agarajan. and J. M. Stutman, 

J. Phys. Chern. 70, 78 (1966); for CF.Cl:from W. K. Hess. R. L. Mather .. 
. and R. A: Koble •• J. Chem.Eng. Data 7,317 (1962); all other value. from 
lJ ... doll-Bernsl';" Z"hlmu,.,le imd Funcl;onffl. edited by A. M. Hellwege 
and K. H. Hellwege, (Sl>ringer, Berlin, 1951), Vol. I. Pt .. 1, PI'.. SIO.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 K6 
depends only on the cube root of C6• Thus, the entries 
in Table III clearly imply w< 1 for CO2, C2IL, and 
CeHe. Indeed, the results obtained here in conjunction 
with earlier work1r-l1,35-38 suggest that mcst of the 
molecules which quench Na* electronic excitation may 
be broadly divided into four classes. In class A 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 expected), 
and whose lowest unfilled molecular orbital is a very 

. high energy, antibonding q* orbital. E:-.:amplcs of 
molecules in this class, such as CF4, saturated alkanes, 
and possibly H20, are all very inefficient quenchers. 
In class B are included those molecules which cannot 
chemically react with Na*, but which possess relatively 
low lying unfilled 11'* molecular orbitals. These mole­
cules, examples of which are provided by the CO2, 

C214, andC6H6 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 et1ected 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
minescellceH produced by the Na*+CO quenching 
collision· and of the inverse collisions using vihra­
tionally4U; or translationaIly4r. 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, at10rd 
a very cxorrgic reaction channel. Results for two 
molecules of this class studied herc, CH3C~ and 
CFJCI, s~lggest that their quenching cross sections 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 
unequivocally establish this. Finally, class D quenchers, 
exemplified by the 12 and 502 behaviors observed in 
this work, are highly electronegative and exhibit 
quenching cross sections which are too large to be in 
interpreted in temlS 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. Nevertheless, many ad­
ditionalstudies will be required to unequivocally 
establish the role of these dispersion forces. In par­
ticular, e~.-periments are underway in our own labo­
ratory to measure quenching cross sections of more 
highly excited 2p states of alkali metal vapors. Thus, 
calculations 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* (4p 2P) and Na* (Sp2P) 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 fotces will 
be subject to increasing criticism, and, indeed, the 
increasing quadrupole-quadrupole interacti~ns may 
even mask the effect of the repulsive dispersion forces 
for these states of Na*. 

The Stronger Quenclters 

Table III indicates that 502 and 12 exhibit cross 
sections for quenching of Na* (3p 2P) which are too 
large to be understood in terms of the centrifugal 
b;urier in the effective potentials associated with the 
IOl1g-r;lllg(~ dispersion forCt:s between the' neutral 
n:actants. Thus, these iartie quenching cross sections 
demand a strong force which pulls the reactants into 
small internuclear sep:H:ltion and which is operative 
at very long distances. This requisite long-range force 
has IOI1!~ been understood l1o in terms of an electron 
transfer· model. In this model, the incoming Na*atom 
is seen to transfer its electron to the quenching gas at a 
distance Rc where the coulolHbic potential curve .for 
the two ions becomes lower than that for the two 
neutrals, and the resulting coulombicforce rapidly 
accelerates the ion pair formed to small internuclear 
separations. In terms of the ionization potential of 

Na*, 11, and the electron affinity of the quencher, 
EA, Rc is given to lowest order bye2/(11-EA). 

The electron affinity of S02 is reported to beu ...... 1.1 
eVso that the crossing point, ~, occurs at a relatively 
small internuclear separation, '"'-'7.5 A, in the Na*+502 
collision. Moreover, Table III 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 
S02 to S02- at ~, exciting vibrational levels of SO£';' 
on the incoming trajectory. The Na+-502- ion pair 
formed then may oscillate many.times, passing through 
crossing points with the Na*+S02 and Na+S02 
potential curves. In each passing, the 50'2- may re­
transfer the electron to Na+, at the same time making 
Franck-Condon transitions to various vibrational 
levels of 502• Calculations on the quenching of Na* by 
N2 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 502 and recoil energy of Na from 
S02. . 

A recent measurement49 indicates a relatively large 
electron affinity for 12, 2.6 eV, corresponding to a cal­
culated Na*+I2 ionic curve crossing radius of ""'36.S A. 
Table III indicate~ that this quenching collision can 
proceed by the very exoergic reaction forming N aI + I; 
indeed, the exoergicity is such that the reaction products 
nlight even bell Na+I+I. This suggests that any 
incoming Na*+12 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 N a *+ 12 quenching crosS section 
measured here is very much less than 1rRc2 is under­
stood in terms ofa very low probability that the Na* 
will transfer its electron over the large distance required 
while the Na-12 internuclear separation is in the vicinity 
of the curve crossing radius. This same Born-Op­
penheimer breakdown effect has recently been dis­
clissedso in rationalizing the observed' branching 
ratios for thermal dissociation of alkali halide vapors 
.between atoms and ions. Moreover, Childsl has derived 
an expression for. the translational energy dependence 
of the cross section for rea.ctions such as :\a*+I~ 
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 ~a*+12 quenching cross section 
measured here. 
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