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ABSTRACT 

The crossed molecular beam reaction of calcium, 

from a nozzle source, with potassium chloride, from an 

effusive source was to have been studied experimentally. 

The product alkali atoms in the reaction were to have 

been detected with a Pt-W filament, surface ionization 

detector. We expect that this reaction proceeds through 

a long-lived intermediate complex. Calculation of the 

angular distribution of product in the reaction of calcium 

with potassium chloride can be done on the basis of the 

statistical theory. 

viii 



CHAPTER 1 

INTRODUCTION 

The crossed molecular beam technique offers the most 

direct means of studying the molecular mechanics of chemical 

reactions. Ever since Kantrowitz and Grey (1951) first 

proposed the supersonic jet expansion of gases as a high 

intensity source, a large number of research groups have 

used nozzle beams to carry out reactive and nonreactive 

scattering experiments to study the structural properties 

of the nozzle beam molecules through molecular beam reso

nance techniques. The majority of the reactions studied 

involve either an alkali atom or an alkali halide molecule 

as one of the reactants because suitable detectors are 

readily available for these chemical species. The main 

advantage of the molecular beam technique is that it allows 

one to look at the reaction product after a single encounter 

of the reactants, thus providing information about the 

elementary processes of classical kinetics. 

Chapter 2 of this thesis is a statement of the 

history and general principles of nozzle beam operation. 

This review is not an exhaustive list of seeded nozzle 

molecular beam experiments but rather a brief overview 

of some prototype studies. 

1 
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Chapter 3 is a description of the apparatus, 

including the nozzle source and detection system and the 

planned experimental procedure. 

Chapter 4 includes the conversion of data from the 

center of mass coordinate system and the kinematic analysis 

as applied to the reaction of interest. 

A discussion of expected results is found in the 

final chapter. 



CHAPTER 2 

SEEDED MOLECULAR BEAMS 

Supersonic nozzle sources are frequently used to 

produce beams of atoms or molecules for collision and spec

troscopic experiments. The direct aim of seeded nozzle 

beams is to obtain molecular beams with higher intensities, 

narrower velocity distributions, lower rotational and 

vibrational energies, and higher translational energies. 

In the "seeding" technique the beam gas of interest 

is mixed with a large excess of a usually light diluent gas. 

In a seeded beam the beam species and the diluent are charac

terized by velocity distributions which have the same peak 

velocity. For very dilute mixtures (a few mole percent seed 

gas), this peak velocity is nearly equal to that in a pure 

beam of diluent gas. By varying the mass of the diluent 

gas, the seed species can be accelerated or decelerated. 

It effectively allows gas temperatures much higher than the 

nozzle wall temperatures. 

Prototype Experiments 

This technique was first suggested by Kantrowitz 

and Grey (1951). They proposed the use of continuum source 

molecular beams and presented a design for a system utiliz

ing an axisymmetric converging-diverging nozzle together 

3 
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with a cone-shaped skimmer. Kantrowitz and Grey's nozzle 

converted most of the random translational and internal 

energy of the oven gas into directed mass motion. They 

showed that the intensities of molecular beams formed by 

the method might be several orders of magnitude higher than 

the intensities of beams from conventional effusive sources. 

They also anticipated narrow velocity distributions result

ing from the cooling of a gas during expansion and the 

consequent reduction of random thermal molecular velocities. 

Kistiakowsky and Slichter (1951) reported the first 

attempts to implement the Kantrowitz-Grey design in a 

companion paper. Although their experiments showed that 

higher intensities could be achieved than with conventional 

sources, lack of sufficient pumping capacity prevented an 

adequate demonstration of the effectiveness of the method. 

Within a few years of the Kistiakowsky-Slichter 

experiments, Becker and Bier (1954) assembled a system of 

substantially higher pumping capacity (500 £/sec) and 

obtained beam intensities approaching those predicted for 

the Kantrowitz-Grey design. They found that eliminating 

the diverging section of the nozzle had little effect on 

the performance and thereafter used a simple free jet source. 

They also observed a substantial increase in beam intensity 

when a mixture of hydrogen and argon gas was substituted for 

pure hydrogen in the source. These and subsequent experi

ments led to the realization that heavy molecules could be 
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accelerated by a light gas in a nozzle flow to produce 

molecular beams with energies approaching 10 eV or higher. 

Becker and Henkes (1956) measured the velocity 

distributions of argon beams from free jet sources and found 

narrowed velocity distributions as predicted by Kantrowitz 

and Grey. Becker and Henkes were the first to produce 

seeded beams and to measure velocity distributions through 

nozzle sources. 

Anderson and Boudart (19 64) studied the reactions 

of 02 beams from nozzle sources with germanium surfaces. 

They obtained beams with higher intensities, higher energies 

and narrow velocity distributions. 

Jaffe and Anderson (196 8) examined the energy 

requirements for the reaction HI + DI HD + I2 using 

nozzle sources and also obtained beams with increased inten

sities and energies. 

The advantages of nozzle sources can also be seen 

in Baratz and Andres1 (1970) scattering experiments for Ar 

from Ar at energies up to 5 eV. 

Gordon, Lee, and Herschbach (1971) generated intense 

alkali beams containing up to 30% mole fraction of K2 , Rb2 

or Cs2 from a supersonic nozzle expansion. The usual skim

mer was not used in these studies because it would have to 

be located about 1 mm away from the nozzle with an aperture 

size comparable to the nozzle throat diameter. At that 

distance accurate positioning at different temperatures 
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would be difficult and accumulation of condensed alkali 

vapor skimmed from the jet would rapidly close the skimmer 

aperture. They employed instead an inhomogeneous deflecting 

magnet to separate the dimer and atom components of the beam. 

The velocity distributions of the atom and dimer components 

were measured and found to be quite similar. Peak velocities 

occurred up to 70% higher than the most probable atom veloc

ity in an oven source and the widths were very narrow, corre

sponding to random translational temperatures as low as 30°K. 

The variation of the dimer yield with pressure and nozzle 

diameter were also measured. These data along with the 

observed velocity distribution imply that most of the heat 

of condensation does not contribute to beam acceleration but 

goes into vibrational excitation of the dimer molecules 

(6 ± 4 kcal/mole). 

These studies were carried further using K2 by 

Foreman, Kendall, and Grice (1972) who inferred that approxi

mately one-third (4 ± 4 kcal/mole) of the heat of dimeriza-

tion appears as vibrational excitation of the K2 dimers 

formed downstream. 

Sinha, Schultz, and Zare (1973) measured the popula

tion distribution of the (v,J) levels of the ground state 

by spectroscopically analyzing the white light and laser-

induced fluorescence excited in nozzle beams of Na2 and K2 

molecules. They found that appreciable cooling occurs in 
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both the rotational and vibrational structure of the dimer 

molecules. 

Until 1974 the seeding technique was limited to beam 

species that were non-condensable gases. Larsen,, Neoh, and 

Herschbach (1974) developed a source for potassium and 

rhubidium atoms which showed that the beam properties con

form to the theory of isentropic expansions. The nozzle 

source was heated independently from the oven and was main

tained at 150-200°K hotter than the supply chamber to avoid 

clogging of the nozzle. The source provided velocities up 

to 4.7 km/sec corresponding to a translational energy of 

4.5 eV for K and 8.3 eV for Rb. 

Kukolich, Oates, and Wang (1974) measured the frac

tion of beam molecules in J = 0, J=l, and J = 2 rotational 

states of OCS as a function of pressure behind a nozzle beam 

source. In their experiments electrostatic deflection and 

microwave fields were used to observe resonances from mole

cules in a single rotational state. The total beam intensity 

was measured with the use of an ion gauge and beam flag. 

From these data they obtained an effective rotational exci

t a t i o n  " t e m p e r a t u r e "  f o r  e a c h  o f  t h e s e  l e v e l s ;  1 5 ° K  f o r  J = 0 ,  

40°K for J = l, and 170°K for J = 2 with 150 torr nozzle pres

sure. These results represented large deviations from a 

Boltzmann rotational energy distribution. This implies that 

rotation-rotation relaxation rates are relatively slow. 
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Lubbert et al. (1975) conducted experiments similar 

to those of Larsen and his coworkers (1974) with sources 

for seeded beams of K and KF. Valentini, Coggiola, and Lee 

(1977) constructed a nozzle source which produced beams of 

halogen molecules and atoms by thermal dissociation. The 

source employed a graphite nozzle source which was heated 

to temperatures above 2000°K to produce beams of chlorine, 

bromine, or iodine molecules or atoms seeded in rare gas 

diluents (Ar, Xe, He). By varying the nature and composi

tion of the diluent gas, the beam energy varied from about 

0.1 to 1.5 eV for chlorine atoms and 0.1 to 2.0 eV for 

bromine atoms. 

Li/Li2 supersonic nozzle beams were studied by Wu 

and coworkers (1978). They showed that at a pressure of 40 

torr and a nozzle throat diameter of 0.4 mm the ground state 

population of Li2 can be described by a Boltzmann distribu

tion with Tv = 195 ± 30°K. The rotational temperature was 

found to be Tr = 70 ± 20°K. Appreciable cooling was con

firmed to occur for both the rotational and vibrational 

structures as was previously described by Sinha, Schultz, 

and Zare (1973). 

These studies have been of particular interest in 

characterizing the quantum states of the nozzle-beam mole

cules. Information has also been obtained about the internal 

state distribution, the behavior of collision-induced 
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electronic excitation and ionization, translational-to-

vibrational energy transfer and the energy dependence of 

chemical reactions. 

General Principles of 
Nozzle Beam Operation 

The operation of nozzle source beam systems is best 

described by comparison with the classical oven beam systems. 

The nozzle source system may be viewed as an oven system in 

which the source pressure is raised to give a source Knudsen 

number less than unity and provide continuum flow at the 

source, where a Knudsen number can be defined as an inverse 

measure of the number of collisions which occur (K = \/l 
n ' 

where A = mean free path and I = length of nozzle). A 

comparison of effusive and nozzle systems from- this view

point is shown in Figure 1. 

The first defining element in a nozzle beam system 

is the skimmer and it plays a role analogous to the effusive 

slit in the oven of a conventional beam apparatus. In the 

oven source the beam is at rest relative to the slit. In 

the nozzle beam the source gas is travelling with a mean 

velocity relative to the skimmer. Average orifice diameters 

for an effusive source are on the order of 10 mm while for 

a nozzle source they are about two orders of magnitude 

smaller (70-150 microns). 

Kantrowitz and Grey (1951) viewed the flow of gas 

upstream of an effusive source as being replaced by a gas 
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Figure 1. Comparison of effusive- and nozzle-source systems 
with nozzle and effusive source chamber at 
similar locations. 
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stream in motion toward the source orifice. The Kantrowitz-

Grey treatment is based on several assumptions of ideal 

behavior of the gas flow at the skimmer. Given a supersonic 

gas stream impinging on a cone-shaped skimmer as shown in 

Figure 2, it is assumed that no shock waves are formed 

either in front of or within the skimmer. It is also assumed 

that the collisions due to molecules reflected from the skim

mer surfaces are absent. 

entrance is taken as that of a gas with a Maxwellian veloc

ity distribution at a temperature T superimposed on an 
D 

average flow velocity w . Across the area of the orifice 

the flow is assumed parallel to the axis. The velocity 

distribution at the skimmer entrance is given by 

where n is the molecular number density, m is the molecular 

mass, u is the molecular velocity parallel to the axis, and 

v and w are those perpendicular to the axis. 

The flux f at the skimmer may be obtained by inte-
s 

gration of the differential flux udn parallel to the axis 

over positive values of u and all values of v and w: 

The molecular velocity distribution at the skimmer 

2iTkT 
du dv dw 

(2.1) 



12 

4^ 

Figure 2. Comparison of effusive- and nozzle-source systems 
with skimmer and effusive source at similar 
locations. 
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udu 

m }-b 
2kT 

n u h 
s s |_ h + h erf 

J ["2kTs us2] 

us i2l%)2] ' ( 2 . 2 )  

The flow through the skimmer F is given by the flux multi-

plied by the skimmer orifice area A . 
s 

For molecules with a fixed axial velocity u the flux 

f on a plane perpendicular to the axis at an axial distance 

H from the skimmer orifice and at a radial distance r from 

the axis is given by 

f = F 
u u tt£2 

m 
2kT 

u exp m 
2kT u 2 r' (2.3) 

where Fu is the flow of molecules of velocity u through the 

skimmer and it is assumed the dimensional Z is much larger 

than the diameter of the skimmer orifice. Integration of the 

flux f over all possible values of u yields the total flux: 

f = A_ n _1 1_ ( m 
s "° 1T£2 /i ^2kT> 

1 + 
z 2 .  

_ 2 
exp ? t 2 .  

+ (t2+ p  ( i + e r f  t )  +  h ( t 2 + l )  e " t 2 J  ,  

where 

t = u. fi • 4]"!2 z J 

f \ 
m 

2kT, 
\ J 

(2.4) 
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The velocity distribution of molecules on the axis 

is given by a combination of Eqs. (2.2) and (2.3) with r 

set equal to zero: 

df = A n 1 _L 
slls ̂  SE 

m 
2kT_ 

3/ 
*2 3 u exp [•sif (u"us)2] du (2.5) 

The above equations apply for all positive values of 

v and for v =0. For effusive sources v =0 and the equa-
b b 5 

tions for skimmer flux, beam flux, and the centerline veloc

ity distribution reduce to the following: 

f = h n 
s s 

8kT_i % 

m 
( 2 . 6 )  

f = h n 
8kTs^ 

m 
A — 
s 7T V 

1 + r^ 
i2. 

(2.7) 

df = An -^2" — 
/tt 

m 
2kT. 

2 3 u exp [-a -"] du 
( 2 . 8 )  

The equations for fluxes and velocity distributions 

for nozzle source beams are often expressed in terms of the 

Mach number of the gas stream at the skimmer. The Mach 

number may be expressed as u /a , the ratio of the flow 
b b 

velocity to the local sonic velocity a = /ykT /m, where y s s 

is the specific heat ratio for the gas. 

With the use of M_ Eqs. (2.2) and (2.5) become: 
b 



r rrMM t-ym2- -> 

- n*as LM- * +15 erf m + ^=iexp hr 

and 

1 1 rYM ) 
df  =  A _ n _ u _  

s s s ttH2 
Sit 

•_yM 
exp s u 

2 I u 
- 1 
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(2.9) 

u 
u. 

d 

For Mg > 4 the following expressions are valid: 

u 

(2.10) 

f = n „u , s s 

f  =  A _ n  u  
S O S  ̂  £ '  

YMs + 3' 
2 2 

(2.11) 

(2.12) 

Comparison of Effusive 
and Nozzle Sources 

The advantages of nozzle sources over effusive 

sources in providing high molecular beam intensities are 

seen in a comparison of Eqs. (2.7) and (2.12). On the 

centerline the flux provided by a nozzle source is higher 

by a factor of [(yM z/2) + 3/2] for equal orifice flow F . s s 

The higher flux for the nozzle source is the result of the 

directed flow provided. 

Two main advantages of nozzle source beams are 

shown clearly in comparing the theoretical fluxes and 

velocity distributions with those of effusive source beams. 

The fraction of total flux within a given energy interval 

is higher in a nozzle beam. This is due to the decrease in 
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temperature during the adiabatic expansion to supersonic 

velocity. 

Velocity Distributions 

For an ideal seeded supersonic beam, both components 

have the same mass flow velocity v and the same local trans-

lational temperature T, but different values of the local 

random velocity Av^ within the beam (with i = S for the seed 

species; i=D for the diluent species). These quantities 

are related by 

v =  (2 C p  TQ/E)h [l-fT/T^]3* , (2.13) 

Av± = (2RT/mi> ̂  , (2.14) 

with 

Tq/T = 1 + h  (y-1) (m/mi) (yi/7) M^2 . (2.15) 

Here Tq is the nozzle temperature; m and are the average 

molecular weight and heat capacities of the expanding gas 

mixture; y = C /Cv the ratio of the average heat capacities; 

R is the gas constant; m^, y^, and are the molecular 

weight, heat capacity ratio, and Mach number of component i 

of the mixture. In a corresponding approximation, the 

velocity distributions are given by 

P^(v) = vn exp{-[(v-v)/Av^]2} , (2.16) 
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where n = 3 for flux and n=2 for number density (Larsen, 

Neoh, and Herschbach 1974). 

Beam Energies 

The average translational energy of molecules in 

a beam from an effusive source is 4/2 kT (flux average, 

molecules/cm2 sec) which is about 0.005 eV for a room temper

ature source and 0.5 eV for a source at 3000°K. Since the 

source gas must be in thermal equilibrium with the walls 

containing it, the highest attainable source temperature 

is limited to about 3000°K by the lack of construction 

materials able to withstand higher temperatures. With nozzle 

sources the average translational energy is 5/2 kT (flux 

average), only slightly higher than for an oven source, but 

the continuum flow in nozzles permits the use of the "seed

ing" technique, in which a light gas accelerates heavier gas 

molecules to higher velocities, and allows gas temperatures 

much higher than the nozzle wall temperatures. 



CHAPTER 3 

APPARATUS AND PROCEDURE 

The beginning portion of this chapter is a descrip

tion of the apparatus. The concluding section deals with 

the actual experiments. The basic apparatus consists of a 

vacuum system containing the oven and detection systems, 

the pumping system, an oil diffusion pump backed by a 

mechanical pump, the electronics used to measure the flux 

intensities, record the oven temperatures and heat the 

ovens, the pressure gauges, and finally the gas handling 

system. 

Vacuum System 

The vacuum chamber consists of a six inch diameter 

glass cross mounted on an aluminum table. The portholes of 

the glass cross are sealed with brass flanges riding on 

butyl rubber O-rings coated with high vacuum silicon stop

cock grease. Cast metal collars hold the flanges in place. 

The diffusion and mechanical pumps, as well as a 

liquid nitrogen baffle, rest below the table. The oil 

diffusion pump (NRC VH56) is attached directly to the open

ing of the vacuum chamber. This six inch diffusion pump 

uses silicon pump oil (Dow 704). The mechanical roughing 

18 



pump (Welch Duo Seal Vacuum Pump Model 1397) is capable of 

lowering the pressure to about 0.2 torr. The oil diffusion 

pump, with the aid of a baffle containing liquid nitrogen, 

lowers the pressure down to about 5-8 x 10~6 torr. 

The pressure is measured with an ion gauge (NRC 831) 

for the range of pressures 10"3 to 10"8 torr. The ion 

gauge is mounted in a side flange via a quick disconnect 

vacuum fitting. For measuring the higher pressures, a 

thermocouple gauge (NRC 531) is mounted between the diffu

sion pump and the mechanical roughing pump. 

Ovens and Nozzle 

The ovens are machined from chemically resistant 

stainless steel type 316 cylinders with thick outer walls 

which have holes drilled in them parallel to the cylinder 

axis of the oven. Ceramic rods (with four holes along the 

long axis) are used as insulators and are mounted in these 

oven holes. Annealed tantalum wire (0.020 inch diameter) 

is threaded through the holes in the ceramic rod and con

nected to an external power supply. The tantalum wire 

serves as the element for resistance heating of the ovens. 

The ovens are mounted inside copper heat shields. 

Ceramic rods and a chromel-alumel thermocouple physically 

hold the ovens so that there is minimal thermal or electrical 

contact with the shields. The oven shields are suspended 

from the top brass plate of the vacuum chamber. Extending 
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through this plate are the heating wires for the ovens and 

nozzle, thermocouple wires for the ovens, tubes for cooling 

water for the oven shields, and the rods for the beam flags 

(see Figure 3). 

The potassium chloride oven utilized a conventional 

effusion slit. This effusion hole is near the top of the 

oven and the beam is initially collimated by two plates 

mounted over the exit hole. After addition of the chemical, 

a copper gasket was used to seal the lid. 

Calcium metal was placed in the oven with the super

sonic nozzle. This oven is 1.75 inches long and 1.75 inches 

in diameter. The inside chamber of the oven is 0.60 inches 

in diameter and 1.50 inches in depth. It is sealed by a 

plate of the same material. A Mark II 8912-2101-0110 V-seal 

was seated into a small ledge at the bottom of the oven to 

form the actual seal. This V-shaped circular seal is made 

of silver-coated nickel alloy 718. The bottom plate is 

bolted to the oven through the holes extending the length 

of the oven. At the back of the oven is another parallel 

hole which does not cut through the entire length of the 

oven but opens into the lower portion of the inside chamber. 

This hole is for the introduction of gases into the oven. 

To this opening a piece of stainless steel tubing was welded. 

This tube extends through the copper shield and is connected 

to a hole in the upper brass plate. 
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Detector Filament-

—— Dectector Shielding 
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Figure 3. Geometrical arrangement of the ovens and detector. 
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The exit hole in the oven extends from the inside 

chamber to the front of the oven. Welded to this hole is 

the nozzle. The nozzle is made from a solid rod of 316 

stainless steel and was hollowed out with a flat face left 

on the front. Through this thin remaining plate a 0.15 

millimeter diameter hole was drilled. This formed the 

nozzle source from which the molecules escaped into the 

vacuum chamber. Due to the small size of the hole, the 

nozzle extension from the oven needed to be heated separately 

to prevent the molecules from cooling, condensing, and block

ing the hole. This was accomplished by alternating layers 

of wires and ceramic coating. The nozzle had a separate 

heating supply. 

The oven slit and the nozzle extension are aligned 

with the opening in the copper shields. This plate is 

mounted so that beam flags for the interruption of the beams 

may be mechanically lowered between the plate and the shield. 

Each flag, a rectangular piece of stainless steel, is 

mounted to the end of a long rod which is passed through 

the lid via a quick disconnect vacuum fitting. The inter

ruptions of the beams by the beam flags are for measurements 

for random noise and the background due to the reactant 

beams which are detected along the with the signal. The 

flags also minimized the amount of reactant in the reaction 

chamber when the experiment is not proceeding. 
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Even though a high vacuum was maintained throughout 

the course of the experiment, the ovens are maintained at a 

sufficiently high temperature to cause considerable heat 

transfer through the heat shields to the glass chamber. For 

this reason the top of the heat shield was cooled by running 

water through it during the entire experiment. 

Surface Ionization Detector 

The molecules scattered out from the reaction center 

in the direction of the detector were ionized by the surface 

ionization detector. In surface ionization the molecules 

and atoms strike the electronically heated metal filament 

and only those molecules and atoms of low ionization poten

tial form positive ions. This allows an immediate discrimi

nation against the background molecules of high ionization 

potential. These ions are collected and measured as a 

current. 

The filament is made of 92% Pt - 8% W wire of 0.076 

mm diameter and is used as a differential surface ionization 

detector. The detector was constructed by spot welding the 

Pt-W wire to the two nickel wires which were electronically 

insulated from the collector by two ceramic rods. A stain

less steel cylinder was placed around the wire which serves 

as a collector. This entire filament-detector was sur

rounded by another stainless steel cylinder. Two rectangular 

openings were cut in these cylinders, one for allowing the 
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beam to impinge on the filament and the other for allowing 

that part of the beam not intercepted by the wire to pass 

through the cylinders. These cylinders were kept at ground 

potential to protect the filament from external sources of 

noise. 

This filament was developed by Trouw and Trishka 

(1963). They suggested that this filament would respond 

in two distinct manners depending on the condition of the 

surface of the filament. One mode detected just alkali 

metals and the other both alkali metals and alkali halides. 

The first condition of the filament is known as the low 

work function mode or methanated mode. The other condition 

is the high work function or oxygenated mode. In order to 

prepare the filament in the methanated mode, a light hydro

carbon gas such as methane or propane is bled into the 

vacuum system. The filament is heated up to 1500-2000°K. 

This treatment produces a filament condition in which no 

alkali halide is detected. For the oxygenated mode, oxygen 

is admitted to the vacuum chamber near the filament by a 

needle valve and through a Tygon tubing into the vacuum 

system. The filament is again heated. In order to maintain 

the oxygenated mode, oxygen must be continually let into 

the chamber. This treatment gives a surface condition to 

the filament in which both alkali atoms and alkali halide 

molecules are detected. 
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Velocity Selector 

The velocity selector is a low resolution device 

patterned after the design of Grosser (1967). Table 1 gives 

a list of the important dimensions of the selector. The 

selector is a mechanically slotted disk type with six alumi

num disks mounted on the shaft of a three phase hysteresis 

synchronous motor (Globe, type FC). The disks are spaced 

so as to eliminate sidebands and still maintain a reasonable 

transmission. The position of the disks along the shaft is 

given by the equations 

where i is the number of teeth between the two primary 

helices, is the distance from the first disk, L is the 

length of the selector, and d is the thickness of the disks. 

width and r is the average radius of the disks, (|>F and <J>R 

are the angles, in radians, through which the selector moves 

as the molecules pass through it. The first equation is for 

the case of a selection with "thick" disks; those disks which 

meet the specification 

(2iL) 

and 

Xj-xj = L/[(2/yf) +(l/yr)]  -  d j(YF>YR) 

Yf = Z1/r^F and yR = where is the slot 

1/3 = L/d < 2/yF + l/yR 



Table 1. Velocity selector dimensions. 
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Disks 
Diameter 
Thickness 

3.0 in (7.62 cm) 
0.0735 in 

Slots 
Number per disk 
Slot width Rj 
Average radius 
Teeth thickness 

188 
0.02 in 
1-11/32 in 
0.025 in 

Length of Selector 1.654 in (4.2 cm) 

Position of Intermediate Disks 
First 
Second 
Third 
Fourth 
Fifth 

0.60 cm 
1.?2 cm 
2.0u c*" 
3.38 cm 
4.02 cm 



The second is a corrected position for disk number two when 

"thin" disks, as in our velocity selector, are used. This 

positioning should allow a maximum effective open time with 

complete elimination of sidebands. Spacing between the 

disks is established by aluminum collars; the two end 

collars have set screws to fasten onto the shaft. To main

tain the orientation of the disks two steel pins are put 

through alignment holes drilled in the disks and an etch 

resistant lacquer was painted on the collars and the disks 

as they were being mounted on the shaft. The entire assem

bly was locked in place until the lacquer dried. 

The motor is mounted onto a flange by fastening a 

crosspiece made of brass to the front of the motor and lock

ing the crosspiece, using set screws, onto two brass posts 

which are attached to the flange. To insure that only mole

cules which survive the selector arrive at the detector two 

semicircular shields are mounted on a brass rod so that they 

hang immediately in front of and behind the aluminum disks. 

Each shield has a hole cut in it and slits are made by 

fastening stainless steel shim stock to the shields. The 

velocity selector is surrounded by an aluminum cylinder with 

an end cover plate. The end plate has a small aperture for 

the beam. The frequency of rotation was monitored with an 

oscilloscope and a frequency counter. 



Electronics 

The electronics necessary for this experiment 

include the heating systems for the ovens and nozzle, the 

power supply for the filament and the signal processing and 

displaying systems. Circuits to drive the motor at various 

frequencies were added to use the velocity selector. 

The power to heat the ovens and nozzle is ordinary 

house current with a variac as controller. The oven temper

atures were monitored by thermocouples inserted in the bottom 

of the ovens. Temperatures obtained in this manner do not 

necessarily represent those in the oven interior but do 

indicate if the oven temperature is increasing, decreasing, 

or stable. 

The filament current supply is a Lambda Electronics 

power supply (model LP410FM) and the filament is biased 

about 30 volts positive using a battery and a variable 

resistor. The filament temperature is regulated by control

ling its current. A separate power supply was added to put 

a bias voltage on the plate immediately in front of the 

filament. This power supply provides a bias of up to ± 55 

volts. The signal current is connected by a Keithley elec

trometer (model 610R). The output from the Keithley is fed 

into a voltage to frequency converter (Dymec model 2211AR) 

and displayed on a counter-timer (Systron-Donner model 10 32). 

In the velocity selected experiments the output of 

a current to voltage converter amplifier is fed directly to 
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the voltage to frequency counter for display. In these 

experiments the motor must be locked into a specified fre

quency. The three phase motor is driven by three square 

waves mutually out of phase with one another by 120°. The 

square waves are generated using digital logic by sending 

a clock pulse into a ring counter to generate three phases. 

The ring counter divides the input frequency by six while 

generating the relative phases. Thus by introducing fre

quencies in multiples of 60 Hz from an earlier oscillator 

and a rate multiplier to the ring counter, the motor can be 

turned at multiples of 10 Hz up to a maximum of 400 Hz, the 

upper limit being dictated by the capability of the motor. 

The design of the power amplifier is a modification of an 

MOS clock driven circuit, which serves as a voltage ampli

fier and level shifter to raise the voltage from its TTL 

value to the voltage necessary to turn the motor, and a 

motor driver equipped with Darlington drivers to supply the 

necessary current. The supply voltages are taken from a 

full wave rectified power supply, capable of supplying 

± 32 volts, which is controlled by a variac so that the 

power applied to the motor can be altered. Alteration is 

a useful feature because the motor requires less power when 

in synchronization than when it is changing speeds and the 

excess power would otherwise be dissipated as heat which 

causes extra wear on the bearings. 
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Planned Experimental Procedure 

The crossed molecular beam reaction of calcium from 

a supersonic source with potassium chloride from an effusive 

source was to have been studied experimentally. Major 

problems arose in the course of preparation for this study 

and consequently the procedure was not carried out. 

The oven with the supersonic nozzle was loaded with 

a solid piece of calcium metal and the conventional oven was 

planned to be loaded with potassium chloride crystals. 

These ovens are to be sealed by tightening their lids with 

screws. A copper gasket will be used between the lid and 

the conventional oven to prevent possible leakage from the 

oven at high temperatures. The ovens are to be placed 

inside the copper shields and the electrical connections 

for the heating of the ovens and the nozzle made. All these 

adjustments will be made outside of the vacuum chamber. 

The top flange will then be put on the vacuum 

chamber and all three of the flanges sealed. The experiment 

will be started by pumping down the vacuum chamber to outgas 

the system. When the pressure reaches about 0.1 torr as 

measured on the thermocouple gauge, the diffusion pump will 

be turned on and a small amount of power applied to the 

ovens and nozzle, and cooling water circulated through the 

oven jackets. With the aid of the diffusion pump, the 

pressure will be brought down to about 10"5 torr. The 

diffusion pump will initiatlly be cooled by circulating 
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water and air blown into the baffle to prevent moisture from 

collecting. Liquid nitrogen will be added to the baffle to 

bring the pressure down into the 10"6 torr range. The cur

rent in the ovens and nozzle will be increased gradually by-

increasing the voltages in steps of 3-5 volts and allowing 

the ovens and nozzle to thermalize at that temperature for 

20-30 minutes. This process will be continued until the 

operating temperatures are obtained. When pressure in the 

chamber reaches about 10"5 torr, the current in the filament 

will be turned on and set to a value of 0.3 amp. 

When the operating temperatures of the ovens are 

reached, the filament will be prepared in the oxygenated 

mode by introducing oxygen at a pressure of 5 x 10"5 torr. 

The filament would be biased at -30 volts and the negative 

current in the electrometer observed for a gradual decrease 

in values. The filament would then be biased to +30 volts 

and would be ready to measure the alkali halide beam signals. 

The parent alkali halide beam intensity would be measured 

by bringing the alkali halide oven behind the detector and 

opening the flag. At this point, the oxygen flow will be 

stopped and propane will be introduced in the chamber to 

convert the filament to the methanated mode. In this mode 

the negative current would be observed for a gradual increase 

in value. All measurements in the methanated mode will be 

taken by biasing the filament at +30 volts and by setting 

the current at 0.3 amp. 
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In these experiments a signal is the difference in 

the collector ion currents (A) and (B), where (A) is the 

sum of the ion currents read (i) when both flags are open 

and (ii) when both flags are closed, and (B) is the sum of 

the ion currents contributed by individual beams of potas

sium chloride and calcium. 

The first angular scan would be done in the metha-

nated mode at intervals of 5° from -20° to 110°. At each 

angle the ion currents will be measured with the four 

combinations of the two flags: (a) both flags open, 

(b) only clacium beam flag open, (c) only potassium chloride 

beam flag open, and (d) both flags closed. Data recorded 

at 45° will be taken as reference. Between the readings at 

two different angles, a reading at the reference point will 

be recorded. This is done to normalize the data taken at 

different times. This signal measures only alkali atoms 

formed in reactive scattering. After finishing the measure

ments in the methanated mode, the filament will be prepared 

in the oxygenated mode. The signal is recorded again in a 

similar fashion. This signal gives a measure of alkali 

atoms and alkali halide molecules. 

Our initial project was to have been the characteri

zation of a beam of K atoms using velocity selection. 

Velocity analysis experiments are a direct attempt to measure 

the recoil velocity of the product species. For these 

measurements a range of frequencies is swept at a given 



angle in increments of 10 Hz of rotational speed. An arbi

trary speed, corresponding to a range of velocities with 

enough intensity to be observed with precision, near 

maximum intensity is chosen to serve as the normalization. 

Pippin (1977) chose 140 and 80 Hz as the values in his 

experiments with barium and potassium chloride, potassium 

iodide, cesium chloride, and cesium iodide. 

Although we did obtain strong K beams, attempts to 

use velocity selection to characterize the beams of the 

reactant failed. Initially, the velocity selector began 

to vibrate at frequencies of 120 Hz and greater. This 

vibration was due to several of the slotted disks being 

damaged and/or out of alignment. This was remedied by 

replacing the damaged disks with identical ones machined 

at the same time as the original ones used by Pippin (1977). 

The six disks were re-aligned and the studies continued. 

Problems with the motor itself then occurred. The velocity 

selector began to vibrate again and the motor failed to run 

as quietly as it should have. It was determined that the 

bearings in the motor were worn and would need replacing. 

It was then decided to forego using the velocity selector 

for further experiments and study the reaction of calcium 

from a nozzle source with potassium chloride from an effu

sive source using a surface ionization detection system. 

Due to other problems arising and a severe time constraint, 

these experiments were not completed. 



CHAPTER 4 

CROSSED BEAM ANALYSIS TECHNIQUE AS 
APPLIED TO REACTION OF INTEREST 

The molecular mechanics of chemical reactions can 

be studied most directly in crossed-beam experiments. In 

molecular beam experiments one examines in the laboratory 

many of the features of scattering in bimolecular encounters. 

Ca + KC1 K + CaCl 

KC1 has a dissociation energy of 100.5 kcal/mole 

(Gaydon 1968). Hildebrand (1970) has determined the dis

sociation energy of CaCl to be 9 4.2 ± 3 kcal/mole. The 

reaction Ca + KC1 •+ K + CaCl has an endothermicity of 6.3 

kcal/mole. Nominal Ca and KC1 oven temperatures were 

expected to be 950-1000°K and 1100-1150°K, respectively. 

The temperatures, as measured by a thermocouple, are 

accurate to ± 50°K. 

Using the most probable relative velocity vectors 

of the reactants, the most probable center of mass direc

tion in the laboratory is about 51.83°. 

Center of Mass to Laboratory Conversion 

A primary aid in reactive scattering experiments is 

the determination of the angular distribution of products 

34 
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and partitioning of the total available energy in the prod

uct molecules. In order to analyze the experimental results, 

it is necessary to correlate the laboratory distribution 

predicted from a theoretical model. A center of mass (CM) 

distribution may be transformed to the laboratory (LAB) sys

tem by averaging over initial experimental conditions. 

The relationship between various quantities in the 

CM system to those in the LAB system can be easily derived 

by a Newton diagram (Figure 4). This is a vector diagram in 

which and VBC represent the parent beam velocities, 

y their angle of intersection, VCM the velocity of their 

center of mass, 0 the origin in the LAB system, and c the 

origin in the CM system. 0 is the angle at which the prod

uct recoils after collision in the LAB system whereas in 

the CM system the product recoils at an angle 0 with veloc

ity u. Thus a point (v,0) in the LAB space corresponds to 

(u,0) in CM space. 

If the distribution products in the center of mass 

system is considered, the distribution function takes the 

form I„ (u) or I„ (u) which characterizes the reaction. E. 
vi Ei 1 

is the initial translational energy and is proportional to 

V^2. Since the product is measured as a function of angle 0, 

we have I_ (u,0)du sin0 d0 as the probability that product 
Ei 

will recoil in the CM system at an angle between 0 and 0 +d0 

an d  a t  a  v e l o c i t y  b e t w e e n  u  a n d  u + d u .  
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CM. 

0 

Figure 4. General Newton diagram for A+BC -*• product for 
Y = 90°. 

, _ i (""BC^C 
0„ = tan 
0 l A A 

(mivi + KCVBC )  
c = • 

mA + mBC 

v  =  ( v i +  v l c ) ! s  



For non-velocity selected beams there is a distribu

tion in which must be taken into account for the probabil

ity distribution, so that the probability density will 

become I(u,0,E^). In order to get a function l(u,0) we must 

consider the velocity averaged distribution 

We are now left with a CM distribution l(u,0). This is 

called the CM differential cross-section and is the most 

important parameter in characterizing the dynamics of a 

chemical reaction. This can be correlated with a LAB dis

tribution l(v,0). 

tion laws and the restrictions imposed make it possible to 

infer from the laboratory angular distribution the final 

relative translational energy of the products as well as 

their recoil directions. 

The Conservation of Energy 

The total energy available to the reaction products, 

to be partitioned between their final relative translational 

kinetic energy E^ and internal excitation (rotational, 

vibrational, or electronic), is given by 

I(u,0) I(u,0,E.) P(E l) dE ±  

Kinematics 

The kinematic analysis is based solely on conserva 
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where E^ + is the internal energy of the reactants, and 

AD° is the difference in dissociation energies of the prod

ucts and reactants (measured from zero-point vibrational 

levels). 

The kinetic energies are given by 

and 

E. = h V • v. 
1 1 

E
f = h Uf 

v
f
2 

where v^ and v^ are the initial and final relative velocities 

and y^ and y^ are the initial and final reduced masses of 

the atom-diatomic systems. 

The Conservation of Momentum 

In a collision which yields two particles B + AC 

(A + BC -> B + AC) , their recoil momenta in the CM system 

must be equal in magnitude and opposite in direction, 

mACuAC = _mBUB * 

Thus if AC appears at an angle 0, B appears at tt-0. mAC and 

mB denote the masses of AC and B respectively and uAC and ug 

their velocities. The recoil velocities are related to the 

final relative velocity v^ and to the translational energy, 

E_£, released by 

mACUAC = "Vb = v f v f  '  (2l,fEf» 

where y^ is the reduced mass of the (AC+B) system. 
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The Conservation of Intensity 

The intensity of the product beam is measured in the 

laboratory system. The transformation for the intensities in 

the CM system or vice versa is related in the following 

discussion. 

All the particles which emerge in a specified ele

ment du dto in the CM system appear in the corresponding 

element dv dft in the LAB system. That is, the flux of the 

particles is conserved. 

For the in-plane case this requires that 

ILAB^V/G0 dv dfi = ICM(u,0) du du> , (4.1) 

where dft, doa are the solid angle elements in the LAB space 

and in the CM space respectively. 

Since the LAB and CM systems are related by a linear 

transformation, the differential volume elements correspond

ing to these solid angle elements must be equal 

v2 dv dfi = u2 du dto . (4.2) 

Combining Equations (4.1) and (4.2) yields 

ILAB(v'0) = ICM(U'0) ^ (4,3) 

as the relationship between LAB and CM intensities where 

v is the laboratory recoil velocity and u is the CM recoil 

velocity. The factor v2/u2 is the Jacobian for the 
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transformation from the center of mass coordinate system to 

the laboratory reference system. 

Since there is a distribution in CM points (u,0) due 

to the distribution in the reactant beam velocities that can 

contribute to intensity as the LAB point (v,0), Eg. (4.3) 

must be averaged over the distribution of beam velocities. 

The corrected expression for the CM -> LAB conversion becomes 

ILAB(V'0) = 

00 

dV 
'o £ 

>00 

dVBC nA^VA^ nBC^VBC^ V u2 ICM^U'9^ ' 

(4.4) 

where n„(v.) , n^tv-,^,) are the number density distributions 
A A i5u dL 

of the reactant beam velocities and are proportional to 

v^2 exp (-v^/a2) , where a is the most probable velocity of 

the beam, v is the relative velocity of the reactants for 

a given vA and vB(_,. 

Computational Factors 

We assume for ease in computing the intensities that 

ICM(u,0) can be separated in two factors as follows: 

ICM(u/9) = T(0) U(u) 

where T(0) depends only on 0 and U(u) gives the distribution 

of u and is independent of 0. The functional form of U(u) 

to be used in our calculation is 

U(u) = (u/u*)2 exp[l.O - (u/u*)2] , 



where u* is one of the parameters which has to be adjusted 

in order to fit experimental data from the assumed CM 

function. 

The function T(0) is given by the product of two 

functions as 

T(6) = T j(0, a) T2(0,b) . (4.5) 

T1(0/a) is a simple exponential function and is given by 

1,(0,8) = exp (-0/a) (0° < 0< 90°) 
(4.6) 

= exp (-(180-9)/a) (90° < 0 <  180°) 

This factor in angular part is taken mainly from geometric 

considerations as this will give a symmetric distribution 

about 90°. 

The second factor T2(0,b) is related to the decaying 

characteristic of the intermediate complex, since reaction 

proceeds via an intermediate complex, which decomposes to 

give products. The life of this intermediate complex is 

expressed in terms of the number of rotations it makes 

before decomposition. So the intensity at an angle is the 

sum of the intensities contributed by the intermediate after 

it completes one rotation, two rotations, and so on, depend

ing on its lifetime. This is expressed mathematically as 

T2(8,b) = e"9^ + e-(36°-9)/b + e-(360+e)/b 

+ e-(720-9)/b + e~(720+0)/b + _ 
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where 0 < 0 < 180°. This sum can be rearranged as 

T2 (e,b) = e-9/b (1 + e~ (360/b) + e-(720/b) + 

+ e6/b (e-(360/b) + e-(720/b) + 

= e"0/b (1-x)"1 + e9/b ((l-x)~'-l) , 

where x= e~360/b^ 

On normalizing this function at 6 = 0° and simpli

fying, we get 

e~(0/b) + (6/b) 
T2(0,b) 1 •<• x • (4.7) 

So T(0) is a function of the parameters a and b. In this 

function b gives a measure of the lifetime of the inter

mediate complex. These parameters are to be adjusted for 

a given system in order to get good agreement with the LAB 

distribution. 

The procedure to be used for the transformation of 

the assumed T(0) U(u) to the LAB system was the same as 

employed by Entemann (196 7). The main features are as 

follows. 

1. A set of points in LAB space is chosen to compare 

with available experimental data. For each point 

(v/Q) from a given contributing Newton diagram 

(defined by parent beam velocities VA and VBC and 

angle of intersection, in this case y = 90°) the 

corresponding point in CM space (u,0) is determined. 
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2. The assumed CM intensity (flux density) at point 

I(u,0,V) is weighted by the probability associated 

with the kinetic diagram and multiplied by the 

Jacobian v2/u2 to obtain contribution to l(v,0) 

from that kinetic diagram. In Eq. (4.4) 

nA(VA) ng£(Vg£.) V represents the probability 

associated with the kinetic diagram. This compu

tation is repeated for all the combinations (V^^ 

and VBCj) that one wishes to consider and the con

tributions added, resulting in a value of l(v,0). 

Usually I(v,0) is calculated for 30 values of v: 

50, 100, 150, •••, 1500 meters/sec and at 10° 

intervals in 0. 

3. An integration l(v,0) dv is performed to obtain 

the total flux 1(0) at an angle 0, which is compared 

to experimental angular distributions measured 

without velocity analysis. 

These calculations would be done on a CDC 6400 

computer with a program written by Entemann (1967) and 

modified by Siska (1969). 



CHAPTER 5 

DISCUSSION 

In reactions of alkali and alkaline earth atoms with 

alkali halide molecules it is assumed that the reactants 

form an intermediate complex. The shape of the angular dis

tribution for the reactively scattered alkali and alkaline 

earth atoms is dependent on the lifetime of this intermediate 

complex and its dissociation to products is completely deter

mined by initial conditions and the three adjustable param

eters a, b, and u* in the assumed CM angular distribution 

function. The parameter b in this function gives a measure 

of lifetime of the intermediate complex formed during the 

reaction. 

The average lifetimes of the complexes formed 

depends strongly on the exothermicity of the reaction. 

Pippin (1977) in his experiments with barium and potassium 

chloride, potassium iodide, cesium chloride, and cesium 

iodide characterized the CsClBa complex (the least exo-

thermoic of the four) as being long-lived and the others 

(CsIBa, KClBa, and KIBa) as being in the osculating complex 

region. In earlier studies, Khandelwal (1974) also charac

terized the KClBa and KIBa complexes as following osculating 

behavior. 
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In the osculating model it is assumed that the 

intermediate complex rotates and during the rota

tion about its total angular momentum vector, the complex 

decomposes (Fisk, McDonald, and Herschbach 1967)„ If the 

lifetime of the intermediate complex is greater than five 

rotational periods the angular distribution of the product 

will show forward backward symmetry with respect to the 

initial relative velocity vector. This is characteristic 

of a long-lived complex (Miller, Saffron, and Herschbach 

1967) . Short-lived complexes are characterized by their 

peaking either in the forward direction with the stripping 

mechanism (Herschbach 1966) or in the backward direction 

with the rebound mechanism (Herschbach 1962). 

The reaction of calcium with potassium chloride is 

expected to give a highly excited diatomic product. Being 

an endothermic reaction, it would be expected that the KClCa 

intermediate complex would be somewhat long-lived. 

One direction for future experiments using nozzle 

beams should be a complete study of the reactions of Ca with 

CsCl, Csl, and KI. The study of these reactions would help 

sort out the features of the distribution dependent on the 

atomic species, as a great deal of work has been done in 

this laboratory on the reactions of barium with this series 

of alkali halides (Khandelwal 1974; Pippin 1977). 

A second direction for further study should be the 

use of KF, KBr, CsF, and CsBr as these studies would quickly 
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confirm whether or not the shape of laboratory product 

angular distributions are being determined by the nature 

of the halides. 

The ultimate goal in these studies is to charac

terize the complete angular and velocity distributions 

for all the final internal states accessible from a selected 

initial state. Certainly the use of nozzle beams and the 

seeding technique are a step in that direction. 
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