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ABSTRACT 

Partial scattering cross sections for thermal beams 

of L1t, K and Cs attenuated in He, Ne, A, Kr and Xe have 

been measured as a function of the resolution of the 

apparatus using the molecular beam method. Absolute total 

scattering cross sections were determined by extrapolating 

curves of partial cross section vs. resolution to zero 

resolution. Intermolecular potential parameters for the 

Interactions were calculated from the experimentally deter

mined values of the absolute total scattering cross sections 

by using the Landau-Lifshitz scattering theory and assuming 

a long-range attractive van der Waals potential of the form 

V(r) • -C/r". 

A semi-empirical theory of resolution and multiple 

scattering was developed In order to account for the varia

tion of partial scattering cross sections with resolution 

of the apparatus. This was accomplished by measuring the 

actual distribution of scattered intensity In the plane of 

the detector and also the total scattered intensity as a 

function of the pressure of the scattering gas. A measure

ment of the contribution of first scattered intensity allows 

one to predict a linear decrease of the partial scattering 

cross section with increasing angle of resolution. The 

x 
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agreement between the variation predicted by the semi-

empirical theory and the experimentally determined values 

was very good. 

An evaluation of the range of validity of the 

Berkling approximation showed that this approximation was 

accurate to within ± of the exact attenuation equation up 

to beam attenuations of a factor of two or less. For 

attenuations greater than about a factor of three, there is 

no experimental evidence which indicates the validity of the 

Berkling approximation at these higher attenuations. 

The departure of experimental attenuation data from 

a linear plot, which has usually been attributed to multiple 

scattering, has been investigated. The semi-eiqpirical theory 

of multiple scattering developed here can account for this 

deviation, up to beam attenuations of a factor of two or 

less, where the Berkling approximation was assumed to be 

valid. The larger deviations of experimental data from a 

linear plot at higher attenuations cannot be attributed to 

multiple scattering and this failure Is attributed to the 

invalidity of the Berkling approximation in this region. 

A rigorous error analysis has been performed on the 

results of this investigation. A systematic analysis of the 

errors due to (1) the Berkling approximation, (2) the effec

tive scattering length, (3) the calibration of the ioniza

tion gauge against a McLeod gauge, (4) the Ishii-Nakayama 
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correction factor for the McLeod gauge, and (5) the evalua

tion of absolute total scattering cross sections, has been 

performed for the first time on the results of a scattering 

experiment. The results of this error analysis indicate 

accuracies between 5.23# and 10.98$ for all fifteen van der 

Waals constants determined, with the exception of the Xe 

cases, where the accuracies averaged around 18.9#. 

The factor-of-two discrepancy between experimental 

and theoretical values of the van der Waals constants has 

been removed. The present values of C are much closer to 

the theoretical values, although they are for the most part 

still higher; they range from 1.04 to 1.85 times the 

Dalgamo and Kingston values of C. 



CHAPTER 1, 

INTRODUCTION 

A variety of experiments have been performed with 

the objective of gaining information about the forces between 

neutral atoms and molecules. The results of these experi

ments, when interpreted using a satisfactory theory, have 

led to a considerable knowledge about these foroes. Notable 

among these experiments are: (1) those dealing with gas 

transport phenomena (viscosity and diffusion), (2) those 

dealing with bulk gas properties (second virial coefficient) 

and (3) molecular beam scattering experiments. 

It is known that the forces between neutral molecules 

are attractive at long distances and repulsive at short 

distances. The results of the bulk and transport experiments 

depend almost entirely on the nature of the short range forces 

and are not sensitive to the nature of the long range forces. 

However, molecular scattering experiments can yield results 

which are sensitive to both the long and short range forces. 

Therefore the molecular scattering experiments are potential

ly the most sensitive experiments for determining the nature 

of the intermolecular forces over the entire range of inter-

molecular separation. 

1 
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It should be noted that the molecular scattering 

experiments referred to In this dissertation are those which 

deal with the elastic scattering of beam molecules by target 

molecules. The experiments which deal with inelastic scat

tering (involving chemical reactions or changes in the 

internal energy states of the interacting particles) form a 

separate field and are not considered here. Further, 

although the term "molecular" will be frequently used, all 

the experiments discussed in connection with this disserta

tion will deal with the scattering of atoms by atoms. 

There are three general classes of elastic scatter

ing experiments; all three involve the passage of a beam of 

particles through a scattering gaB. (l) There are those . 

experiments in which the angular distribution of scattered 

beam particles is measured (differential cross section 

experiments). (2) There are those experiments in which the 

total scattering (attenuation) of a velocity selected beam 

is measured (velocity dependence of the total cross section 

experiments). (3) There are those experiments in which the 

total scattering (attenuation) of a full thermal beam is 

measured (average effective total cross section experiments). 

The first two classes of experiments yield results 

which are sensitive to a combination of the long and short 

range forces but do not provide sufficient information for 

the accurate determination of either. The third class of 
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experiments yields Information which depends primarily on 

the nature of the long range interaction and Is insensitive 

to the nature of the short range interaction. A combination 

of the results of the third class with that of either of the 

first two classes is necessary for the accurate determination 

of the lntermolecular force (or potential) over the entire 

range of lntermolecular separation. 

The experiments described in this dissertation fall 

into the third class of experiments and will therefore yield 

Information about only the long range lntermolecular poten

tial. There is good evidence (both theoretical and experi

mental)/ to be cited later, that the long range potential 

between two neutral non-polar atoms varies as the inverse 

sixth power of the interatomic separation: V(r) « -C/r*. 

This is called the van der Waals potential and C is called 

the van der Waals constant. It will be assumed in this work 

that the potential between pairs of interacting atoms is the 

van der WaalB potential. 

The end result of experiments of the third class is 

the determination of these van der Waals constants for 

particular pairs of Interacting atoms. However, the deter

mination of large numbers of van der Waals constants is not 

the primary goal of this investigation. The primary goal 

of this Investigation 1b the detailed examination of several 

aspects of the experimental method Itself which have been 
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neglected In the past and could cause serious question con

cerning the validity of the results published by previous 

workers in the field. The particular aspects to be investi

gated will be enumerated after a brief discussion of the 

experimental method and discussion of certain difficulties 

which arise in connection with the method. 

The experimental method of determining van der Waals 

constants is, in principle, quite simple. Consider the 

idealized case of a monoenergetic beam of atoms of velocity 

v passing through a scattering region of known definite 

length, L, containing target atoms (of number density nk) 

at rest. If a beam of intensity I0 enters the scattering 

region, then the intensity of the unscattered beam, I(nk), 

which emerges from the scattering region is given by: 

1(11̂ ) = Io expC-nĵ LQ), where Q Is the total scattering cross 

section for the interaction between the two atoms. A 

measurement of the slope of in[l(njc)/l0] versus nfc i3 suffi

cient to determine Q. Theoretical considerations (to be 

discussed later) show that for the van der Waals potential, 

Q is proportional to the two-fifths power of the ratio C/v. 

So, if the above idealized case held experimentally, the 

measurement of van der Waals constants would involve only 

simple attenuation measurements. 

Experimentally, the situation is not so simple. A 

schematic diagram of a top view of the actual experimental 
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arrangement is shown in Figure 1. The four elements shown 

are enclosed in a high vacuum system. The "beam is formed by 

atoms which effuse from the slit in the front of the heated 

oven and pass through the collimator slit. It should be 

noted that the beam is several hundred times as high as it 

is wide. The beam then passes through the scattering chamber 
i 

and is detected by the detector which is placed in the center 

of the beam. The detector is also several hundred times as 

high as it is wide. The scattering gas is fed into the 

scattering chamber by a side tube (not shown) and its pres

sure is measured by a gauge attached to the scattering cham

ber by another side tube (also not shown). 

Compared to the idealized case previously discussed, 

the experimental situation is complicated by several factors, 

(l) Since neither the beam atoms are monoenergetic nor the 

target particles at rest, the expression for the attenuated 

beam intensity will involve averages over the velocity dis

tributions of both the beam and scattering gases. (2) Also, 

due to the fact that both the beam and detector have finite 

widths, and the fact that multiple scattering is undoubtedly 

present, it is impossible to directly measure the intensity 

of the unscattered beam which emerges from the scattering 

chamber. (3) Further, since there is some leakage of gas 

out through the channels in the ends of the scattering cham

ber, the length of the scattering region is not definite. 



Plgure 1. Schematic Diagram of the 

Experimental Arrangement 
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There have, of course "been attempts to take these 

complications Into consideration when determining van der 

Waals constants "by this method; a brief discussion of each 

complication and the attempts to account for it follows. 

Concerning the first complicating factor (the problem 

of averaging over both velocity distributions), since the 

cross section Q dependB on the relative velocity vr of the 

colliding pair, it is not immediately obvious that the rela

tion between I(njQ)) and n̂  should be a simple exponential. 

Here, n̂  is the gas number density inside the scattering 

chairiber proper. In fact, as will be shown later, the exact 

expression [Berkling et al. (1962)] is: 1(21̂ ) = 

I 0  e x p  [ - n ^ L ^ ,  w h e r e  w i l l  b e  d e f i n e d  l a t e r .  

The long top bar refers to the average over the beam velocity 

distribution, while the short bottom bar refers to the aver

age over the scattering gas velocity distribution. Rewriting 

this expression as 1(1̂ ) * *o e"Z to simplify the notation, 

it has been shown that the expression e"z can not be obtained 

in closed form. However, a highly regarded approximation 

has been e"z » e~z. This approximation is very good in 

region where e~z has exponential behavior. If this approxi

mation is made, then the remainder of the averaging problem 

can be solved exactly for the case of the van der Waals 

potential. The quantity "z can be expressed as Is » 

nkoLeff̂ eff* where %ff ls called the average effective 
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total scattering cross section; and Qeff can in turn be 

expressed in terms of C. So if the approximation e~z = e"z 

is valid and if could be directly measured then C 

could again be determined by the measurement of the slope of 

-GnClCn̂  )/l0] vs. n̂  . 

The evidence that e~z has exponential behavior is 

primarily experimental. Raw data curves of 1(1̂ ) vs. n̂  

published by various authors show a fairly linear variation 

of ̂ n[l(njCQ)/l0] vs. n̂  for beam attenuations up to about a 

factor of ten. This fact has been used as the primary 

justification for the approximation. It is, however, the 

opinion of the author, after a close inspection of the 

published raw data curves (and, of course, a consideration 

of his own data) that the approximation is not experimentally 

justified for beam attenuations of greater than a factor of 

two due a significant change in the slope beginning at about 

this point. Whether the approximation is Justified for beam 

attenuations of a factor of two or less is one of the ques

tions to be considered in this investigation. 

The second complicating factor concerns the impossi

bility of directly measuring the unscattered transmitted 

beam intensity, ). However, this quantity or its 

equivalent must be obtained in some manner, since the deter

mination of C depends on the attenuation curve for Ifn̂ ). 

It is impossible to directly measure I(n̂ ) because 
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the actual signal indicated by the detector includes not 

only (l) the signal due to the unscattered beam, but also 

contributions from (2) scattered particles (which would 

normally hit the detector if not scattered) which are not 

scattered through large enough angles to miss the detector, 

(3) scattered particles, (which would normally miss the 

detector if not scattered) which are scattered back onto the 

detector and (4) particles of both latter types which suffer 

multiple collisions in the scattering chamber and are 

scattered back onto the detector. 

The problem caused by the contributions due to 

particles of types (2) and (3) is usually referred to as the 

problem of angular resolution of the apparatus. Up until 

about I960 [Pauly (1959)1* the angular resolution of the 

apparatus was defined as the angle subtended by the detector 

width at the center of the scattering region, the implication 

being that beam particles deflected by this angle or greater 

would miss the detector. This definition is clearly inade

quate, since a certain fraction of particles of type (2) are 

certainly scattered through angles larger than this and 

still strike the detector (due to the fact that the detector 

is so tall). Further, this definition does not consider 

particles of type (3) at all. 

This problem of resolution haB recently been 

clarified by Kusch (1964), who defined the angular resolution 
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of the apparatus as the minimum angle, $50̂ * which the 

efficiency of detection of scattering is 50#. This defini

tion takes into account all the particles of types (2) and 

(3). Under this definition (to "be discussed in detail later), 

the resolution of the apparatus depends on both the beam 

width and the detector width. 

The resolution of the apparatus will affect the 

value of the cross section measured in a given experiment. 

If the angular resolution is large, then the measured cross 

section will be smaller than the true total cross section, 

due to the fact that the slope of the inClCn̂ )/̂ ] vs. n̂  

will be smaller than a similar slope measured with a smaller 

angle of resolution. In fact, rather than call such meas

ured cross sections "total" cross sections, as has been the 

custom, they should be called "partial" cross sections. In 

order to be justified in calling a measurement a total scat

tering cross-section, one must perform measurements with an 

apparatus with zero angular resolution, clearly an impossi

bility. However, it is possible to measure the variation 

of "partial" cross sections vs. apparatus resolution to very 

small angles of resolution (10 sec of arc). Then, with the 

aid of a satisfactory semi-empirical theory of the variation 

of the cross section with resolution, one should be able to 

extrapolate these results back to zero angular resolution to 

obtain the actual total scattering cross section. 
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There have been several attempts at determining the 

effect of resolution on the measured cross section. In 

every case except one, cross sections measured by different 

Investigators using apparatuses with different resolution 

were compared. No significant conclusions were obtained? in 

fact, these comparisons are regarded as worthless due to the 

large experimental errors inherent in the reported cross 

sections. 

However,.Helbing and Pauly (1964), investigated the 

effect of resolution on measured cross sections using the 

old definition of resolution and for cases where the detec

tor was wider than the beam, which is certainly not the 

usual case. Their results indicate a significant variation, 

of the order of 1($, from zero angle of resolution to angles 

of resolution of the order of one or two minutes of arc for 

certain beam-scattering gas combinations. It is not obvious 

that the results of Helbing and Pauly are applicable to the 

usual case of molecular beam scattering nor are results 

reported in terms of the old definition of resolution partic

ularly useful in experiments of the type discussed here. 

In fact, an investigation of the effect of apparatus 

resolution was originally the principal goal of this 

Investigation and it remains so. It should be noted that 

the development of a theory which would allow one to predict 

the angular resolution necessary for a particular scattering 
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experiment is beyond the scope of this investigation and 

will not be considered here. This particular problem will 

be considered later using the data gathered in thiB investi

gation. The aim in this work is the development of a 

reliable experimental method for determining true total 

cross sections from measured partial cross sections. 

Now, returning to the problems caused by the contri

bution due to particles of type (4) (in other words, the 

problem of multiple scattering), there has been no considera

tion given to this problem. It is therefore one of the 

goals of this investigation to determine how multiple 

scattering will affect the shape of the attenuation curves. 

The remaining complicating factor, the indefinite 

length of the scattering region, will also be investigated. 

The procedure used by previous investigators in connection 

with this problem has been the following: a uniform pres

sure gradient down each of the channels in the ends of the 

scattering chamber ha3 been assumed. Therefore the effective 

length of the scattering region has been taken as the length 

of the inside of the scattering chamber plus the length of 

one of the channel slits. The effect of gas outside the end 

channels has been neglected. It is one of the goals of this 

investigation to calculate a correction to the effective 

scattering length due to the gas outside the scattering 

chamber. 
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In summary, the principal goals of this investiga

tion are: 

(1) the development of a reliable method for obtaining 

true total cross sections from measured partial cross sec

tions (problem of resolution), 

(2) an evaluation of the range of validity of Berkling's 

approximation, 

(3) a determination of the influence of multiple scatter

ing on the shape of the attenuation curves, 

(4) the calculation of a correction to the effective 

scattering length due to gas particles outside the scatter

ing chamber. 

In addition to the four items listed above, the investiga

tion also involved the determination of fifteen van der VJaals 

constants. It should again be noted that the resolution 

study (item l) is the primary goal and, as such, will receive 

the most attention in this work. 

In order to carry out the program outlined above, 

average effective scattering cross sections for full thermal 

beams of Cs, K and Li7 attenuated by He, Ne, A, Kr and Xe 

were measured as a function of the resolution of the appara

tus. Very small angles of resolution were achieved by con

structing a very long (two meters) machine and by using very 

narrow (1 mil) slits to define the beam. In order to work 

successfully with a two meter beam, it was necessary to 
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construct a vacuum system capable of producing pressures of 

the order of 10~8mm Hg along most of the beam path. 

Material relevant to this investigation is discussed 

in subsequent chapters of this dissertation according to the 

following format. Chapter 2 contains a brief description of 

the general theoretical background, a derivation of Berklinĝ  

formula which relates the cross section to the experimental 

data and a discussion of Kusch's 50# criterion for apparatus 

resolution. Chapter 3 contains a very brief description of 

the experimental apparatus. Chapter 4 contains a fairly 

detailed description of the experimental procedure and 

includes descriptions of the methods of taking the various 

types of data necessary for the study of the effects of 

resolution and multiple scattering. Chapter 5 contains the 

interpretation and analysis of this data and includes a 

discussion of the semi-empirical theory of the variation of 

measured cross section with apparatus resolution; in addi

tion, the effect of multiple scattering is considered. Van 

der Waals constants are also calculated. Chapter 6 contains 

a discussion of the sources of error, a complete error 

analysis, as well as estimates of the errors in the final 

results.̂  The scattering length correction is considered in 

this chapter. Chapter 7 contains a discussion of the results 

and conclusions of this investigation. 



CHAPTER 2 

BACKGROUND 

The elastic scattering of two particles refers to an 

interaction between two particles in which the internal 

energy states of the colliding partners remain unchanged. 

The problem of two elastically colliding particles can be 

simplified by reducing the problem to the scattering of a 

single particle with a reduced mass p. « 1̂ 11̂ /(111! + ma) in a 

fixed field of force with a potential V(r) by transforming 

the problem to a system of coordinates in which the center 

of mass of the two particles is at rest. The distribution 

in angle of the scattered particles, which is calculated in 

the center of mass system, is then transformed back to the 

laboratory coordinate system in which the experimental 

observations of the scattering are performed. 

The angular distribution of the scattered particles 

is usually described in terms of a scattering cross section. 

If a beam of particles with a flux of nj, particles per unit 

area per second were passed through a gas containing Na 

particles, then the number of Incident particles scattered 

into the element of solid angle AO) located about a direction 

defined by the polar angles 6 and q> would be proportional to 

ni, Na and A<d, provided that the scattering resulted only 

15 
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from single collision processes. The number of particles 

that are scattered out of the Incident beam into the solid 

angle A T O  per second can then be expressed as n = N I N G A C O J C P ) .  

The proportionality factor o(e,cp) has the dimensions of an 

area and is therefore referred to as the differential scat

tering cross section. The integral of the differential 

scattering cross section over all solid angles yields the 

total scattering cross section. Although the differential 

scattering cross section In the laboratory system Is dif

ferent from that In the center of mass system, the total 

scattering cross sections are the same for both coordinate 

systems, since the total number of collisions that take 

place is Independent of the particular mode of description 

of the scattering process [see Schlff (1955)1 • Since it is 

the total scattering cross section that is of interest in 

this dissertation, no further emphasis will be placed on the 

coordinate system involved in subsequent discussions. 

I. GENERAL THEORETICAL BACKGROUND 

A brief resume of theoretical topics relevant to the 

analysis of the experimental data which was taken as a basis 

for this dissertation Is offered in the present and two 

subsequent sections. Detailed derivations of formulae are 

omitted and the Interested reader is referred to the listed 

references. 
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A. THEORETICAL TREATMENT OF THE VAN PER WAALS FORCE 

Since this experiment involved measurements of effec

tive scattering cross sections by attenuating full thermal 

molecular beams in various target gases, it was possible to 

obtain information only about the long-range interaction 

potential. The various contributions to the long-range 

forces vary inversely as powers of the inter-molecular 

separation. The contributions to the long-range Interaction 

potential between molecules are usually divided into three 

parts: (1) electrostatic contributions, (2) induction con

tributions and (3) dispersion contributions. In this disser

tation, a study is made of the interaction between pairs of 

neutral, non-polar molecules. As a result of this, neither 

electrostatic nor induction terms appear in the long-range 

interaction potential and merely the dispersion effects must 

be considered. 

When two non-polar neutral molecules interact, there 

is a long-range force of attraction between them which 

arises from an induced-dipole-induced-dipole effect. Long-

range forces of this type have been discussed by many authors 

such as London (1930), Slater and Kirkwood (1931), Kirkwood 

(1932), MUller (1936), Margenau (1939) and Dalgarno and 

Kingston (1959), who have shown that these forces can be 

derived from an interaction potential of the form 
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V(r) = -C/r . This potential is commonly referred to as the 

van der Waals potential and the parameter C as the van der 

Waals constant. 

Pour approximate formulas have been obtained for the 

van der Waals constant. If Cab represents the van der Waals 

constant for the Interaction between particles of type "a" 

and "b", then these formulas are: the London dispersion 

formula 

°ab " I (O+V) Vb ' (1) 

where I& and 1̂  are the ionization potentials of the two 

particles and aa and their dlpole polarizabilities; the 

combinations rules 

Cab = (°aaCbb̂ 2 

and ' i 

°ab = 2 (IaVtb) ̂Caa°bb̂ 5' 

where and are the van der Waals constants for the aa bb 

interaction between two type "a" and two type "b" molecules 

respectively; and finally 

.  f ( a )  

cab " 3 °b I (a)". (a) ' W 
n 0 n 
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r(a) where the f < ; are the electric dipole oscillator strengths 

of particles "a" and e|a^ and are the energies of the 

ground state and the n excited state respectively, 

According to Dalgarno and Kingston (1959), none of 

the formulas (l),' (2) or (3) is uniformly superior to the 

others. They generally reproduce the correct order of mag

nitude but must be used with caution to the polarizabll-

lties and ionization potentials of the interacting particles 

differ by a substantial amount. Consequently they are not 

very suitable for the alkali metal-noble-gas combinations. 

The values of C ̂  for the alkali metals and noble gases have 

been calculated by means of Equation [k] by Dalgarno and 

Kingston (1959) and are accepted by this author as the most 

reliable values computed to date. These results are given 

in Table 6  in Chapter J ,  

B. SCATTERING CROSS SECTIONS M (MM THEORY 

The quantum mechanical expression for the total 

scattering cross section for the elastic scattering of 

neutral particles is obtained from the asymptotic form of 

the solution to the Schrodinger wave equation for a particle 

in a spherically symmetric field of force [see Schiff (1955)]. 

The total scattering cross section is found to be an infinite 

series of terms containing the so-called phase shift ip 

which is the difference in phase between the scattered 
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particle and the incident particle. For energies usually 

existing in the region of thermal molecular beams, the phase 

shifts can be calculated according to the well-known Wenzel-

Kramer-Brlllouin (IB) approximation and have been shown by 

MSrchi and Mueller (1962), (1963) to have remarkable agree

ment with the "exact" phase shifts as calculated numerically 

by Bernstein (i960). These papers have shown the justifica

tion for using the WKB method for molecular beam scattering. 

Two independent methods have been proposed for 

evaluating the IB phase shifts and using them to calculate 

the scattering cross section. One of these methods has been 

credited to Massey and lohr (1934), while the other has been 

developed more recently by Landau and Llfshitz (1958). Each 

of these methods has been used in recent years to evaluate 

molecular beam scattering data. 

The total scattering cross section for an inverse 

power potential V(r) = -C/rs, as found from either of the 

two methods, can be written in the form 

Q(v) = p(s) 
2 

rep 
E 

(5) 

where v is the relative velocity between the interacting 

particles, h is Plank's constant divided by 2ir, C is the 

potential parameter and the function p(s) is actually a 

constant for any particular choice of the exponent s. The 
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Massey and Mohr function Pm„M(s) is less than the correspond

ing Landau and Lifshitz function Pk̂ s) for all values of s. 

The question as to which representation is more 

suitable for evaluating molecular beam scattering data 

has been Investigated by Bernstein and Kramer. (1963)* who 

made a comparison and appraisal of the two formulations, 

assuming a pure repulsive potential V(r) =» C/r" . A velocity 

averaged "true" value of the total scattering cross section 

was computed by the exact partial wave method and a 

numerical-graphical illustration indicated that the L-L 

approximation was superior to the M-M method, agreeing to 

within ± of the "true11 value. A review of the case for a 

Lennard-Jones (lf!-6) potential also revealed that the L-L 

total scattering cross section differed from the "true" 

value by less than ± 1.556. 

On the basis of the results of the Bernstein and 

Kramer (1963) paper, the Landau-Lifshitz expression for the 

total scattering cross section as a function of C has been 

adopted for use by this author. 

C. SCATTERING CROSS SECTION FOR THE 

VAN PER WAALS POTENTIAL 

In the present work the chief contribution to the 

scattering of Cs, K and LI7 beams by the noble gases is 

assumed to arise from long-range forces derived from a van 
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der Waals potential. In this case the potential parameter s 

has the numerical value s =* 6 and the total scattering cross 

section, as obtained through the use of the Landau-Lifshitz 

version of Equation (5)j becomes 

Q(v) - Pli(6)[̂ ] , (6) 

where PLL<6) - 8 .083. Equation (6) may be manipulated to 

obtain the van der Waals constant Cj 

c - /s 

» (5.676 x 10_>°)vQ s(v) erg-cm8. _ (7) 

Thu3 an empirical value for the van der Waals constant can 

be determined from the experimentally measured value of the 

total scattering cross section corresponding to some 

characteristic relative velocity v. 

II. FORMULAE RELATING THE CROSS SECTION TO EXPERIMENTAL DATA 

The attenuation equation I = IQ exp(nlcLef,fQ) for the 

attenuation of a molecular beam is valid only if (l) the 

beam particles are monoenergetic and (2) the scattering 

particles are at rest before the interaction. For the 

experimental arrangement in which neither of these require

ments is realized, one must average the attenuation equation 
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over both the velocity distribution of the scattering par

ticles and the velocity distribution of the beam particles. 

Two methods have been proposed to carry out this averaging 

process and both will be briefly discussed below. 

A. THE BERKLING THEORY 

The attenuation of the beam intensity X through 

scattering along the path element dL inside the scattering 

v-.\ume is given by the relation 

dl « -idz , * (8) 

where dz is the probability that a single beam particle 

experiences a collision along the path dL. In time dt a 

beam particle sweeps out a volume dV «• Q̂ v̂ dt, where v̂ k 

represents the relative velocity between the beam particle 

with velocity v.̂  and the scattering particle with velocity 

v̂ . The probability that an appropriate scattering particle 

is fovoid within dV is n̂ f (vk)dvlc • Q̂ v̂ dt, where n̂ f (vk)dvk 

is the fraction of scattering particles per unit volume with 

velocities between vk and vk + dv̂ . Integration over the 

velocity distribution of the scattering particles yields 

the probability, dz, that a beam particle experiences a 

collision with any scattering particle. Since dt = dL/v̂ , 

one obtains 
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to 

d z V(VWvik/vi>dViL' (9) 

Integration of Equation (8) yields 

I - I0e"a , (10) 

•where 

L » 

nkf(vlc)Qlk('Vik/v1)dvkdL. (11) 

So far, Equations (10) and (11) are valid only for 

the scattering of a monochromatic beam. With non-uniform 

beam velocities, Equation (10) must be averaged over the 

velocity distribution of the beam: 

I = Ir e~z f(v1)dv1 I0e 
-z (12) 

The average in Equation (12) leads in all cases to a non-

closed integral. However, Berkllng et al. (1962) have 

indicated that there exists a good approximation to Equation 

(12), if one replaces that expression by the relation 

* -z I0e # (13) 

with 
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z = zf(v,)dv. 
U 
0 

T| « co 
r> r> o 

nkf('f(V1)vik/v1)dv1dvk.dL . (14) 
U U cl 
ft O 

This approximation is good as long as no deviation from the 

exponential law is observed experimentally with increasing 

density n̂ . The validity of this approximation will be 

discussed later. 

Equation (l4) can be simplified to read 

a - «(vlw)<»(y)nk0I'eff - ̂ JntoLeff (15) 

where G(y) represents a double Integral which includes the 

effect of averaging over both velocity distributions, and 

y » Vĵ /vĵ . Here viw is the most probable velocity of the 

beam particles in the oven and v̂  is the most probable 

velocity of the scattering particles in the scattering 

chamber. 

Berkling et al. (1962) have derived an expression 

for the average effective scattering cross section which 

takes into account the fact that the beam particles may 

possess a fixed polarization oriented at random with respect 

to the beam axis. This expression appears as 
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CO 

%tt - ̂ (vivPjn l2n 0a2n<s'y) ' n=o 
(16) 

where the coefficients q2n are a measure of the departure of 

the cross section from rotational symmetry for cases in 

which the beam molecules have a fixed polarization. In the 

present case of alkali beams and noble scattering gases, 

neither type of molecule has a fixed polarization and the 

sum in Equation (16) reduces to a single term, for which 

q0 m 1. Thus one obtains for the cases of interest in the 

present experiment, 

The function Ga0(6,y) has been determined in closed form by 

the Berkling group and is given by the expression 

Equation (17) yields the desired relation between 

the experimentally measured effective scattering cross sec-

tion Qeff and a geometrical cross section Qo(viw) which is 

characterized by a specific velocity viw- It is this latter 

quantity which is inserted into Equation (7) to compute the 

corresponding van der Waals constant. Finally this quantity 

is related to the experimental data according to the formula 

Qeff - Qo(viw) Gao(6,y) . (17) 

(18) 
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Qo(vlw) - 8.083 [3̂  

S/B 
= 0aol̂ »y) MitAs) 

~ Ga0(6,y) Leff Ap -k to(ii/x») (19) 

where Ia and Is represent the beam Intensities measured with 

the pressures Pj_ and p3 of an ideal gas in the scattering 

chamber and Ap = pa - Pi • In this formula Q0(vlw) is the 

geometrical scattering cross for a beam of particles having 

the most probable velocity of the particles in the oven and 

is the quantity designated in recent literature as the 

scattering cross section for a particular Interaction. The 

term (l/Ap)̂ n(I1/Ia) is obtained from the data of the 

attenuation experiments. Equation fcLcj) is the formula by 

which the van der Vlaals constants C are ultimately calculated. 

B. THE ROSIN-RABI THEORY 

section to the experimental data has been developed by Rosin 

and Rabi (1935) using a different interpretation of the 

attenuation equation. This theory starts with the assumption 

that the Intensity of a molecular beam is attenuated accord

ing to the equation 

An alternate theory which relates a scattering cross 

» (so) 
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where L is the scattering length and X is the mean free path 

of a beam particle in the scattering gas. In order to 

perform averages over the two velocity distributions, several 

approximations to Equation (20) must be made, namely that 

I « I0e"L/'x I0e~(L/'X) 

and that 

« Ioe~L//x . 

Then it has been shown that the measured effective scatter

ing cross section is related to the geometrical scattering 

cross section by the sequence 

,— i i Qo(vr) Krk x 

^ ^ As) ' (S1) 

where Q0 (vr) is the scattering cross section for the average 

relative velocity vr between the beam and scattering parti

cles and $(a) is a function of the masses and m̂  of the 

particles as well as the tenqaeratures and of the oven 

and scattering chamber respectively. Using the same data, a 

Rosin-Rabi cross section turns out to be about 15# lower than 

the analagous Berkling cross section as computed from 

Equation (19). 

On the basis of the fewer number of approximations 

in the Berkling theory and the difficulty of judging the 



29 

validity of the approximations in the Rosin-Rabi theory, as 

well as the fact that most recent Investigators have adopted 

the Berkling method of analysis, the present author has 

considered it necessary to carry out the analysis of the 

data of this experiment using the Berkling formulation. 

III. DEFINITION OF RESOLUTION - THE KUSCH 50g CRITERION 

The resolution of a molecular beam scattering 

apparatus has usually been defined as the minimum angle of 

scattering that can be detected. The numerical value of the 

angle of resolution was therefore taken as the angle sub

tended by the detector width as seen from the scattering 

center. Thus angular resolution could be varied by chang

ing either the width of the detector wire or the distance 

between the detector and the scattering center. The 

inadequacies of this definition were pointed out in 

Chapter 1. 

The more adequate definition of resolution as the 

minimum scattering angle for which the efficiency of the 

detection of scattering is 50# has been proposed by Kusch 

(1964). This definition means that if all the beam particles 

are scattered through the angle of resolution, half of the 

particles initially incident on the detector are no longer 

detected by the detector. The fact that some of the par

ticles are scattered directly up or down along the length of 

the detector or back onto the detector (by single scattering) 
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is included in this definition of resolution. The concept 

of resolution based upon this criterion leads to a purely 

geometrical calculation, and is discussed below. 

In typical molecular beam experiments, the beam 

shape or the Intensity profile in the plane of the detector 

is determined by the widths of the oven and collimator slits 

and the distances between the various elements. Let 2b be 

the full width of the beam at half the maximum intensity, 2a 

the width of the detector and i the distance between the 

detector and scattering plane. Although the scattering 

still occurs over a distance if I is much larger than 

L0ff (as is the case in our experiments), the error will be 

small in assuming I to be a constant. Let the height of the 

beam be 2h, where h » b. The efficiency of detection is 

defined as » I*/I, where I is the beam intensity detected 

before scattering and I* the intensity detected after scat

tering through an angle cp. 

Let p « ifcp/b, a =• a A) and let a * 1 and h -• ». 

Kusch has shown that the efficiency of detection may then be 

expressed by the relations: 

r|0 a 1 , for p < 1 - a j 

1° - 1 * {(l-a)oo8-,[ii=ai] -jV - (1-a)"]1 } ̂ 

for 1-a s p s: l+a ; 
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110 " 1 + not - (i+a)cos"l[̂ ±SLl] 

- [pa - (1-a)®]̂  + [p® - (1+a)8]̂  } 

for (1+a) * p . (22) 

The angular resolution corresponding to an efficiency 

of detection of 50$ becomes 

*50$ " P£b/̂  • p|AW/2J 

• 3*51 (p̂ AW) sec. of arc, (23) 

where p̂  Is the value of p which satisfies one of the 
2 

Equations (22) when T)0 * £ for some specific value of a, 

AW » 2b Is the half width of the beam In mils and t = 29*37 

in. (for our experimental situation). Consequently the 

resolution $50̂  is determined by first measuring the actual 

half-width of the beam AW, then solving the appropriate one 

of Equations (22) when n0 « ̂  and finally using Equation (23), 

The use of this method of defining resolution is rapidly 

being adopted throughout the field of molecular beam scatter

ing. 

The quantity pj appearing In Equation (23) depends 

upon the ratio a/b and has values between 1.4 and 1.6 

regardless of the separate values of a and b, as long as 
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a < b. Using the KUsch definition of resolution, one finds 

that It is much easier to change the resolution of the 

apparatus by changing the width of the beam and not by vary

ing the detector width. 

To briefly summarize the contents of this chapter, 

short discussions concerning the relevant theoretical back

ground were presented. Theoretioal formulae for the van der 

Waals constant were indicated. The method for obtaining the 

quantum mechanical expression for the total scattering cross 

section was outlined and the theory which yields a formula 

that relates this cross section and the constant C to 

experimental data was discussed. Finally, a more adequate 

definition of resolution was stated and the method for 

evaluating and varying the resolution according to this 

definition was discussed. 



CHAPTER 3 

DESCRIPTION OP THE APPARATUS 

The apparatus which was employed for the performance 

of the experiments under discussion consisted "basically of a 

high vacuum system within which were located the molecular 

beam source, various slit systems, the scattering system and 

the beam detection system. Additional apparatus used in 

conjunction with these systems is described in the following 

sections. 

I. VACUUM SYSTEM 

The vacuum system as a whole consisted of a demount

able brass and bakeable stainless steel vacuum envelope, 

liquid nitrogen cold traps, refrigerated baffles, vacuum 

pumps, vacuum gauges, a safety system and apparatus support. 

A side and a top view of the main beam chambers of the 

vacuum envelope are illustrated in Figure 2. Vacuum seals 

were made by means of neoprene "0"-rings in the brass por

tion of the apparatus, while copper shear gaskets served 

that purpose in the stainless steel sections. 

Eight oil diffusion pumps of various size were 

installed throughout the apparatus to Insure operating pres

sures of the order of 10~Bmm Hg in all of the chambers 
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Figure 2. Beam Chambers of Apparatus 
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through which the beam passed after leaving the source cham

ber. Each main oil diffusion pump was capped with a freon-

refrigerated baffle which served to condense the oil vapors 

escaping from the diffusion pumps and thus prevented contam

ination of the beam chambers by these vapors. The baffles 

were cooled to a temperature of about -4o°C during operation 

of the apparatus. As an extra precaution, three large 

liquid nitrogen cold traps were inserted between the baffles 

and the three mai$ beam chambers. The entire vacuum envelope 

was roughed out and the operating diffusion pumps supported 

by a heavy-duty mechanical forepump. 

Pressures throughout the vacuum envelope were meas

ured by means of seven strategically-placed Veeco RG-75K 

ionization gauges in the high vacuum sections and three 

thermocouple vacuum gauges in the forelines. A Dresser 

Vacuum Co. DMG-103 calibrating McLeod gauge, which was used 

to measure the absolute pressures of the scattering gases, 

was connected to the scattering chamber ionization gauge. 

As a precautionary measure, a safety system was 

installed on the apparatus. The safety system served two 

functions: (l) to turn off any individual oil diffusion 

pump if the rate of flow of the pump cooling water fell 

below that which was required by the pump and (2) to turn 

off all of the oil diffusion pumps if the foreline pressure 

rose too high to effectively support the diffusion pumps. 
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The entire apparatus was supported by a 12-foot long 

aluminum "I" beam which was shock mounted on two concrete 

pillars that were anchored to the ground floor of the build

ing. This tended to reduce external vibration to the 

apparatus to a minimum. 

11• BEAM SOURCE 

Pull thermal molecular beams of Ca, K and Li7 were 

generated by evaporating charges of these elements in a 

heated stainless steel oven which is illustrated in Figure 3* 

The Intensity of the beam, which is proportional to the 

number of molecules effusing out of the oven slit per unit 

time, was adjusted by controlling the temperature of the 

oven and thus the vapor pressure of the beam material. The 

oven was heated by eight heating coils powered by a well-

regulated power supply. The temperature of the oven was 

determined by means of two chrome 1-alumel thermocouples 

which were imbedded into the front and rear sections of the 

oven block. 

The source oven was mounted on a stage which was 

capable of being rotated about and translated across the 

beam axis. Beam widths were measured by sweeping the oven 

across the beam axis, while the beam widths were varied by 

rotating the oven with respect to the fixed collimator slit. 



Figure 3. Source Oven 
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III. SLIT SYSTEMS 

The beam was defined by two .001 inch wide slits. 

One of these slits was mounted directly over the exit chan

nel of the source oven. The other, called the collimator 

slit, was mounted one meter away from the oven slit on a 

rotatable and translatable support arm. When aligned paral

lel to each other, these two slits defined a beam whose 

minimum half-width at a distance of two meters from the 

source slit amounted to .002 inches. 

Pour sets of adjustable buffer slits were built into 

the flange plates that separated each of the main beam cham

bers. The purpose of these buffer slits was to enable one 

to partially isolate the various chambers from each other in 

order to improve the high vacuum along the beam path by good 

differential pumping. 

IV. SCATTERING SYSTEM 

The beam, once defined by the oven slit and the 

collimator slit, passed through a volume of scattering gas 

whose center was located about 24 cm beyond the collimator 

slit. The volume of scattering gas was enclosed within a 

stainless steel scattering box with entrance and exit chan

nels each .015 in. x .500 in. x .500 in., as is illustrated 

in Figure 4. The scattering chamber could be translated 



Figure 4. Scattering Chamber 
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across the beam axis by means of a differential screw 

mechanism and rotated about the beam axis by four supporting 

studs for facility of alignment. 

The scattering gas was admitted into the scattering 

chamber by means of a stainless steel gas handling system, a 

sketch of which is offered in Figure 5. This consisted 

principally of a high pressure reservoir, an adjustable slow-

leak valve and a low pressure reservoir which stored the 

scattering gas at the desired reduced pressure. An ioniza

tion gauge and the calibrating McLeod gauge were connected 

to the scattering chamber by a separate tube in order to 

measure the pressures of the scattering gases inside the 

scattering chamber. 

V. BEAM DETECTION SYSTEM 

After passing through the scattering region, the 

beam of molecules entered the detector section of the 

apparatus where the beam particles were detected and the 

beam intensity measured and recorded. Beams of Cs, K and Li7 

were detected by a conventional Langmuir-Taylor surface 

Ionization detector, shown in Figure 6, on which Impinging 

neutral molecules become ionized by a hot wire filament and 

are then ejected as positive Ions. The positive ions are 

then drawn in a radial field to a negatively-biased collect

ing cylinder, forming a measurable ion current. The ion 



Figure 5. Gas Handling System 
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Figure 6. Langmuir-Taylor Detector 
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current, which Is proportional to the Intensity of the beam, 

was measured with a Vlctoreen Model 475A dynamic capacitor 

electrometer having a full scale range as low as 3 x lo"18 

amps. Data output from the electrometer was recorded by a 

10 millivolt Varlan Model 0-11A strip-chart recorder. 

The Langmuir-Taylor detector Is capable of detecting 

only particles whose Ionization potentials are less than the 

work function of the filament employed. In the present case, 

a .001 Inch tungsten wire was capable of detecting both Cs 

and K beams, but In order to detect LI7, the tungsten fila

ment had to be oxidized to Increase the work function of the 

surface of the filament. This was accomplished by continu

ally spraying the heated tungsten wire with oxygen at a 

pressure of 1.2 x 10"7mm Hg by means of an oxygen gas 

handling system equipped with an adjustable slow-leak valve. 

The detector was mounted on a rotatable and translatable 

support arm similar to the one supporting the collimator 

slit. This enabled one to shift the detector in the detector 

plane when either searching for the beam or when sweeping 

the beam profile. 

A summary of the assembly procedure and operation of 

the apparatus is given in the following chapter, along with 

other topics dealing with the general experimental procedure. 



CHAPTER 4 

EXPERIMENTAL PROCEDURES 

This chapter contains descriptions of the procedures 

used in taking the experimental data used in this investiga

tion. It includes a description of the procedures used in 

preparing the machine for the taking of the various types of 

data and descriptions of the procedures used in the actual 

taking of each type of data. The data taken included: 

(1) measurements of beam width (to determine (2) total 

attenuation measurements with the detector in the center of 

the beam (to determine partial cross sections), (3) measure

ments of the scattered intensity in the tail of the beam (to 

aid in the determination of the total cross section from the 

measured partial cross sections) and (4) measurements of the 

variation of this scattered intensity with scattering gas 

pressure (to determine the effect of multiple scattering). 

It should be noted that the reasons for taking data of 

types 3 and 4 will probably not be apparent to the reader 

until the semi-empirical theory of resolution and the effects 

of multiple scattering (both discussed in the next chapter) 

are considered. In addition, this chapter contains a 

description of the calibration of the ionization gauge (used 

to measure the scattering gas pressure) using the McLeod 

44 



45 

gauge. Certain corrections involved in this procedure are 

also discussed. 

I. GENERAL OPERATION OF THE APPARATUS 

The vacuum envelope of the apparatus was assembled 

in steps after the various component chambers had been 

designed, built, and leak tested. Each of the component 

chambers was leak tested prior to assembly with the aid of a 

helium mass spectrometer leak detector. During the assembly, 

each chamber was optically aligned along the beam path by 

means of a telescope which was mounted at the far end of the 

"111 beam. After the apparatus was completely assembled, the 

vacuum envelope was evacuated, thoroughly leak tested and 

prepared for operation. 

After the vacuum envelope was made sufficiently 

vacuum tight, the refrigeration system and the safety system 

were put into operation. The refrigeration system was 

charged with freon "22" and cooled the baffles above the 

main diffusion pumps to temperatures between -35°C and -4o°C. 

Temperatures of the baffles were determined by means of 

copper-constantan thermocouples. Once properly adjusted 

neither the safety system nor the refrigeration system 

required further attention of the operator. 

Pressures in the forelines were measured by means of 

three thermocouple vacuum gauge tubes which were controlled 
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by a central control circuit. Seven Veeco RO-75K Ionization 

gauges which were installed on appropriate chambers of the 

apparatus were connected to a central switching circuit and 

were monitored by a Veeco Type RQ-21A vacuum gauge control 

panel. Prior to taking any pressure measurement, the Ion 

gauge was degassed for approximately 20 minutes. Typical 

pressures In the various beam chambers throughout the course 

of the experiment were: 4.0 x icf°mm Hg In the detector 

chamber; 3.5 x 10~8mm Hg In the chamber enclosing the scat

tering chamber; 4.0 x 10~8np Kg In the collimator chamber; 

1.5 x 10~Tmm Hg in the source buffer chamber; and 1.0 x 10"* 

mm Hg in the source chamber. 

The experiments performed by the author involved the 

attenuation of molecular beams of Os, K and LI* by the five 

noble gases. The cesium and potassium were purchased from 

the United Mineral & Chemical Corp. and were rated as 99*93$ 

and 99 -9$ pure respectively. The Li7 was obtained from the 

Oak Ridge National Laboratory and was rated as 99*993$ 

.lsotoplcally pure. The noble gases used were research grade 

and were purchased from the Math eson Company. Special 

precautions were taken when handling each of these elements 

In order to prevent contamination or oxidation. 
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A. CHARGING THE OVEN 

Prior to being charged, the oven was thoroughly 

cleaned and the oven silts were set and the slit width was 

measured with the aid of a traveling microscope. In order 
\ 

to charge the oven with Cs, a 2 gm glass ampule of Cs was 

heated so as to be sure that it was in the liquid state. 

Then it was transferred to a nitrogen-filled glove bag, 

where the ampule was broken, the Cs poured into the nitrogen-

filled oven and the oven sealed. 
m 

At room temperature, both K and Li are in the solid 

state. Both of these elements were cut and cleaned under 

petroleum ether and quickly transferred to the oven, where 

they were kept submerged in petroleum ether. Approximately 

2 cm* of K or LI7 was packed into the oven well during each 

charging of the oven. The excess petroleum ether was 

siphoned out and the oven was sealed. 

After being charged with Cs or K, the oven was 

sealed by means of a screw-plug and a copper gasket. In the 

case of Li7, however, it was found that at high temperatures 

of the oven, the hot Li7 alloyed with the copper and the 

tightness of the seal was lost. Consequently a stainless 

steel gasket was used as the sealing agent in this instance. 

Once the oven was charged, it was set Into position on the 

oven stage in the source chamber of the apparatus. The 
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source chamber was then closed and the vacuum envelope of 

the apparatus was evacuated until suitable operating pres

sures were attained. 

B. DETECTOR CHARACTERISTICS 

A conventional type Langmuir-Taylor surface ioniza

tion detector was employed to detect beams of Cs, K and Li7 

in the experiments under discussion. A 1-mil tungsten wire 

served as the detector filament. As was mentioned in the 

last chapter, the pure tungsten filament was capable of 

detecting only beams of Cs and K, since the work function of 

pure tungsten (tp - 4.5 ev) is greater than the ionization 

potential of these two elements (lCs « 3*87 ev, IR » 4.32 ev). 

In order to detect beams of Li7 (Iĵ  « 5.36 ev), it was 

necessary to increase the work function of the filament to a 

value higher than 5*4 ev. The work function of oxidized 

tungsten is 6.24 ev. The procedure for suitably oxidizing 

the tungsten filament is described in greater detail below. 

A preliminary study was made with 1-mil tungsten 

filaments in an evacuated bell jar in order to determine 

several properties of such filaments. A number of filaments 

were connected to retaining springs of different size and 

number of turns and were then gradually heated up until they 

either broke or attained a temperature of about 3000°K. In 

this way it was possible to determine a suitable tension for 
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the retaining spring, to observe any temperature gradients 

along the filament due to the end connections and finally to 

record the maximum heating current which the filament could 

carry and consequently the maximum temperature to which the 

filament could be raised. This last piece of information 

proved to be extremely useful for cleaning and aging the 

detector filament. Filament temperatures were obtained from 

a curve of filament current in mllliamps vs. filament 

temperature in °K for a 1-mil diameter tungsten wire which 

was calculated according to the method of Jones and Langmulr 

(1927). 

The preliminary filament experiments described above 

revealed a strong temperature gradient along the filament 

near the end connections. Consequently the detector filament 

was made sufficiently long, so that the central region which 

intercepted the beam was uniformly heated and the cooler ends 

were shielded from the beam particles, as is indicated in 

Figure 6. This eliminated the slow response time due to the 

beam striking cooler portions of the detector filament and 

restated in a very short time constant for measurements of 

the variation of the beam intensity. 

In order to decrease the noise level of the detector 

due to impurities in the tungsten filament, the filament was 

cleaned by baking it at about 2750°K and aging it there for 

one hour before lowering the temperature to a suitable 
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operating value. The detector filament was maintained at a 

temperature of about 1750°K (75 ma) for the detection of the 

cesium beam and about 1700°K (70 ma) for the potassium beams. 

According to Datz and Taylor (1956) the Ionization efficien

cy of cesium and potassium on tungsten at these temperatures 

should be around 100# and 83# respectively. Throughout the 

series of experiments, the collecting cylinder of the detec

tor was biased at -45 volts with respect to the detector 

filament. The background signal from well aged filaments 

was of the order of 1 x 10~14 amps, compared to peak beam 

signals of the order of 10""l° amps. 

As mentioned earlier, a pure tungsten filament is 

unable to efficiently detect particles whose ionization 

potential Is much higher than the work function of tungsten, 

which is 4.5 ev. In order to detect lithium, whose Ioniza

tion potential is 5.36 ev, it was necessary to raise the 

work function of the surface of the filament above 5.4 ev. 

This was accomplished by oxidizing the surface of the heated 

tungsten filament by exposing the filament to a continuous 

flow of oxygen gas. 

A stable surface oxide layer was attained by baking 

and aging the filament as described above, then lowering the 

temperature of the filament to an operating level of about 

l450°K (45 ma) and finally by continuously spraying the 

filament with a stream of oxygen such that the detector 
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chamber pressure was maintained at 1.2 x 10""7mm Hg. The 

oxygen stream was admitted Into the detector chamber by means 

of an oxygen gas handling system equipped with a variable 

slow-leak valve which permitted very fine control of the 

oxygen stream. 

The oxygenating of the tungsten filament was carried 

out under actual operating conditions using a Li7 beam. 

First, a Li7 beam was obtained using a pure tungsten filament 

and with no oxygen flowing into the detector region. Since 

the detection efficiency of Li7 on pure tungsten is of the 

order of 2$, the detector signal was very weak and of 

inadequate intensity for experimental use. The detector 

signal Increased to a maximum in a fairly linear manner as 

the detector chamber pressure (oxygen pressure) was raised 

from about 10"8ram Hg to about 1 x 10"7mm Hg. Further 

Increases in oxygen pressure did not increase the detector 

signal. In fact, for oxygen pressures in the range above 

3 x 10~7mm Hg, the detector signal decreased slowly with 

increasing pressure. Further, the detector signal was 

constant at constant oxygen pressure. 

These observations were interpreted in the following 

way: in the low pressure region, the filament was partially 

oxidized, with complete oxidation being achieved at a pres

sure of 1 x l(T7mm Hg. In the high pressure region (above 

3 x lCf7), the decrease in detector signal was caused by 
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attenuation of the Li7 beam by the oxygen gas in the detec

tor chamber. Therefore, an oxygen pressure of 1.2 x 10""7 

mm Hg was chosen on the basis that it produced complete 

oxidation of the filament and did not produce significant 

attenuation of the beam. According to Datz and Taylor 

(1956), the ionization efficiency for all the alkali metals 

on oxygenated tungsten should be close to 100̂ . With the 

operating conditions chosen, the background level was always 

less than Vfc of the maximum beam intensity. 

C. PRODUCTION AND DETECTION OP THE BEAM 

After the pressures throughout the vacuum envelope 

had dropped to values suitable for operation and the detec

tor filament properly aged, the power to the oven heaters 

was turned on and the oven was slowly heated up in several 

successive steps. The first step raised the oven to a 

temperature slightly higher than the melting point of the 

specific material in the oven. These temperatures amounted 

to about 35°C for Cs, 65°C for K and 200°C for Li7. The 

oven was maintained at this temperature for about twelve 

hours. The second step raised the temperature of the oven 

to a point approximately one half of the final operating 

temperature, which amounted to about 100°C for Cs, 125°C for 

K and 250°C for Li7. The oven remained at this temperature 

for twenty-four hours, during which time the material was 
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thoroughly outgassed. This helped to avoid premature clog

ging of the oven slit. Finally, the oven temperature was 

raised to such an appropriate operating level, that the 

vapor pressure of the material in use amounted to about 

2 x lcf"ran Hg inside the oven. This corresponded to an oven 

temperature of l65°C for Cs, 225°C for K and 550°C for Li7. 

Oven tenqaeratures were measured by means of two 

type K chromel-alumel thermocouples located in the front and 

rear sections of the oven block using a Minneapolis-

Honeywell Model No. 2703 potentiometer. The temperatures 

were obtained from conversion tables which were corrected 

for a reference junction at room temperature. Oven tempera

tures typically remained constant to within .25°C for the 

duration of several attenuation measurements. 

Once the final operating temperature of the oven had 

become stabilized, a search was made for the beam. This was 

accomplished by sweeping the source oven, detector and 

collimator slit back and forth across the beam axis until 

the three elements fell into partial alignment and the beam 

was detected. The alignment was further improved by rotating 

and translating each of the three above-mentioned components 

one at a time until the maximum beam intensity was observed. 

Then the three slits were rotated about the beam axis 

together to maximize the beam intensity again and produce 

alignment of the beam with the gravitational field. This 
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procedure usually produced beamB whose width was very close 

(within 5$) to the theoretical minimum width possible for the 

given oven and collimator slit widths. The scattering cham

ber was then positioned symmetrically across the center of 

the narrowest beam. 

Upon completion of the above procedures, the appara

tus was considered to be ready to take data. 

II. PROCEDURES FOR TAKING DATA 

A. MEASUREMENT OF BEAM SHAPE AND HALF-WIOTH 

After the beam was found and peaked-in by the 

procedure described above, an accurate measurement of the 

beam Bhape and half-width was carried out. This was per

formed by sweeping the source oven from a position far to 

one side of the peak intensity through the peak to an equal 

distance beyond the peak in steps of .002 inches in the case 

of narrow beams to .005 inches for the case of the wider 

beams, and recording the intensity as a function of oven 

position at each step. When the detector was placed at a 

position on the steep side of the beam profile, the beam 

intensity was stable to a degree that corresponded to a 

fluctuation of the positions of all elements of about .00002 

inches. The reproducibility attained in removing and replac

ing the detector at this same position was within .0001 

inches. 
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A discussion of the dependence of the beam shape and 

width upon the geometry of the apparatus is given In RamBey 

(1956). Geometrically, a trapezoidal-shaped beam is pre

dicted. However, with a detector of finite width the sharp 

edges of the trapezoid are rounded off and the beam assumes 

the shape of a rounded trapezoid. The total width of the 

beam at one half the peak intensity is generally referred to 

simply as the half-width of the beam. 

The half-width of an ideal geometrical beam depends 

upon the widths of the oven and collimator slits and the 

distances between the source slit, collimator slit and 

detector. The half-width may be varied by changing the 

width of the oven slit while keeping the remainder of the 

apparatus fixed. Instead of actually varying the oven slit 

width, one may broaden the beam by simply rotating the oven 

slit with respect to the fixed collimator slit and detector. 

In this manner, the width of the beam could be varied with

out the necessity of replacing the oven slits. 

In Section III of Chapter 2 a discussion was given 

concerning the Kusch 50$ criterion for resolution. It was 

shown there that the angle of resolution $50̂  was directly 

proportional to the half-width of the beam. The present set 

of experiments was undertaken to investigate the behavior of 

the measured total scattering cross section with respect to 

the angle of resolution of the apparatus. This was 
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accomplished by varying the angular resolution in the manner 

indicated above. The resolution waB varied from 10.08 to 

62.00 seconds of arc corresponding to variation of the beam 

half-width from 1.92 to 12.5 milB. Wider beams were pro

duced by further misalignment of the oven slit, but were not 

of usable intensity. The beam profiles of three typical 

potassium beams taken in this way are shown in Figure 7* 

It is evident from these curves that the symmetry of a beam 

is not lost in this method of varying the beam width by 

tilting the oven slit with respect to the fixed collimator 

slit. In the figure the scale of intensity for the 

narrowest beam is higher than that for the two wider beams 

by a factor of three. The actual peak current of the 

narrowest beam shown amounted to 2.9 x 10"1X amps. 

B. BEAM ATTENUATION MEASUREMENTS 

After the beam shape and half-width were measured, 

the scattering gas handling system was prepared for admitting 

one of the noble gases Into the scattering chamber. Beam 

attenuation measurements were then performed in the follow

ing manner: First the background Intensity due to detector 

noise was measured while the beam waB valved off. Then the 

beam was valved on and the maximum vacuum peak beam Intensity 

I0 was measured and recorded on a linear recorder. The beam 

was then attenuated by admitting a quantity of scattering 
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gas Into the scattering chamber from the gas handling system. 

After the pressure of the scattering gas reached an equilib

rium state, the pressure was measured with a Veeco RO-75K 

ionization gauge and was entered on the data recording 

sheet along side of the corresponding attenuated intensity X. 

A series of such attenuation measurements was carried out 

until the beam intensity dropped to about 20# of the vacuum 

beam Intensity or until the pressure of the scattering gas 

rose too high to be read on a single scale of the ionization 

gauge panel meter. In either case, usually from eight to 

ten attenuation measurements were taken for each run. 

The temperatures of the source oven and the scat

tering chamber were measured and recorded before and after 

each attenuation run. For each beam width, three or four 

series of attenuation runs were taken. At the conclusion of 

each series of attenuation runs the background intensity was 

again measured and recorded. 
( 

From plots of in'I vs. ionization gauge pressure, a 

nearly linear curve was obtained, whose slope was propor

tional to the measured scattering cross section. Typical 

attenuation data are shown in Figure 13 in the next chapter. 

The procedure for analyzing the data obtained in this manner 

Is also discussed in the next chapter. 
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As will be shown in the next chapter, the determina

tion of the true total cross section from measured partial 

cross sections and the determination of the effect of 

multiple scattering both depend on measurements of the 

scattered beam intensity in the "tail" of the beam. It is 

important to have information about both the variation of 

the scattered intensity with detector position for fixed 

beam attenuation and the variation of scattered intensity 

with beam attenuation for fixed detector position. The 

procedures used to obtain the first type of information will 

be discussed In this sub-section and the procedures used to 

obtain the second type of information will be discussed in 

the next sub-section. 

There is no way In which the scattered intensity can 

be directly measured in the main beam peak, 3ince there is 

no feasible method of separating it from the high beam 

intensity. However, the distribution of the scattered 

Intensity could be determined across a wide region of the 

detector plane. This was accomplished as follows: With a 

2-mil wide beam, a vacuum beam sweep was performed by sweep

ing the detector from a position 33 mils to one side of the 

beam peak to a position 3 mils from the beam peak in small 

Intervals and measuring the distribution of the vacuum beam 

intensity. A typical vacuum beam sweep of this type is 
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represented by the curve with circles in Figure 8. In 

addition, the main vacuum beam peak was also swept. Next an 

attenuated beam sweep with some specific pressure of gas in 

the scattering chamber was taken over the same region and is 

represented by the curve with diamonds in Figure 8. In 

addition, the main attenuated beam peak was also swept. 

Since the effect of the scattered Intensity on the 

main beam peaks was small, the ratio of the attenuated peak 

beam intensity to the vacuum peak beam intensity was used to 

mathematically attenuate the vacuum beam tail and produce 

the curve with squares shown in Figure 8. The deviation of 

the curve with diamonds from the curve with squares is due to 

the scattered intensity. So the distribution of scattered 

intensity was obtained by subtracting (point for point) the 

mathematically attenuated curve from the experimentally 

measured attenuated beam sweep. This distribution is shown 

by the X*s in Figure 8, and is seen to be almost constant over 

the entire measured region of the detector plane. A similar 

set of measurements on the other side of the beam peak 

verified the symmetry of the distribution. 

It should be mentioned that the vertical scale in 

Figure 8 is in units of 10~14 amps. It should also be 

mentioned that the "bumps" appearing (at about 13 mils) on 

the beam sweeps shown in Figure 8 occur at the correct posi

tion to have come from build-up of beam material on the front 
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side of the oven slits; this is assumed to be the origin of 

the bumps. 

D. MEASUREMENT OF PRESSURE VARIATION OP 

THE SCATTERED INTENSITY 

Immediately after completing the determination of 

the space distribution of the scattered intensity* the vari

ation of the beam intensity in the tail of the beam with 

pressure for fixed detector position was determined. Data 

was taken at two fixed detector positions; in the particu

lar case of Figure 8, the two positions were 33 mils from 

the beam peak and 8 mils from the beam peak. At each of 

these positions, the total intensity was measured as a func

tion of the scattering gas pressure. Typical data taken at 

the 33 mil detector position is given by the top curve with 

circles in Figure 9* Even though the intensity measured at 

p « 0 at this detector position was quite small, this inten

sity was mathematically exponentially attenuated as a func

tion of pressure and subtracted from the total measured 

intensity to obtain the actual scattered intensity Is(p) as 

a function of the pressure of the scattering gas. The curve 

of I_(p) vs. p is shown in Figure 9 by the curve with 

squares. 

The analysis of the total Intensity curves taken at 

the 8 mil detector position was similar and produced similar 
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Figure 9. Typical Scattered Intensity 

Measurements and Analysis 
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results. Of course, the mathematically attenuated initial 

intensity to be subtracted was considerably larger. 

The remaining three curves shown in Figure 9 have to 

do with the analysis of multiple scattering and are dis

cussed in the next chapter, where it is shown that the I_(p) 

vs. p curve can be accounted for by multiple scattering. 

The vertical scale in Figure 9 is also in units of 10~14 

amps. 

Ill. CALIBRATION OF THE IONIZATION GAUGE 

According to the simple attenuation equation 

I » I0 exp(fQeff) * measured scattering cross sec

tion is inversely proportional to the density of scattering 

particles which in turn is proportional to the pressure of 

the scattering gas. Consequently great care was exercised 

in the determination of accurate values of the absolute 

pressure. Throughout the present series of experiments, 

scattering gas pressures were measured with a Veeco RG-75K 

ionization gauge set at various emission currents. However, 

since ionization gauges do not measure absolute pressures, 

it was necessary to calibrate the ionization gauge for each 

gas against a standard calibrating McLeod gauge, which does 

measure absolute pressures of all non-condenslble gases. 

In the present case, a Dresser Vacuum Model DM0-103 cali

brating McLeod gauge with a gauge constant of 2.52 x 10~8 

mm Hg/oma was employed. 
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A McLeod gauge is essentially a sensitive barometric 

type of pressure gauge. A known large volume of gas at 

unknown low pressure is compressed into a small volume where 

both the pressure and the volume can be measured. Then the 

unknown low pressure is calculated using the ideal gaB law. 

This is accomplished by admitting the gas at unknown low 

pressure to a large bulb of known volume topped by a 

capillary with a closed end. Mercury, from a reservoir 

below the large bulb, is caused to rise, fill the large bulb 

and compress the gas into the capillary. Mercury also rises 

in the barometric arm, which is a similar capillary with an 

open end in high vacuum. The volume of the compressed gas 

is determined by multiplying the cross-sectional area of the 

closed capillary by the distance from the mercury level in 

it to the closed end. The pressure of the compressed gas is 

given directly in mm Hg by a measurement of the difference 

in height (in mm) of the mercury levels in the closed and 

open capillaries. Due to the fact that mercury is used as 

the compression fluid, it is necessary to place a cold trap 

between the McLeod gauge and the system whose pressure is to 

be measured, in order to prevent the contamination of the 

system by mercury. 

The McLeod gauge was connected to the ionization 

gauge through a symmetrical Dresser Vacuum twin dewar cold 

trap which was cooled with liquid nitrogen for measurements 
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on all of the gases except xenon* where an equilibrium 

mixture of frozen ethyl alcohol in ethyl alcohol served as 

the refrigerant. Measurements on krypton were performed 

using both coolants. The McLeod gauge was enclosed in a 

shield containing a viewing window and an air-circulating 

system which maintained the entire gauge at a uniform temper

ature. The gauge and all of its connecting tubes were 

wrapped with electrical heating tapes with which the gauge 

was baked at 250°C prior to each day's calibration measure

ments. 

The McLeod gauge is an instrument that bears 

inherent errors which must be either eliminated or corrected 

for in order to obtain reliable measurements. Notable among 

these errors [see Carr (1964)] aret (1) Errors arising from 

deviations from the perfect gas law due to condensible gases 

and absorption on the walls of the gauge; (2) An error due 

to the different capillary depressions in the two capil

laries j (3) An error in the McLeod gauge reading which arises 

When a cold trap is inserted between the McLeod gauge and 

the gauge being calibrated. This error is due to gas 

molecules being swept back by a mercury vapor stream flowing 

from the McLeod to the cold trap, which results in a lower 

gas pressure in the McLeod gauge than in the gauge being 

calibrated. 



The present experiment required calibration of the 

Ionization gauge for the five noble gases: "He, Ne, A, KS? 

and Xe. All of these gases are permanent# non-condenslble 

gases at room temperature and no error entered from the 

condenslblllty of the test gases In the MoLeod gauge. The 

MoLeod gauge was baked at 250°C for one hour under a high 

vacuum prior to use In order to drive out any residual 

condenslble gases such as water vapor. Finally, since the 

sorption constants for the noble gases are very small, no 

appreciable error due to adsorption and desorptlon entered 

for these cases. Consequently, all sources of error of the 

first type mentioned above were either non-existent or were 

eliminated. 

Capillary depression of mercury in a small tube is 

caused by the surface force between the walls of the tube 

and the mercury. Capillary depression Increases as the 

Inside diameter of a tube decreases. Since there are two 

different capillaries involved in a McLeod gauge, an error 

due to the difference in capillary depressions of the two 

capillaries was assumed in the present calibration. However, 

this error was avoided as described below. 

Prom Boyle'B law, the pressure P (in mm Hg) of a gas 

in a gauge of volume V before compression is given by the 

quantity 

FV - (oH)Ah (24) 
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after compression into a capillary of cross section a, where 

H is the distance from the top of the closed capillary to 

the mercury level in the closed capillary (in cm) and Ah is 

the difference between the mercury level in the open capil

lary and the mercury level in the closed capillary and is 

equal to the final pressure measured in mm Hg. Equation (24) 

may be altered to read 

P » (or/V)H Ah » K H Ah , (25) 

where K *» ct/V is the "gauge constant" of the McLeod gauge 

and is furnished by the manufacturer. In the present case 

K - 2.52 x 10~8mm Hg/cm". 

If the capillary depression for the two capillaries 

are different, as has already been assumed, then a term Ahd 

equal to the difference between the two capillary depressions 

must be added to Equation (25)• The pressure then becomes 

P « K(Ah + Ahd)H . (26) 

The error due to the different capillary depressions 

was eliminated in the present calibrations by using a 

variable compression technique. The variable compression 

method was used as follows: For a given Initial pressure P, 

the mercury level was raised to successively higher levels 

in the capillaries and a series of measurements of H and Ah 

were made using a cathetoraeter whose readings were 
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reproducible to 0.1 mm. Equation (26) can be arranged In 

the following form: 

Ah - (P/fc)(lAL) - Ahd . (27) 

A plot of Ah vs. 1M was made for each series of measure

ments and a linear curve was obtained. The slope of this 

line yielded P/fc and thus the Initial pressure to be deter

mined. Incidently, the intercept furnished a value for the 

difference between the capillary depressions, but was of no 

Interest in the present case. 

The third source of error mentioned above, which 

arises from the presence of a oold trap In the line between 

the McLeod gauge ahd the Ionization gauge, has recently been 

treated in great detail by several authors [see, e.g., de 

Vries and Rol (1965), Ishll and Nakayama (1961) and Melnke 

and Reich (1963)]. The error arises from the fact that the 

pressure measured in the McLeod is too low, due to gas 

molecules being swept back in a mercury vapor stream from 

the McLeod gauge to the cold trap. The phenomenon, original 

ly treated by Gaede (1915) had been overlooked until Ishli 

and Nakayama (1961) seriously studied its consequences. As 

a result of this, the phenomenon has been referred to in the 

recent literature as the "Ishil-Nakayama" effect. 

The correction for the error due to the Ishii-

Nakayama effect is derived by assuming a steady state 
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situation In which the amount of gas "being swept back to the 

cold trap by the mercury vapor stream Is equal to the gas 

diffusing through the mercury Into the McLeod gauge. De 

VTles and Rol (1965) have shown that the following formula 

gives the relation between the real pressure In the external 

system and the McLeod gauge reading: 

in * 
real 

HoLeod 

.905 r l'/» PH 
I Bx.ll afcm.Tj (28) 

where r « radius of the tube between McLeod and cold trap, 

Dxa (l atm,To) m diffusion constant for the gas In 

mercury at one atmosphere, 

T - temperature of the HoLeod gauge, 

T0 » reference temperature for wlilch Bls Is known, 

« vapor pressure of Hg (in ran Hg) at temperature T 

In the case of the present calibration, reff .621 

cm, T0 » 300° K, so that Equation (28) reduces to 

in y « In real 2920 P. 

McLeod ru la (1 aim, 3WKI • (29) 

Values of the diffusion constant appearing In 

Equation (29) were calculated from the formula [Hirschfelder 

Curtlss and Bird (1964) p. 539] 
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0.0026281V (Mx + Ma)/2MXM81^ 
DXg • ' • •' •• • • 1 »•; '• •! u;  •  • •  . i . . . .  .  . i  i .  f (29-a) 

p als nli 

where Dx a » diffusion constant In cm3/sec, 

p - pressure in atmospheres, 

T « temperature In °K, 

T* - kT/eX8, 

 ̂̂  fOV calculating the transport 

coefficients, 

Mx ® molecular weight of the scattering gas, 

Mb - molecular weight of mercury, 

CT13 - collision radius between the gas and Hg atoms, 

eX9 - potential energy parameter characteristic of 

a 1 - 2 Interaction. 

In the evaluation of the diffusion constants, the 

collision radii and potential parameters were taken to be 

crx + cra 
CTia • g 

and 

®i a 13 \ ei ea )- » 

where crx, cr3, ex and ea are the atomic radii and potential 

energy parameters for the scattering gas of type 1 and the 

type 2 (mercury) particles respectively. All values of ox 

and ex were obtained by averaging all of the experimentally 
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acquired values of these quantities as tabulated In Table 

I-A, p. 1110, of Hirschfelder, Curt las and Bird (196*0, a*"1 

values of were obtained from Table I-M, p. 1126, of 

the same reference. 

The results of the calculations of 

in(Preal/PMoLeod) and Y - Ppeal̂ McLeod ̂  tabulated In 

Table 1. 

It may be mentioned here, that the correction for 

this error depends upon the conductance of the system of 

tubes between the cold trap and the location of the mercury 

level In the McLeod gauge when the system is allowecl to come 

Into equilibrium prior to compression of the gas. ftEeinke 

and Reich (1963) have shown that different results sire ob

tained If In one case the mercury level Is low in the 

mercury-reservoir-rise tube and in the other case if the 

mercury level is located Just below the trapping point. 
This variance is caused by the fact that the conductance of 

the rise tube is very small compared to the Conductance of 

the rest of the system. Consequently, the full Ishii-

Nakayama effect is not in force when the mercury level is 

down. As a result of this, In the present calibrations the 

mercury level was raised to a point 0.5 cm below the trap

ping point before the system was allowed to come into 

equilibrium. The system was given a ten minute interval to 
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Table X. 

McLeod Gauge Corrections for the 

Ishil-Nakayama Effect 

Gas 
T PHg (1 atm, 

300° K) 
ttJrekl 

Y •» 
p 
real Gas 

(°K) (mm Hg) 
(1 atm, 
300° K) McLeod p  • * 1  • "  

rMCL66d 

He 304 30.5xl0~4 .7297 .0394 1.040 

Ne 304 30.5xl0"4 .2578 .1116 1.117 

A 304 30.5x10"* .1168 .2463 1.279 

Kr 304 30.5x10"* .0757 .3801 1.464 

Xe 304 30.5xl0~4 .0533 .5398 1.716 



74 

reach equilibrium before the mercury level was raised above 

the trapping point. 

A single pressure determination was made by taking a 

series of eight readings according to the variable compres

sion technique. Each set of eight points was submitted to 

a computorizec: least squares fit in order to determine the 

best slope from the data. The ionization gauge was cali

brated for each gas by measuring five different pressures. 

A typical family of such curves showing both the data points 

and the compû or-calculated least squares fit is presented 

in Figure 10. 

The slope of each line of a family yielded one 

McLeod gauge pressure reading. The set of five such points 

i obtained in this manner were then plotted against the cor-. 

>1; responding ionization gauge readings. The plot of points 

for the typical gas discussed above is illustrated in 

Figure 11, where the solid curve is again one which was 

a computor-calculated least squares fit. The 

the points are the standard deviations of the 

curves shown in Figure 10. 

All five of the scattering gases were calibrated in 

the manner outlined above, a few of them at several different 

values of the ionization gauge emission current. A summary 

of all the calibration results is presented in Table 2. 

obtained from 

error bars on 

slopes of the 



Figure 10. Typical Variable Compression Curves 
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Table 2. 

Ionization Gauge Calibration Results 

PMcLeod <* Warn Hg) - A PIon 0auge (x lCT'inm Hg) + B 

Gas 
Ion Gauge 
Emission 
Current 

A ± AA B ± AB 

He 1.2 ma 5.073 ± 0.160 -0.692 ± 0.279 

He 2.6 ma 4.753 * 0.081 -0.444 ± 0.072 

Ne 1.6 ma 2.396 ± 0.086 0.033 ± 0.130 

Ne 6.0 ma 2.869 ± 0.058 -0.157 ± 0.221 

A 4.0 ma 0.567 ± 0.010 0.099 ± 0.056 

Kr 4.0 ma 0.324 ± 0.005 0.084 db 0.031 

Xe 4.0 ma 0.223 ± 0.010 0.153 ± 0.061 

' 



According to the Ishll-Nakayama effect discussed 

above, the McLeod gauge reading PflcLeod is too low and a 

correction must be made on the calibration curves in order 

to give curves of Preal vs. PiQn gauge« Table 1 lists the 

results of the calculation for the five scattering gases. 

The calibration curves can be altered directly, since one 

sees that 

preal " yPMcLeod " vAPion gauge + yB ' 

where B is the intercept of curves of the type shown in 

Figure 11, although this is not really necessary for the 

final calculations. 

The explicit way in which the results of the cali

bration tests were used to correct the data obtained from 

the attenuation measurements Is indicated In the following 

chapter. It may be pointed out here, however, that the 

foregoing calibration tests calibrated the ionization gauge 

for pressures due to a variety of gases present in the 

Ionization gauge, not exclusively for the particular scat

tering gas of interest. 

A complete estimate of the total error in the 

Ishii-Nakayama correction factor y and in the calibration 

measurements is given in Chapter 6. 



CHAPTER 5 

INTERPRETATION AND ANALYSIS OF DATA 

In preparation for an analysis of the data taken by 

methods discussed in the last chapter, this chapter begins 

with a discussion of the semi-empirical theory of resolution 

and an analysis of the effect of multiple scattering on the 

measured attenuation curves* The validity of the Berkling 

approximation is also discussed. Then the actual analysis 

of the raw data is described and the true total cross sec

tions are obtained using the theory developed in the first 

part of this chapter. The method of calculating van der 

Waals constants from the measured cross sections is reviewed, 

but the calculated van der Waals constants are tabulated in 

Chapter 7. 

I. SEMI-EMPIRICAL THEORY OF RESOLUTION 

In 1964, Helbing and Pauly published the results of 

a beautiful series of experiments dealing with the measure

ment of the distribution of the scattered intensity in 

several molecular beam experiments. In the accompanying 

theoretical treatment, the van der Waals potential was 

assumed to be valid, and the form of the predicted scattered 

intensity In the lab system for light beam and heavy 

79 
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scattering gases was obtained. The theoretical treatment 

Included the effect of the height of the beam and the height 

of the detector and predicted the variation of the scattered 

intensity read by the detector as the detector was trans

lated perpendicular to the beam direction. The experimental 

results had the same form as the theoretical prediction. 

Van der Waals constants were determined to within ± 62.5# by 

requiring agreement between the two. 

Prom the point of view of this investigation, the 

significant result of these experiments was the fact that in 

all cases, the scattered intensity (as read by the detector) 

had a peak with a very broad flat top in the region near the 

beam, and the theoretical treatment predicted that the 

scattered Intensity in the main beam was merely a continua

tion of this flat top, even though the scattered Intensity 

could not be measured in the main beam. The measurements of 

tKe scattered intensity (from the beam "tail" sweeps) 

discussed in the last chapter, verified the fact that the 

scattered Intensity near the main beam was essentially 

constant in all cases over the entire region measured in 

this investigation. This fact is of primary importance in 

the developments to follow. 

Helblng and Pauly also determined the variation of 

partial crosB sections with resolution (according to the old 

definition) by noting the contribution of the scattered 

intensity to the detector signal for Imaginary detectors of 
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various widths (for detectors wider than the beam). This 

additional information is of little use In connection with 

tils Investigation* First, their method is not applicable 

to the determination of van der Waals constants for heavy 

beam and light scattering gases; second, no comparison can 

be made between the present resolution study and their 

resolution study since they used the old definition of 

resolution and since the usual molecular scattering experi

ments (this investigation) use beams which are wider than 

the detector. Further* there Is little overlap of the 

particular experiments performed in the two investigations 

(they have in common only K-He, K-A, Cs-He and Cs-A). 

Finally, they neglected the effect of multiple scattering. 

A. EFFECT OF MPIfflPLE SCATTERING 

In this subsection, the effect of multiple scatter

ing on the shape of the attenuation curve will be examined. 

It was mentioned in Chapter 1 that the measured attenuated 

intensities do not give the quantity l(nlto) which appears in 

the simple attenuation equation, l(nko) S3 

The quantity l(nko) represents the unscattered beam Intensity 

and the measured attenuated intensities include contributions 

from singly and multiply scattered particles. One should, 

Instead, write the attenuation equation in the form: 
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I(p) - I'(p) - Is(p) - Io exP("nkoLeffQeff^ 

» I0 exp(-kp) (31) 

where the number density* n̂ , in the scattering chamber has 

been converted to pressure, p, in the scattering chamber. 

The quantity l(p) represents the contribution of the unscat-

tered intensity to the total detector signal, I*(p), and 

Ia(p) represents the contribution of the scattered intensity 
to the total detector signal. The form of this equation is 

valid whether the detector is placed in or near the beam. 

Now suppose the detector is placed at a fixed posi

tion near the beam such that the perpendicular distance from 

the detector to the center of the beam subtends an angle 0 

at the center of the scattering chamber. Let the contribu

tions to the total detector signal, I'(p), with the detector 

in this position and with a pressure p in the scattering 

chamber be: 

l(p) - Intensity due to unscattered particles, 

Igl̂ (p) • Intensity due to particles scattered one time, 

l(®)(p) a Intensity due to particles scattered two times, 
s 

• • • • 

Î n̂ (p) e= Intensity due to particles scattered n times. 
s 

Assuming the Berkling approximation holds, the 

decrease In the intensity of the unscattered beam caused by 

an increase dp of the pressure of the scattering gas is 
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proportional to both I(p) and dp and can be written as 

where k represents the constant of proportionality. In an 

analogous manner, the decrease in the intensity of the first 

scattered beam can be expressed by the relation 

where the term akl(p)dp is added to account for the inten

sity that is made available for first scattering by an 

amount which is proportional to the diminution of the unscat-

tered intensity according to Equation (32). The proportion

ality factor a represents the fraction of dl(p) that is 

scattered toward the detector at position 0. The factor a 

will depend on the distribution of scattered Intensity and 

therefore on the angle 0. But for fixed detector position, 

a is a constant. Following a similar line of reasoning, one 

can write for higher orders of scattering, 

dl(p) - -kl(p)dp , (32) 

dl̂ Cp) - -kl̂ p̂jdp + okl(p)dp , (33) 

dl̂ (p) » -kl£*'(p)dp + Pkl̂ 'hp)ap (31) 

dl£n)(p) - -kl<")(p)dp + )(p)d|> . (35) 
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The differential equations (32), (33)* (3*0 and (35) 

have the solutions: 

I(p) - I0 exp(-kp) , 

I<l)(p) « 0QcpIo exp(-kp) , 

.*(•)/ \ aPkaPQI0 , , \ 
I* ;(p) « g exp(-kp) , 

• • • • 

(̂n) / \ • «T VPjPlo / t \ t nr\\ 
I* '(p) - in exp(-kp) . (39) 

The total measured Intensity Is the sum of all such 

terms and can be written as 

I'(p) - I(P) + Î (P) + 4#\p) + . . . + Î n\p) + . . 

® X0 exp(-kp) £l + okp + P + . . . 

+ 
aP' ̂ + . . .] (40) 

where, of course, the factors o, P . . . depend on the 

detector position, but all are constants for fixed detector 

position. The scattered intensity IQ(p), according to D 

Equation (31)< then becomes 

(36) 

(37) 

(38) 
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I8(p) - I<1)(P) + 4'^P) + . . . + 4n)(p) + . . . 

m rA + Bp + Cp" + . . . +jp exp(-kp) , (41) 

where A - akl0, B - a0k"lo/2, etc. 

Several comments may be appropriate here concerning 

the form of the final attenuation equation as given in 

Equation (40). If the contributions due to scattering are 

disregarded," Equation (40) reduces to the simple attenuation 

equation as before. The inclusion of the effects due to 

multiple scattering, however, causes a plot of in I'(p) vs. 

p to deviate from a linear plot at higher pressures, in the 

direction normally observed experimentally. As will be seen, 

retention of only the first order term still indicates a 

linear variation, since a is a very small quantity. There

fore, at low pressures, the curve should remain nearly 

linear, and emphasis should be put on experimental points 

corresponding to small attenuations in any data analysis. 

The experimental procedure that was used to measure 

the actual scattered intensity I„(p) was described in detail 

In Section II-D of the last chapter. A typical plot of 

I (p) vs. p taken during the K-Kr experiments is shown in 
D 

Figure 9 by the curve through the set of points enclosed in 

triangles. 
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In order to analyze the experimentally measured 

curves of Ia(p), terms through third order scattering In s 

Equation (4l) were considered and a three-parameter fit of 

the equation 

I,(p) - [A + Bp + CP»] p exp(-kp) (42) 

to the experimentally measured points was carried out, using 

three corresponding pairs of p and I_(p). The particular 

choice of values used In the example shown In Figure 9 is 

Indicated by the three small arrows. The set of three equa

tions thus obtained were solved simultaneously for the 

parameters A, B and C. The attenuation constant k that 

appears in the exponent was obtained from the slope of the 

K-Kr attenuation curves taken at the highest resolution. 

The equation for I (p) containing these determined parameters D 

was then plotted against the pressure and the points for 

this curve are shown In Figure 9 by the set of points 

enclosed in squares, which agree remarkably well with the 

measured points. 

The individual contributions to I_(p) due to first, s 

second and third order scattered intensities are also shown 

In Figure 9. It can be seen from these curves that in the 

low pressure region, the primary contribution to I„(p) comes 

from first order scattering. It was this fact that deter

mined how far each attenuation run was to be carried In 



87 

every attenuation measurement made during the course of this 

experiment, since, as will he shown, it is relatively simple 

to correct for first order scattering. 

The parameters A, B and C determined in the manner 

discussed above represent the scattering coefficients for 

higher order scattering and can be seen to decrease quite 

rapidly with increasing order. Since all of the attenuation 

measurements were taken in the low pressure region, up to 

pressures corresponding to about 50# attenuation of the beam, 

attention was focused on the first order scattering coeffi

cient A. It is seen from Equations (40) and (4l) that A ® 

akl0 and hence a determination of A yields a method for 

calculating the proportionality constant a, which will 

become of major importance later on. 

Although the first order scattering is of principal 

importance in determining the variation of the unscattered 

intensity with pressure for low beam attenuations, it is of 

great importance to examine the effect of the scattered 

intensity on the shape of the attenuation curves for higher 

beam attenuations. Most, If not all, of the previous 

Investigators in this field have used beam attenuation data 

with beam attenuations of factors of five to ten. 

The effect of the scattered intensity on the shape 

of the attenuation curve Is shown in Figure 12, again using 

K-Kr as the typical example. The bottom curve represents 



Figure 12. Effect of Multiple Scattering 
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the "true" attenuation curve, that 1b, the variation of 

unscattered Intensity with pressure. This Is a straight 

line on semi-log paper. Its slope was obtained from the 

curve for K-Kr (given In the next section) for the variation 

of slope with The actual slope value used was 

k * .226 which corresponds to « 0, or perfect resolu

tion. The top curve was obtained by adding the total 

scattered Intensity (given In Figure 9) to the bottom curve, 

and should represent the variation of the total attenuated 

intensity with pressure. The circled points are actual data 

from a typical K-Kr attenuation run. 

As can be seen, there Is good agreement between the 

calculated top curve and the experimental points for 

attenuations of a factor of two or less. It should be 

pointed out that the top curve is not a straight line on 

semi-log paper, but the lower half curves gently upward as 

the pressure Increases. For attenuations of greater than a 

factor of about three, the agreement between the top curve 

and the data points is not good and is outside the experi

mental error In the points. This fact leads to the conclu

sion that the upward curvature of the experimental attenua

tion curves for high attenuations cannot be completely 

accounted for by multiple scattering (as has been the usual 

claim). However, the deviation of the measured attenuation 

curve from the "true" attenuation curve for attenuations of 
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a factor of two or less can be completely accounted for by 

multiple scattering. Further discussion of the discrepancy 

at high attenuations will be taken up with the discussion of 

the range of validity of the Berkling approximation. 

B. THE VALIDITY OF THE BERKLING APPROXIMATION 

In the previous section on the analysis of the 

effect of multiple scattering, the Berkling approximation 

was assumed to be valid. That is, it was assumed that the 

unscattered beam intensity vs. pressure curve was a simple 

exponential. The good agreement between the experimental 

points and the calculated total attenuation curve in 
/• 

Figure 12 for attenuations of a factor of two or less 

provides experimental evidence for the validity of the 

Berkling approximation in this region. However, due to the 

poor agreement between the calculated total attenuation 

curve and the experimental points in Figure 12 for attenua

tions of greater than a factor of about three, the least 

that can be said is that there is no experimental evidence 

for the validity of the Berkling approximation in this 

region. So the conclusion is that the Berkling approxima

tion is experimentally valid only for attenuations of a 

factor of two or less. 

In addition, an attempt was made to numerically 

assess the validity of the Berkling approximation for 
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attenuations of a factor of two or less for two extreme non-

physical oases. These two cases were (l) the case of a very 

heavy slow beam gas and a very light fast scattering gas and 

(2) the case of a very fast light beam gas and a very heavy 

slow scattering gas. For these two limiting cases the author 

made a direct comparison between the results of the Berkling 

approximation and an "exact" computorlzed evaluation of the 

integral over the beam velocity distribution. 

Case (lV. For the case of heavy beam particles and 

light scattering gases, corresponding most closely to the 

Cs-He interaction, the relative velocity between the parti

cles is determined primarily by the average velocity of the 

scattering gas particles, which in the case of Cs-He was 

about four times as large as that of the beam. Consequently 

the scattering gas particles can hardly be considered as 

being at rest before the collision. 

In extreme cases, the probability that a beam parti

cle Is scattered is proportional to the time it spends in 

the scattering region, i.e., is inversely proportional to 

the beam velocity. If l(p,v)dv represents the unscattered 

beam intensity Striking the detector at a pressure p and 

with speeds between v and v + dv, then the decrease in this 

measured intensity resulting from an Increase dp of the 

scattering gas pressure can be written as 
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dl(p,v) - - 7 l(p,v)dp . (43) 

The solution of Equation (43) is 

I(Piv) - 1(0,v) e~*p/v . (44) 

But since the beam particles have a Maxwellian beam velocity 

distribution, one can write, 

1(0,v) = A va exp(-mv®/2kT) . (45) 

By substituting Equation (45) into (44) and integrating over 

all beam velocities, one obtains the result: 

I(p) Vs exp J -̂(mva/2kT + kp/v)^J dv 

If one lets y = v(m/2k3?)^, then the ratio of the attenuated 

beam intensity to the vacuum beam intensity becomes 

GO 

! y* expC-(y3 + a/5r)] dy 
I ( p )  0  

I 
f y® exp(-ys) dy 
o 

J 2ya exp[-(y2 + a/y)3 dy , (46) 

where a » kp(m/2ka?)^. 



93 

Equation (46) can be expressed In the manner 

I(p) - 1(0) , (4r) 

which corresponds to the exact form of the attenuation equa

tion for this limiting case. Now the Berkling approximation 

for this case becomes 

« .-&> - e- , 

— P 8 
z - J 2 (a/y) y* e"y dy , 

o 

z » ** ® • 885® • (48) 

The exact expression, Equation (46), was evaluated 

numerically as a function of a. A plot of I(p)A(0) vs. a 

on semirlog graph paper was found to be non-linear for 

values of a which corresponded to beam attenuations greater 

than The nearly linear portion of the plot, up to 50# 

attenuation, yielded a value for the slope of O.856, which 

is about 3.4# lower than the .885 result obtained from 

Equation (48) by using the Berkling approximation. 

Case (2): For the case of light beam particles and 

heavy scattering gases, corresponding most closely to the 

Li7-Xe interaction, the average velocity of the beam parti

cles is much greater than that of the scattering gas. In 

the case of Li7-Xe, for example, the Li7 beam had an average 
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velocity about nine times as large as that for Xe. As a 

result, in the limiting case the scattering gas particles 

can be considered to be at rest before the collision. 

In this case, the probability that a beam particle 

is scattered is proportional to the scattering cross section, 
#/ 

or inversely proportional to v 6. Then the ratio of the 

attenuated beam intensity to the vacuum beam intensity 

becomes 

which corresponds to the exact form of the attenuation 

equation for this limiting case. The Berkllng approximation 

for Case (2) becomes 

00 

« j 2y* exp£-(y® + P/y^8)] dy , (49)' 

where y « v(m/2kT)^ and P « kp(m/2KP)^. 

Equation (49) can be expressed in the manner 

I(p) =» 1(0) e"P/y /b » (50) 

z ss 0.931P • (51) 
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The Integral on the right side of Equation (49) was 

also evaluated numerically as a function of P. A plot of 

I(P)A(0) VS. P for this case was found to be linear. The 

slope had a value of 0.9263 which is only about lower 

than the 0,931 result obtained from Equation (51) by using 

the Berkling approximation. 

It is recognized that neither of the limiting cases 

considered above correspond exactly to any of the experi

mental situations. The purpose in considering these limit

ing cases was singly to "bracket" all the experimental 

situations. It is believed that all the experimental cases 

fall between these two limiting cases. 

Due to the fact that the evidence in the previous 

subsection indicates the validity of the Berkling approxima

tion for attenuations of a factor of two or less, and the 

fact that the numerical calculations of this subsection 

Indicate no extreme deviations from Berkling approximation 

for the two limiting cases for attenuations of a factor of 

two or le3S# the following statement is made. Por beam 

attenuations of a factor of two or less, the Berkling 

approximation will Introduce errors of no more than 1# in 

cross sections calculated from the experimental data. It is 

believed that the Cs-He case lies sufficiently far from the 

limiting case (l) to reduce the deviation of 3.^6 found 

there to 156. The 1# error assigned to the use of the 
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Berkllng approximation will be Introduced In the next 

chapter on error analysis as a 1# error In the Berkllng 

function 0ao(6,y). 

C. VARIATION OF THE CROSS SECTION WITH RESOLUTION 

Since the measured partial cross sections are 

proportional to the slopes of the attenuation curves (when 

plotted on semi-log paper), it is the variation of the 

slopes of the attenuation curves with apparatus resolution 

that will be discussed In this subsection, in the preceding 

two subsections, it was pointed out that the first order 

scattering is the principal contribution due to the scat

tered intensity for beam attenuations of a factor of two or 

less * It is also only the first order scattering that Is 

Included In the Kusch 50# criterion for resolution. 

Further, it should be recalled from the discussion of the 

Kusch definition in Chapter 2 that CP^q^ is almost directly 
proportional to the width of the beam. Therefore, the 

discussion in this subsection concerns the variation of the 

slope of the attenuation curve with beam width. 

It should also be mentioned that due to the method 

of varying the beam width (discussed in Chapter 4), the 

total number of particles entering the scattering chamber 

remained constant as the beam width was varied. This was 

experimentally verified by measurement of the areaB under 
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the vacuum beam profiles (Figure T)» and was found to be the 

case within 3#. 

This fact, coupled with the results of the eaq>eri-

ments of Helblng and Pauly, namely, that the scattered 

Intensity had a peak with a very broad flat top, had the 

following consequences. For beam widths small compared to 

the width of the flat top, and for detector positions near 

(compared to the width of the flat top) the beam center, the 

scattered intensity read by the detector was the same for 

all beam widths. This fact was experimentally verified by 

placing the detector at the 33 mil position (Figure 8), 

varying the beam width and noting that the measured scattered 

Intensity did not change. The statements made In this 

paragraph hold, of course, for constant scattering gas pres

sure. 

Now suppose the detector is placed in the center of 

the beam. If attention is focused only on the effect of / 

the first order scattered intensity, then at scattering gas 

pressure, p, the total intensity, Ij(p), measured by the 

detector is given, according to equation (40), by 

IJ(p) « I©8 exp(-kp) + akploa exp(-kp) (52) 

for a 2-mil wide beam and by 

I^(P) - Ion exp(-kp) + tffcPloa exp(-kp) (53) 
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for an n-mll wide beam. The second terms In Equations (52) 

and (53) represent the contribution of the first order 

scattered intensity in both equations and are the same -for 

reasons just discussed. The quantities Ioa and Ion are the 

measured peak vacuum beam intensities for the 2-mil and n-mil 

beam respectively. 

Referring to Equation (52), one can form the ratio 

for the values of akp « 1. The slope S8 of the attenuation 

curve for the 2-mil beam is given by 

A. similar treatment starting from Equation (53) yields the 

slope, Sn# of the attenuation curve for an n-mil beam: 

« (1 + akp) exp(-kp) , 

from which one obtains 

In [2|Le1 a £n(l + akp) -kp as -(l - a)kp , 
0 8 -J 

s8 - (1/p) in(I0,Aa(p)) - (l-a)k . (54) 

Sn - (1/p) MlonA^P)) « (l-aioaAon)k . (55) 

The ratio of Equation (55) to (5*0 then gives 

« [l - «(I0„A0n)](l+«) » 
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or 

°  ̂~ L1 " a^Ioa^on " • (56) 

Again, "because of the nature of the method of vary

ing the beam width, the total number of particles which 

contribute to the vacuum beam profile Is a constant and it 

is easy to show, using ideal trapezoidal-shaped beams, that 

I0aAon 0 where n is equal to the half-width of an 

n-mil beam. Consequently, Equation (56) reduces to 

^2 9 1 - . (57) 

Thus, by experimentally determining the proportion

ality factor a, in the manner described above in Section I-A 

of this chapter, one can predict the variation of the meas

ured slope of the total attenuation curves as a function of 

the beam width and hence of the resolution of the apparatus. 

Equation (57) can be rewritten as 

ctS 
Sn » (1 + a)Sa - —n , (58) 

thus revealing the linear dependence of the slope on the 

resolution of the apparatus. , 

It should be noted that the above procedure does 

not, by itself, allow the determination of "true" total 

cross sections, since only the slope of the partial cross 
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section vs. resolution curve is determined. However, by-

fitting a linear curve whose slope is determined by the 

above procedure to several experimentally measured partial 

cross sections, the true total cross section may be deter

mined. The above discussion shows that the variation of the 

partial cross section with resolution is linear for small 

angles of resolution and allows the extrapolation of the 

partial cross section curve to zero resolution, thus deter

mining the "true" total cross section. 

XI. AN ALTS IS OP EXPERIMENTAL DATA 

Beam attenuation measurements were performed with 

the fifteen conciliations of beams of Cs, K and Li' scattered 

by He, Ne, A, Kr and Xe, as was described in Section II-B of 

Chapter.4. Plots of attenuated beam Intensity I vs. ioniza

tion gauge reading, Pj q , for each attenuation run were 
made on semi-log graph paper. The points of three to four 

attenuation runs for each interaction were plotted on the 

same paper for each value of the resolution. Each set of 

points was found to define a linear curve up to pressures 

corresponding to an attenuation of about 50#* A typical 

series of four sets of data points taken for the Cs-He 

interaction at a resolution of 10.92 seconds of arc is Bhown 

in Figure 13. The deviation of the data points at higher 



Figure 13. Typical Attenuation Curve 

Cs-He Raw Data 
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Cs - HE RAW DATA 6 

5 

4 

ir 'n^g =.404 

3 

Run 78 E 

Run 78 F 

Run 78 G , 
Run 78 H 

2 

4 x I0*6x 10/2.6 2 3 
Ionization Gauge Reading (mm Hg) 
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pressures was attributed to higher orders of scattering and 

to the deficiencies of the Berkling approximation. 

the slope of each attenuation run, the data was submitted to 

a computerized weighted least squares fit in the form of 

in I vs. Pjq which included all of the points lying on the 

linear portion of the curves. The weight factor assigned to 

each data point was 

where Ay - 0,2/1, since the uncertainty in reading the 

intensity on the strip chart recorder was estimated as 0.2 

divisions, Ax « 0.04 « the uncertainty in reading the ioniza

tion gauge panel meter and "aM was the slope of the plot of 

the raw data, such as is shown in Figure 13* 

The computor delivered the slope of the least 

squares fit line along with the standard deviation in the 

slope. Since three to four attenuation runs were performed 

for each interaction at each resolution, a weighted average 

of the computor-calculated slopes for these runs was carried 

out, with a weight factor corresponding to the standard 

deviations In these slopes as furnished by the computor. 

The results of these calculations are tabulated in Column 6 

of Table 3* A graphical presentation of the results is 

offered In Figures 14-28, where the weighted average slopes 

In order to determine the most accurate value for 

(59) 



Figures 14-28. S vs. *50^ for Fifteen 

Interactions. Units of Attenuation 

Slopes S In mm Hg"*X and In 

Seconds of Arc. 
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are plotted as a function of the resolution of the apparatus 

The error bars assigned to each average slope Is the 

standard deviation of each set of points from the weighted 

average. 

The results of an application of the semi-empirical 

theory of resolution developed earlier are found In Figures 

14-28, where the solid lines represent not the beBt straight 

line through the experimentally measured slopes, as might 

have been assumed* but are the variations of the measured 

slopes as predicted by this semi-empirical theory of resolu

tion. In every one of the fifteen studies made, the experi

mentally measured slopes agree to within ±1$> of the values 

predicted by the theory. The method by which these lines 

were drawn with respect to the experimentally measured 

points is discussed in Section IX-C of this chapter. 

A. DETERMINATION OF ABSOLUTE SCATTERING OAS PRESSURE 

It must be emphasized at this point, that the pres

sure difference appearing in Equation (19) for the scatter

ing cross section means the difference in the actual 

pressures of the gas responsible for the attenuation. The 

data was taken using direct ionization gauge readings. It 

was necessary to calibrate the ionization gauge against a 

calibrating McLeod gauge in order to determine the absolute 

pressures. However, as was pointed out toward the end of 
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Section III of Chapter 4, the calibration tests calibrated 

the ionization gauge for all types of gas which were present 

in the ion gauge, and not merely for the scattering gas of 

Interest. Consequently, it is still necessary to describe 

the procedure by which the absolute pressure difference of 

the actual scattering gas was determined. 

A reading on the ionization gauge corresponds to a 

total pressure due to all types of gas enclosed within the 

gauge. This total pressure has contributions from four 

different sources: (l) A background pressure due to all 

other gases that are condenslble at the temperature of 

liquid nitrogen; (2) A background pressure due to all other 
I 

non-condensible gases; (3) A background pressure due to the 

residual scattering gas In the gauge; and (4) The actual 

pressure of the scattering gas which produces the beam 

attenuation. Since the ionization gauge is an instrument 

that measures a quantity which is proportional to the pres

sure, the total ionization gauge reading may be expressed as 

a sum of terms due to the contributions (l) through (4) 

listed above. If px • • • P* represent the actual pressures 

of these contributions, then the ionization gauge reading 

may be written as 

PIon gauge " + a»p» + + p«) ' (6o) 

where ax . . . a4 represent the proportionality factors for 
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the various contributions and are related to the Ionization 

potentials of the particular gases. 

The calibrating McLeod gauge, after proper correc

tions, measures the absolute real pressure due only to the 

contributions (2), (3) and (4) listed above. Thus its 

reading may be written as 

Preal " Ps* + Pj> + p« * 

Using Equation (61) In Equation (60), one obtains 

PIon gauge " a®^Preal "* p») + a»p8 + aaPi 

" 019preal + ~ a»)p» + aipi 

• *Prett + P ' (62) 

where Ms a constant for a given series of readings and a, 

is the slope of a PIon gauge vs. Preal calibration curve. 

It was indicated In Section III of the last chapter how 

calibration curves of Preal vs. pjon gauge were obtained and 

Tables 1 and 2 contained a summary of the results for all of 

the scattering gases. 

The quantity that is really desired is the slope of 

a plot of in I vs. p4: 

P!" J-PI1  ) t n  ®" ** t n  ® ' ( 6 3 )  



Using Equation (60), It can be seen that 
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l 

P!° - v i l )  - £ [4*i. - PI*0.] - £ 4Pi-°- (64) 

Prom the calibration curves discussed In the last chapter, a 

plot of PIon vs. Preal can be drawn. The equation of 

this line Is then 

p 
Preal B 

Ion gauge ™ yA " yK ' ' ' 

A comparison of Equations (62) and (65) shows that a3 • 1/yA 

and consequently Equation (64) becomes 

4P, - vA4PIon gauge , (66) 

where A is the slope of the measured calibration curve and 

Y is the Ishii-Nakayama correction for the McLeod gauge. 

The equation for the experimentally determined 

partial scattering cross section takes its final form as 

1 • 

- «a0(\.y) • ' 7 • XJ-T ' <67> 

where S is the experimentally measured slope of the attenua

tion curve as tabulated in Column 6 of Table 3 and as shown 

graphically in Figures 14-28. 



Table 3- Cs Beam Data 

1 2 3 4 5 6 7 8 9 10 11 

(las *50$ Ti *a0(6,y] SxlO"4 SflXlO"  ̂V10" Q.(vlw) <fr(vlw) c X 10" (las 
See Are °K °K 

*a0(6,y] 
mm Hg"1 rani Hk"1 cm/sec I' 1* erg-em6 

He 10.92 456.3 304.0 2.3895 10.433 10.482 2.389 436.6 438.7 .547 

He 35.35 456.3 304.1 2.3895 10.231 2.389 428.2 

He 62.00 456.3 304.0 2.3895 10.074 2.389 421.6 

Ne 10.92 456.0 303.5 1.5433 4.823 4.920 2.388 576.3 587.6 1.134 

Ne 35.35 456.0 303.3 1.5431 4.641 2.388 554.3 

Ne 62.00 455.8 303.1 1.5429 4.564 2.388 544.8 

A 10.92 456.5 303.4 1.3218 1.881 1.912 2.390 968.2 984.1 4.121 

A 35.35 456.5 303.4 1.3218 1.821 2.390 937.3 

A 62.00 456.8 303.6 1.3218 1.775 2.390 914.2 

Kr 10.92 457.5 304.5 1.1562 1.393 1.427 2.391 1258.7 1283.3 8.002 

Kr 35.35 456.9 304.3 1.1562 1.365 2.391 1232.6 

Kr 62.00 456.9 304.2 1.1562 1.315 2.391 1187.1 

Xe 10.92 455.8 303.8 1.0872 1.136 1.160 2.388 1348.9 1378.4 9.561 

Xe 35.35 455.9 304.1 1.0873 1.100 2.388 1292.4 

Xe 62.00 456.0 304.1 1.0873 1.053 2.388 1251.6 



Table 3 (Cont.). K Beam Data 

1 2 4 5 6 7 8 9 10 11 

Qas f5<# T1 Tk 0̂ (6,7 )SxlO~* SqjxlO^
4 
w10"4 Qo (Vlw) 

_ _ _5 8 
C X 10 

See Arc °K °K : am Hg"x mm Hg cm/sec I* Xs erg-cm 

He 10.75 515.6 303.5 1.6484 4.653 4.672 4.701 281.8 283.0 .359 

He 35.35 520.0 303-8 1.6484 4.627 4.701 280.5 

He 58.60 519.6 302.8 1.6474 4.605 4.701 278.4 

He 11.40 524.1 305.2 1.1682 2.299 2.315 4.720 365.0 367.4 .693 

He 41.90 524.0 305.0 1.1682 2.273 4.720 360.6 

Ne 60.50 523.8 305.1 1.1683 2.257 4.720 358.2 

A 11.40 524.2 306.1 1.0666 1.086 1.094 4.720 698.8 704.0 3.523 

A 41.90 524.0 306.1 1.0667 1.073 4.720 690.5 

A 60.50 524.0 306.1 1.0667 1.058 4.720 680.8 

Kr 11.40 523.4 305.9 1.0012 0.895 0.904 4.717 938.2 943.8 7.327 

KR 41.90 523.3 305.8 1.0012 0.881 4.717 923.2 

KR 60.50 524.4 305.9 1.0012 0.873 4.717 915.2 

Xe 11.40 524.5 306.0 0.9772 0.710 0.716 4.722 944.8 953.4 7.522 

Xe 41.90 524.5' 306.2 0.9773 0.697 4.722 928.1 

Xe 60.50 524,3 306.2 0.9773 0.682 4.722 908.1 H 
!-• 
ro 
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Table 3 • (Cont.). Li Beam Data 

1 2 3 4 5 6 7 8 9 10 11 

Gas *5# *1 Gao(6,y) SxlO*"4 

nm HP:"3 
S^xlO"4 

mm Hk""x 
r̂ xlO"4 

em/seo I9 

3r(vlw) 
Is 

C x 1CH 

erK-cm8 

He 10.08 911.5 304.7 I.O696 1.851 1.855 14.69 162.5 162.8 .282 

He 50.70 910.4 304.7 I.O698 1.860 14.69 163.3 

Ne 10.08 909.9 305.0 0.9627 0.994 0.995 14.68 159.8 159.9 .269 

Ne 50.70 910.8 305.0 0.9627 0.991 14.68 159.3 

A 10.08 911.9 304.9 0.9410 0.558 0.554 14.69 405.4 402.6 2.712 

A 50.70 911.0 305.0 0.9410 0.545 14.69 396.1 

Er 10.08 912.5 304.8 0.9391 0.452 0.452 14.70 503.3 501.4 4.697 

Kr 50.70 912.0 304.9 0.9391 0.447 14.70 497.9 

Xe 10.08 911.7 304.5 0.9363 O.366 0.366 14.69 . 505.9 505.9 4.800 

Xe 50.70 910.8 304.6 0.9363 0.358 495.0 

U) 
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B. CALCULATION OF Qo(vlw**5og) 

ValueB of the scattering cross section Qo(viw'*50^^ 

corresponding to the most probable velocity of the beam 

molecules inside of the source oven, v^w » were 

calculated according to Equation (67) for each value of the 

resolution investigated. The variable quantities appearing 

in Equation (67), namely the temperature T^ of the scattering 

gas, the Berkling function Ga0(6,y) and the experimentally 

measured slopes of the attenuation curves S are tabulated in 

Columns 4, 5 and 6 respectively of Table 3# while the 

quantities y and A are listed in Tables 1 and 2 respectively. 

The effective scattering length used in the calculations 

amounted to « 6.365 cm (to be shown in the next chapter). 

The values of Qo(viW) calculated with these data are tabu

lated in Column 9 of Table 3» 

C. EVALUATION OF ABSOLUTE TOTAL 

SCATTERING CROSS SECTIONS 

It was mentioned previously, that one should use 

caution in labeling a measured cross section as a "total 

scattering cross section", since such a quantity depends 
1 

upon the resolution of the specific apparatus used for the 

measurement. This caution has been observed throughout the 

present work, despite the fact that the best resolution 

attained in the course of these experiments was much higher 
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than any yet quoted in the literature. The only true repre

sentation of an absolute total scattering cross section can 

be that corresponding to a measurement at zero resolution. 

However, as was shown in the previous section, it 

is possible to obtain true total cross sections from the 

measured partial cross sections by extrapolation to zero 

resolution using Information obtained from the pressure 

variation of the scattered intensity in the beam tail. One 

first must determine the first order scattering constant a 

from an analysis of the measured scattered intensity, as 

indicated by Equation (4l). Then by measuring the slope of 

an attenuation run at a resolution corresponding to a 2-mil 

wide beam, one can predict the slope which would be measured 

at any larger angle of resolution.as long as the beam width 

is much smaller than the width of the flat top of the scat

tered intensity peak. This was done in the present set of 

experiments and the slopes of the predicted variations were 

computed. The general behavior of S vs. *50# can then be 

written in the form 

S » -an + ̂  , 

asB where "a" •• —£=• is the slope of the variation, n is the half-

width of the beam, which is proportional to the angle of 

resolution and S^, is the value of the slope at zero resolu

tion. 
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The only task remaining was to properly locate the 

line predicted by the semi-empirical theory, so as to 

represent the best fit of all of the experimentally measured 

points. This was accomplished UBing the following procedure, 

which might be described as "a weighted least squares fit to 

the data with a line of known slope." If (n^,S1) represents 

the coordinates of a single measurement of the slope at a 

specific resolution, then the quantity 

6S^ *» • S * an^ + 

represents the vertical distance of the point (n^,S^) from 

the proposed best straight line having a given slope "a" and 

an unknown intercept S^. Each experimental point was 

weighted according to its relative standard deviation in 

the following way. If AS0 was the largest standard devia

tion of the complete set of experimental points, the ratio 

w^ = AS0/AS^ was taken as the weight factor for each point. 

Then the weighted average of the deviations was formed: 

k 
s ".(as,)" 

(6S)' - . 

£ w, 
i-1 1 

The right side of this equation is still a function 

of the unknown intercept S^,. In order to find the best fit 

of all the data points to the predicted straight line with 
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known slope "a", the quantity (6S) was minimized by taking 

the derivative of both sides of the above equation with 

respect to and setting them equal to zero. This procedure 

yielded the intercept corresponding to the best fit of 

the data points to the predicted variation: 

k 
£ w1(an^ + S^) 

ST- ¥ — • 
E w* 
i»l 1 

The values of calculated in this way are assem

bled in Column 7 of Table 3« These values represent the 

slope of the attenuation curvea which would be obtained at 

zero resolution, if that were possible. The scattering 

cross sections Qp(viw) computed from these slopes can hence

forth be designated as absolute total scattering cross sec

tions and these are the quantities which have been used in 

this work to calculate the experimental values of the van 

der Waals constants. These values of Qp(viw) for each of 

the fifteen interactions studied are tabulated in Column 10 

of Table 3» 

The slopes are indicated in Figures 14-28 with 

appropriate error bars. The evaluation of the error in each 

is presented in Chapter 6. 
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D. DEPENDENCE OP Qq(viw) ON ANGULAR RESOLUTION 

As can be seen from any of the Figures 14-28, the 

experimentally measured slope decreases as the angle of 

resolution is increased in a linear variation. The error 

bars indicated on every point represent the estimated over

all accuracy in that point. 

Additional information may be obtained from Figures 

29-31, where relative values of the scattering cross section 

are plotted as a function of the resolution of the apparatus. 

All of the relative cross sections measured for each of the 

three different beams are plotted on a single graph. The 

solid lines once again represent the variation of the cross 

section as a function of the resolution of the apparatus as 

predicted by the semi-empirical theory of resolution pres

ented in this paper. The agreement between the experimen-

tally measured points and the predicted variation is quite 

remarkable, as every measured point falls within less than 

± 1# of its predicted value. 

From these plots, one can see how the variation in 

cross section also depends upon the mass of the scattering 

particle. With few exceptions, it appears that the cross 

section as a function of resolution decreases more rapidly 

as the scattering gas particles become heavier. Although no 

further analysis of this phenomenon was attempted here, it 

will be an interesting subject for further Investigation. 



Figures 29-31. 0^ vs. 

for Li , K and Os Beam Data 
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Also It may be noted that the relative oross sec

tions have overall dropB of about 0.4 to 1.5# for the Li7 

beam data, 1.5 to 4.5# for the K beam data and 4 to 10# for 

the Cs beam data over the resolution range studied. 

E. CALCULATION OF EXPERIMENTAL C'S FROM Qr(vjw) 

The values of the absolute total scattering cross 

section obtained in the manner described above were used as 

the basis for the calculation of experimentally determined 

van der Waala lntermolecular potential parameters C, accord

ing to Equation (7). These values are tabulated in Column 11 

of Table 3. The corresponding velocities vlw are listed In 

Column 8 of the same table. 

A discussion of the results obtained from the pres

ent experiments and a comparison with other experimental 

results and with theoretical values are presented in the 

final chapter. 



CHAPTER 6 

EXPERIMENTAL ERROR 

As a result of the high precision of the experimental 

apparatus and the high standards set for obtaining data* a 

rigorous analysis of the experimental error in the measured 

scattering cross sections was performed in order to present 

the final values of the experimentally determined van der 

Waals constants with reliable estimates of error. This 

appears to be the first attempt at such an analysis with 

regard to molecular beam scattering experiments. 

I. REPRODUCIBILITY OF THE DATA 

Each value of the scattering cross section was 

determined from three to four separate attenuation runs. 

Typical plots of in I vs. Pjon gauge for four runs taken for 

the Cs-He interaction were shown in Figure 13. For the 

entire collection of data, the maximum deviation of a single 

measured slope from the average measured slope corresponding 

to three to four runs amounted to 2.11$. The average of all 

the deviations from the appropriate average cross section 

for the complete data wa3 only 0.85$. Consequently the 

slope data taken over the course of the entire experiment 

was reproducible well within 1$>, 
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II. SOURCES OF EXPERIMENTAL ERROR 
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The error In the experimentally determined van der 

Waals constants 1s dominated by the error in the measured 

scattering cross sections since C is proportional to the 

five halveB power of the cross section. The measured scat-
t 

tering cross section was calculated from Equation (19): 

- fao^yj • • APT • [£] • 

This equation can be rewritten so as, to contain all of the 

experimental variables: 

n \ 1 f APreal"1 r APMcLeod'1 [~APIon gauge") 
iw Oa0(6,y) Lef f  L AP4 J L APreal L APMcLeod 

\ 

X l̂on'gaugJ * SO * 

Referring to the previously adopted terminology, one sees 
/ 

from Equations (6l), (29) and (30) that 

APreal . 
AP4 - 1 ' 

APMcLeod . ̂ • SB * 

Y ' 
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APIon gauge 
A McLeod 

and finally 

1 
ln GcO"s' 

where y is the McLeod gauge correction for the Ishii-

Nakayama effect, A is the slope of the ionization gauge 

calibration curve and S is the experimentally measured slope 

of the attenuation curve. The scattering cross section may 

then be expressed by the equation 

If one takes the logarithm of both sides'of Equation 

(68) and then takes the variation of the logarithms, the 

following result ensues: 

By taking the variance of both sides of Equation (69) 

and noting that V(aAx) « a8V(Ax) = a8(Ax)*, one obtains an 

expression for the fractional error in the measured scatter

ing cross section: 

<s»(vlw) - oajfi.y) • • Y ' x • f • (68) 
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He!}-
(70) 

Since the temperature of the scattering gas, Tk, was 

measured to within 0.1°C at room temperature; the error In 

thl3 quantity as well as the error in the Boltzmann constant, 

k, are negligible. There remain therefore five main sources 

of error in the measured scattering cross section. These 

are: 

(1) The error AQ/0 arising from the use of the 

Berkling method of analysis and the approximations contained 

therein; 

(2) The error AA/A which arises from the calibration 

of the Ionization gauge against the McLeod gauge; 

(3) The error Ay/y in the correction factor for each 

scattering gas due to the Ishii-Nakayama mercury-vapor-stream 

effect; 

(4) The error AS^/S^ In the slope of the experimental

ly measured attenuation curve extrapolated to zero resolution 

(5) The error ALeffin the effective scattering 

length. 

A discussion and analysis of each of these contribut

ing errors will be carried out in a systematic fashion 

below. 



. 127 

III. DETERMINATION OF EXPERIMENTAL ERRORS 

Prior to performing the series of attenuation meas

urements of the present experiment, the measuring instru

ments of the apparatus such as the electrometer, recorder 

and ionization gauge circuit were checked in order to make 

certain that no systematic errors occuring from non-linearity 

of these instruments existed. Each of these crucial instru

ments were found to be linear within less than 1$ over the 

ranges used. 

The temperature of the oven was measured often 

during a series of runs and data which was liable to error 

due to drastic changes in the oven temperature was discarded. 

Only data taken during periods when the oven temperature was 

constant (to within less than .25°C) was used In the final 

analysis. 

The determination of the experimental errors due to 

the five sources listed above was performed as follows: 

(1) An error in the Berkllng function G&o(6*y) was 

assumed on the basis of the initial approximation of that 

theory, namely that the attenuated beam Intensity 

00 . 

I - lo J «~Z f(v±) dvA - I0e~z 
O 

can be replaced by 

I » I0e"z . 
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As was shown in the last chapter, Section I-B, an error 

of ± 1% can be assigned to Gao(6,y) as representing the 

error due to the use of this approximation for beam attenua

tion of a factor of two or less. 

(2) The error AA/A which arises from the calibration 

of the ionization gauge against the McLeod gauge waa deter

mined in the following manner. For each of the five scat

tering gases, the five sets of data points which were 

obtained by using the variable compression method, as 

discussed in Section III of Chapter 4, were submitted to a 

coraputorized unweighted least squares fit. The slope of the 

straight line determined by the computor for each set of 

data points represented one point on a linear plot of 

vs. The standard deviation in the McLeod Ion gauge 

slope, which was also furnished by the computor, repre

sented the error in each McLeod gauge reading. 

The conrputor results obtained in this way for each 

of the five scattering gases were then analyzed in a three-

Btep process: 

(i) For each gas, the five points were submitted 

to a computorized weighted least squares fit of vs. 

PT ' with uncertainties In the McLeod points corre-Ion gauge 
sponding to the standard deviations in the computor-

delivered slopes of the variable compression curves. 
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(11) For each gas, the five points were submitted 

to a oomputorlzed unweighted least squares fit of PIon gâ ge 

vs. P|f0Leod uncertainties in the Ionization gauge 

readings corresponding to the uncertainty In reading the 

Ionization gauge panel meter. 

(Ill) For each gas, the five points were submitted 

to a oomputorlzed weighted least squares fit of P^jjeod YB' 

P_ with uncertainties In the MoLeod points taken as ion gauge 

° " [ 'V* +  (""x)"]4  '  

where was the same uncertainty for each point as used 

in (1), CT„ was the same uncertainty used In (ll) and "a" 

was the reciprocal of the corresponding slope of the 

computor-calculated curves from (ll). 

The results of the last program were delivered by 

the computor In the form of the slopes and Intercepts, along 

with their standard deviations* of each calibration curve, 

as well as for each least squares fit point* Its deviation 

from the curve* Its standard deviation from zero* the 

varlance-covarlance matrix and the Chi-square for the fit. 

The least squares fit from (111) were used as the final 

calibration curves because the Chl-squares for the fits were 

very good and the uncertainties in the submitted points 

were regarded as the most reasonable choice. 
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The final calibration curves thU3 adopted for use 

were linear plots of the form 

^McLeod " A PIon gauge + B * 

where A ± AA and B ± AB were furnished by the computor. The 

errors in the scattering cross sections, which arose from 

the calibration of the ionization gauge against the McLeod 

gauge were taken to be AA/A. These errors are tabulated in 

Column 3 of Table 5. 

(3) The error Ay/y in the Ishii-Nakayama correction to 

the McLeod gauge was evaluated as follows. The quantity 

that appears in the theory is not y, but in y, given by 

Equation (28): 

If one follows the same procedure outlined in Section II of 

the present chapter, that is: (a) take the logarithm of 

both sides of Equation (71)J (b) take the variation of the 

result of (a); (c) take the variance of the result of (b)j 

and (d) take the square root, then one obtains the expression 

for the fractional error in y: 

p 

ttl Y " tn " « 6ia(l * (71) 
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In the actual experimental arrangement, the connec

tion between the McLeod gauge and the cold trap consisted of 

two tubes of different length and radius. In order to 

evaluate an effective radius for the whole system a 

separate calculation was carried out by suitably combining 

the conductances of the two tubes. The barometric leg of 

the McLeod gauge was 62 cm long and had a radius of 0.89 cm, 

while a shorter tube leading into the twin dewar cold trap 

was only 6.5 cm long and had a radius of 0.50 cm. The 

result of the calculation showed that these two tubes had an 

equivalent conductance as a tube 68.5 cm long and having an 

effective radius of 0.62 ± 0.01 cm. Consequently the error 

Ar/r appearing in Equation (72) amounted to 1.61$. 

The error in the vapor pressure of mercury was 

estimated from a vapor pressure vs. temperature curve. The 

temperature, which was read to 0.1°C, varied within ± 0.5°C 

of room temperature (31°C) throughout the entire course of 

the calibration measurements. This corresponded to a vapor 

pressure determination of (30.5 ± 1*5) x lO^mm Hg. There

fore the error APHg/p:Hg WaS talcen be °*°̂ 92 or 4.92$. 

Even a large estimate of 0.5°C for the uncertainty 

in the temperature yields a fractional error AT/T which is 

completely negligible in comparison with the other errors. 

The error ADia/Dla in the calculated diffusion 

constant was estimated by an application of the procedures 
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developed above to Equation (29-a). Disregarding the con

stants that appear in that equation, one gets for the frac

tional error in the diffusion constant: 

(1 1^* 
ADla .. r r Aola-j r ̂ ia' 1° / \ 

T5T7= K—] } • <73) 

Now ala = (c?! + aa)/2, so that the fractional error 

in ala becomes 

A CTla Aax + Aoa /«j.\ 

al8 2^1S 

Values of ax £ Acrx and axa±Aala are tabulated in Table 4. 
(i i^* 

The quantity nj3' ' is an integral, which is a 

function of Tfa = WT/ela, and is tabulated in Table I-M, 

p. 1126 of Hirschfelder, Curtiss and Bird (1964). The error 
(i O* » 

in nia was estimated by plotting it against TXa and deter 

mining the spread ^{3'^ corresponding to a spread AT*a. 

The fractional error in TJ8, neglecting the temperature 

dependence, is ^ 

Values of (etA) ± A(ex/k) and Tfa ± are listed in 
f, (. , 

Table 4. Values of oia' ' ± Ania' ' corresponding to the 

uncertainty in T*a are also tabulated in Table 4. 



Table 4 

Parameters Used in the Oaloulatlon of Dla and ADla A^s 

CTa - 2.75 ± .25 I T - 300 ± .05°K 

Ma - 200.6 gms es/k - 851 ± 10°K 

00s ax (I) °ia (^) €x/k (°K) *1. 

He 2.60 ± .03 2.68 ± .14 10.2 ± .1 3.219 ± .025 

Ne 2.79 ± .04 2.77 ± .15 35.4 ± .5 1.726 A .016 

A 3.43 ± .03 3.09 ± .14 121 ± 4 .934 ± .016 

Kr 3.60 ± .01 3.18 ± .13 181 ± 10 .764 i .038 

Xe 4.04 ± .06 3.40 ± .16 

? 

222 ± 7 .684 ± .011 
/ 



Table 4 (Cont.) 

Parameters Used in the Calculation of Dl# and ADt ,/D18 

O9 - 2.75 ± .25 I T » 300 ± .05°K 

Mg - 200.6 gms e8/k - 851 A 10°K 

Gas A^ia^ia 

He .930 ± .005 .7297 ± .0763 .1045 

Ne 1.140 ± .010 .2578 ± .0280 .1088 

A 1.500 ± .020 .1168 ± .0107 .0916 

Kr 1.660 ± .030 .0748 ± .0063 .0843 

Xe 1.760 ± .035 .0533 ± .0051 .0963 

-
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Using the fractional errors In ola and ' found 

by these methods, one can evaluate the fractional error In 

the diffusion constants by using Equation (73)• These values 

are presented In Table 4. 

Finally the error Ay/y in the Ishii-Nakayama correc

tion factor was evaluated using Equation (72). These errors 

are listed in Column 4 of Table 5. 

(4) The value of the slopes which were used to 

calculate the van der Waals constants were those that were 

obtained by an extrapolation of the S vs. curves back 

to zero resolution. It is the error in these particular 

slopes which are of Interest in the final error analysis. 

The procedure by which the intercept of each curve was 

obtained by extrapolation was discussed in detail in 

Section II-C of Chapter 5* It was shown there that the 

weighted average of the square of the deviation was given 

by the expression 

k 
E w± (6S1)a 

(6S)8 » "j"1 t (76) 

i-i 1 

where 6S^ was the vertical distance of the measured point 

(ni,Si) from the proposed best straight line having a given 

slope and an unknown intercept and w^ was the weight 

factor assigned to each point. 



Table 5. Complete Error Analysis 

1 

Collision AG 
TT 

AA 
T At 

Y 

as, 

V 

^eff AQr^viw^ AC 
TT 

1 

Collision AG 
TT 

AA 
T At 

Y 

as, 

V Leff Vviw^ 

AC 
TT 

Li-He .01 .0315 .0047 .0076 .0050 .0346 .0865 

Li-Me .01 .0202 .0134 .0026 .0050 .0268 .0670 

Li-A .01 .0182 .0266 .0097 .0050 .0355 .0888 

Li-Kr .01 .0166 .0374 .0050 .0050 .0427 .1068 

Li-Xe .01 .0452 .0590 .0062 .0050 .0754 .1885 

K-He .01 .0170 .0047 .0011 .0050 .0209 .0523 

K-Ne .01 .0361 .0134 .0043 .0050 .0403 .1008 

K-A .01 .0182 .0266 .0069 .0050 .0348 .0871 

K-Kr .01 .0166 .0374 .0077 .0050 .0431 .1078 

K-Xe .01 .0452 .0590 .0054 .0050 .0753 .1883 

Cs-He .01 .0170 .0047 .0028 .0050 .0211 .0527 

Cs-Ne .01 .0361 .0134 .0086 .0050 .0410 .1025 

Cs-A .01 .0182 .0266 .0083 .0050 .0351 .0878 

Cs-Kr .01 .0166 .0374 .0114 .0050 .0439 .1098 

Cs-Xe .01 .01152 .0590 .0126 .0050 .0762 -1905 
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In order to evaluate the error In the intercept 

AS^/S^, the square root of Equation (76) for each data curve 

was evaluated, and the result used as the final error in the 

slope at zero resolution. The values of AS^/S^ determined 

in this way are tabulated in Column 5 of Table 5. 

(5) The error AIjeff/Leff arises because the scattering 

region has an indefinite length. The gas particles inside 

the scattering chamber proper and in the entrance and exit 

channels cause the majority of the beam scattering. There 

Is, however, a contribution to the beam scattering due to 

particles which stream out through the channels* And since, 

t>y definition 

(where nto - particle number density in the scattering Cham-

ber proper and n(z) is the number density at position Z along 

the beam), it is important to estimate the contribution due 

to the particles outside the chamber, in order to place a 

reliable estimate of error on L . Therefore the program 

In this section is to calculate n(z), evaluate Leff and 

estimate the error In l*eff for our particular experimental 

situation. 

The procedure for calculating v(z) In the channels 

follows the methods developed by Smoluchowskl (1910) and 

Clausing (1931# 1932). The remainder of the calculation is 
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original. The assumptions used are the following: (l) the 

mean free path of the gas particles Is very large compared 

to the dimensions of the channel, so that collisions of the 

gas particles with one another may "be Ignored; (2) colli

sions of gas particles with the channel walls result In 

completely diffuse reflection (re-emission with a Maxwelllan 

velocity distribution, including ttie cosine law angular 

dependence); and (3) the number of particles per unit time 

per unit area, v(z), striking a wall at z Is a linear func

tion of z. All three assumptions have been experimentally 

verified by Khudsen and others [see Dushman (19^9) and 

Eennard (1938)] for gas flow through tubes. 

The quantity v(z) was calculated using the require

ment that the total current of particles through any cross 

section of the channel must be the same as that through any 

other cross section in a steady state situation. The coor

dinate system used for the calculation is shown In 

Figure 32a. The total current through a cross section of 

the channel was found using the elementary kinetic theory 

formula [Kennard (1938)] 

d8X - OOB ' c<18 '' ds da' (77) IT Ra 

t 

where d*I is the current passing through ds due to particles 

originating at ds', v(z') is the number of particles per 



Figure 32. (a) Channel and Coordinate System; 

(b) v vs. zi (c) Fractional Number 

Density p/n© Outside the Channel. 
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unit area per unit time leaving ds', R is the distance from 

ds' to da, 0 is the angle between R and ds, and 9* is the 

angle between R and ds1. The net current dl through ds was 

found by integrating daI for ds' located on the inside 

channel surfaces and on the channel entrance slit at z1 - 0 

(the boundary between the channel and the inside of the 

scattering chamber). The total net current, I, through a 

cross section of the channel was then found by integration 

of dl over the cross section. Assumption (3)«v(z)» 

c + dz', was used. Equating the current I through the three 

cross seotions located at z » 0, L yielded two equations 

in the constants c and d and allowed their determination, 

and hence the determination of v(z). 

Por our particular case, a = .015 in, b « .500 in. 

and L » .500 in. The result of the calculation for our case 

is shown in Figure 32b, and is 
s 

v(z) - {.9528 - .9057 §•} v„ (78) 

where v0 is the number of particles per unit area per unit 

time striking the walls inside the scattering chamber proper. 

The curve, v(z) passes through the point (iSr#!?) and has a 

discontinuity at z = 0 of 4.72 ± .005# of v0• 

Once v(z) i3 known, the density, n(z), (both Inside 

and outside the channel) may be calculated using 

n(z) = JL 
VTT 

v(z?) co°ue' ds' (79) 
R 
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where the Integral is again over the inside surfaces of the 

channel and the slit at z' » 0, and v is the average veloc

ity of the gas particles inside the scattering chamber 

proper. Since v0 « [Kennard (1938)], n(z) can be 

expressed in terms of the number density in the scatter

ing chamber proper. 

For the particular case of a linear variation of 

v(z')> Equation (79) can be integrated exactly, but the final 

expression is quite lengthy and will not be given here. The 

result is the following: (l) inside the channel (if v0 is 

replaced by n0), the n(z) curve follows quite closely the 

v(z) curve of Figure 32b, with maximum deviations of about 

at z - 0 and z » L. At z • 0, n(z) is above v(z) by tyo 

and at z •» L, n(z) is below v(z) by (2) The behavior 

of n(z) outside the channel is shown in Figure 32cj the 

decrease in n(z) with z outside the channel is quite rapid. 

It should be noted that n(z) outside the channel was evalu

ated along the beam axis. In Figure 32c, p » n(z). 

The value of was then calculated using 

09 
nlco Lett - (L + D)nko + 2 IT n<z>dz (80) 

Li 

where D is the length of interior of scattering chamber and 

L is the length of one of the end channels. It should be 

noted that the effect of the particles inside one of the end 

channels is the same as if the channel were filled with 
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uniform density of no/2. The factor of 2 in front of the 

integral is due to the fact that the scattering chamber has 

a channel at each end. This last term represents the effect 

due to scattering gas particles which stream out through the 

channel along the beam direction. In order to evaluate the 

integral, the integrand was plotted, divided into regions 

and fitted with appropriate curves for each region and then 

integrated region by region. The last term of Equation (80) 

made a contribution of .00581 Inches to For L « .500 

inches and D » 2.00 inches, this amounted to a contribution 

of about .2#. 

It should also be mentioned that the background gas 

in the vacuum chamber surrounding the scattering chamber 

could also scatter the beam particles. The measured ratio 

of the pressure in the scattering chamber to the pressure 

in the surrounding vacuum chamber was about 400 to 1 and was 

independent of scattering gas pressure. Since the length of 

the beam path in the surrounding vacuum envelope is about 

the same as the length of the scattering chamber, this 

background gas contributes another .2$ to Leff * 

Therefore, Including the contributions due to both 

the particles streaming along the beam direction and the 

background gas, was calculated to be 2.5058 inches « 

6.365 cm. An error of ± was assigned to due to the 

fact that n(z) was evaluated along the beam center line and 
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therefore represents the maximum correction due to the 

particles streaming down the beam. Further, the gas 

particles In the channel have a velocity distribution which 

is not quite Maxwelllan due to the fact that there is a net 

gas flow down the channel. This can cause error, since the 

average over the scattering gas distribution discussed in 

Ohapter II, assumed a Maxwelllan distribution for all the 

scattering gas particles. According to Smoluchowskl (1910), 

the deviations from the Maxwelllan distribution are quite 

small for a case such as ours, and the ± error assigned 

is believed to be more than ample to Include errors due to 

this effect. 

In conclusion, the calculation showed that contribu

tion to the total scattering of the beam due to particles 

streaming down the beam outside the scattering chamber and 

channels amounted to .2# in our case. The effect of these 

particles has been neglected in the past, and this calcula

tion shows that this neglect was justified. 

The total fractional errors AQj(viW)/^j»(viW) 

absolute total scattering cross sections for fifteen inter

actions were calculated using the results of the error 

analysis described above and on application of Equation (70). 

The results of these calculations are tabulated in Column 7 

of Table 5. 
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IV. ACCURACY OF RESUIffS 

The van der Waals constants for each of the fifteen 

interactions studied were calculated from the equation 

0 = (5.676 X io"30)vlw Qr(vlw),,/''« : 

Since v,w - (aitffj/m, )^, the only variable quantity appearing 

in the term viw is the temperature of the oven. It was 

shown previously that the fractional error due to uncer

tainties in the determination of the oven temperatures was 

negligible in comparison with all other sources of error. 

Consequently# the fractional errors in the Cfs were merely 

2.5 times the fractional errors in the ̂ »(vj[W)ls* as can 

seen from the above equation for C. The errors AC/C are 

tabulated in Column 8 of Table 5 and represent the overall 

accuracy in each of the experimentally determined van der 

Waals constants that was determined through this investiga

tion. 



CHAPTER 7 

DISCUSSION OF RESUI/TS AND CONCLUSIONS 

In the Introductory chapter, a summary of the prin

cipal goals of this investigation was given. The first goal 

was the development of a reliable method for obtaining true 

total scattering cross sections from measured partial cross 

sections. This would basically cover "the problem of resolu

tion" that has plagued the field of molecular beam scatter

ing up until the present work. 

This goal was achieved by accurately measuring 

partial scattering cross sections as a function of the 

resolution of the apparatus, based upon the Kusch 50$ 

criterion of resolution, for fifteen different interactions. 

The lowest angles of resolution attained during the course 

of this investigation were of the order of 10 seconds of arc, 

which were considerably lower than any resolution yet quoted 

In the literature. The success In attaining such high 

resolution can be attributed to the care exoerclsed in 

designing, constructing and maintaining the apparatus, as 

well as the high vacuums attained along the entire 2-meter 

beam path. The resolution was varied from around 10 to 62 

seconds of arc. 

145 
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The results of the experimental measurements of 

partial cross section vs. resolution Indicated a monotonical-

ly decreasing function. The second stage of achieving the 

first goal lay in the development of a semi-empirical theory 

of resolution, based upon the measurement and analysis of 

the scattered intensity, which predicted a linear variation 

of partial scattering cross section with the resolution of 

the apparatus, when only the first order contribution to the 

total scattered intensity was taken into account. As a 

result of the high accuracy and reproducibility in the 

experimental measurements and their agreement with the 

linear variation predicted by the semi-empirical theory, as 

well as the high resolution range attained, it was considered 

justifiable to extrapolate a linear curve through the 

experimentally measured partial cross sections to zero 

resolution and regard that cross section as the absolute 

total scattering cross section for the specific interaction. 

The agreement between the experimentally measured partial 

cross sections and the linear variation predicted by the 

semi-empirical theory was remarkably close, being within ±1$ 

for all of the cross sections measured for all fifteen of 

the Interactions studied. 

This method for obtaining absolute total scattering 

cross sections from measured partial cross sections is con

sidered by the author to be the most reliable method yet 
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devised for experiments of this type, since the specific 

values attained correspond to those that would be measured 

experimentally with an apparatus having zero resolution, if 

that were possible. 

The second goal of this investigation was ah evalua

tion of the range of validity of the Berkllng approximation 
> 

which appears In the theory that furnishes the relation 

between the geometrical scattering cross section and the 

experimental data. A numerical integration of the exact 

attenuation equation encountered in molecular beam experi

ments of this type for two extreme cases analogous to the 

Interactions Btudied here revealed that the slope of an 

attenuation curve which is drawn using the Berkllng approxi

mation is not linear beyond attenuations of around 5Q#. In 

the region up to 5C&> attenuation of the beam, the Berkllng 

approximation gives a slope that agrees with the slope of 

the exact attenuation curve within about ± 1$. 

In the discussion accompanying Figure 12, it was 

stated that the attenuation curve which one obtains by add

ing the total scattered'intensity from Figure 9 to the atten

uation curve corresponding to no multiple scattering, while 

assuming the Berkllng approximation to be valid, led to an 

attenuation curve which agreed with the experimental data, 

up to attenuations of a factor of two, but fell lower than 

the experimental data for attenuations greater than a factor 
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of about three. The conclusion drawn from this was that 

there 1s no experimental evidence for the validity of the 

Berkling approximation for attenuations greater than a factor 

of two. The results of this analysis coupled with the 

numerical integrations discussed above indicate that the 

Berkling approximation is accurate to within ± 1# only for 

beam attenuations up to about a factor of two. 

The third goal of this investigation was a determina

tion of the influence of multiple scattering on the slope of 

the attenuation curve. Multiple scattering in general 

causes the experimental attenuation data to be higher than 

the same data minus multiple scattering. Consequently, the 

slope of these data points Is smaller, leading ultimately to 

cross sections that are too low. In the discussion concern

ing Figure 12, it was indicated how an application of the 

semi-empirical theory of resolution could correct the error 

In the experimental data due to multiple scattering, up to 

attenuations of a factor of two. For attenuations beyond 

this, even the present correction for multiple scattering 

can not account for the deviation of experimental data from 

the ideal linear attenuation curve. This failure has already 

been attributed to the invalidity of the Berkling approxima

tion in this region. ~ 

The fourth goal of this investigation was the calcu

lation of a correction to the effective scattering length 
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due to gas particles outside of the scattering chamber. 

This goal was achieved, as indicated in Section III of 

Chapter 6. The results of that calculation revealed that 

the correction to the scattering length as used by previous 

investigators amounted to only .2# of their value, namely 

the length of the interior of the scattering chamber plus 

the length of one of the channels. This calculation has 

once and for all verified the justification of their approxi

mation for the effective scattering length and allows future 

investigators to use the same length approximation with 

confidence. 

The fifth goal of this investigation was the deter

mination of fifteen experimental values of the van der Waals 

constant from data analyzed using the methods developed in 

this work. Because of the high accuracies and reproduci

bility of the measured partial scattering cross sections, 

the accuracies in the absolute total scattering cross sec

tions varied between 2.09# and 4.39# for all of the inter

actions studied with the exception of the three with Xe as 

the scattering gas, where they averaged around 7-5#* These 

accuracies In the absolute total scattering cross section 

resulted in accuracies between 5.23# and 10.98# in the 

experimental values of the van der Waals constants, except 

for the Xe cases, where they averaged around 18.9#. These 

accuracies appear to be about the best yet quoted in the 
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literature. Considering the rigorous analysis of the 

experimental error performed in this work, it is not 

unreasonable to maintain that they are the finest achieved 

to date and that the values of the van der Waals constants 

resulting from these experiments are the most accurate 

values offered to date. 

A comparison of the present experimental values of 

the van der Waals constants with the theoretical values as 

computed by Dalgarno and Kingston (1959) according to 

Equation (4) and with the experimental values found by 

previous investigators is presented in Table 6, The accu

racies (in #) in the tabulated experimental values are 

included along with each value. As can be seen from Table 6, 

there has been a consistent discrepancy of a factor of two 

or more between the theoretical values of the van der Waals 

constants and those determined by molecular beam scattering 

experiments. The values presented as a result of this 

investigation have removed the factor-of-two discrepancy, 

although in every case but one (Li-Ne) they still are found 

to be larger than the theoretically calculated values. It 

may be noted that the three van der Waals constants for 

interactions in which Kr was used as the scattering gas are 

consistently high. The reason why the van der Waals constant 

for Li-Ne fell low is not clear. It appears to be a result 

of odd results obtained for the calibration of Ne gas at an 



Table 6 

Comparison of Experimental and Theoretical van der Waals Constants (C x 108aerg-cms) 

References: a * 39>40; b » 385 c « 17j d » 27; e - 15; f « 1; g » 41. 

Ll7 Beam K Beam Cs Beam 

Gas Theor. : Experimental Theor. Experimental Theor. Experimental 

He .21 /.282 ± 8.'65$ „ 
.46 ± 36.4#* 

.32 .359 ± 5.2•& 
.53 ± 37.5̂  
.40 ± 62.5#° 

.36 .547 ± 5.27# * 
.85 ± 37.5#° 
.40 ± 62.5#° 

Ne .46 .269 ± 6.70# -
.59 ± 36.4# 

.65 .693 ± 10.08# -
.69 ± 37.5# 

.73 1.134 i 10.25# v 
1.0 ± 37.5#° 

A 1.90 2.712 ± 8.88# _ 
3.50 ± 36.W" 

2.60 3.523 ± 8.71 # h 
6.0 db 37.5# 
4.1 ± 62.5$c 
5.72 ± 25 #d 

2.84 ± 25 #*> 

3.00 4.121 ± 8.78# v 

6.2 ± 37.5̂  
4.0 db 62.5#° 

Kr 2.90 4.697 ± 10.68# _ 
5.09 ± 3b.itfr 

4.00 7.327 ± 10.78# . 
9.9 ± 37.5#; 
10.6 ± 60.1#f 
10.9 ± 34.956® 

4.60 8.002 i 10.98# . 
9.4 ± 37.5#° 

Xe 4.60 4.800 ± 18.85# % 

8.72 ± 36.̂  
6.50 7.522 ± 18.83# * 

13.6 ± 37.5#: 
10.7 ± 62.5#® 
10.24 ± 25 #d 

7.40 9.561 ±19.05# 
14.6 ± 37.5#̂  
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Ion gauge emission current of 6 ma, which was the highest 

used for any of the data runs. Therefore the Li-Ne result 

is to be regarded with suspicion. 

As for the remaining eleven values of C, they are 

still higher than the theoretical values, but only by 

factors ranging from 1.04 to 1.55 times the Dalgarno and 

Kingston values. These values appear to be in closest agree

ment with the theoretical values out of the entire collec-
/ 

tlon of related results published to date. 

The close agreement between the present experimental 

values of the van der Waals constant and those calculated 

theoretically was attributed chiefly to two factors. The 

first and most important factor was the application of the 

Ishii-Nakayama correction to the McLeod gauge reading. 

Since the scattering cross section is inversely proportional 

to this factor, Its use tended to decrease the calculated 

scattering cross sections. The second significant factor 

was the method of applying the ionization gauge calibration 

results to obtain the pressure difference of the actual gas 

producing the attenuation. In utilising the calibration 

results, it was the slope of the calibration curve which 

beoame the parameter of Interest, and not a direct point for 

point substitution of MoLeod gauge readings for ionization 

gauge readings. 
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Other factors which govern the magnitude of the 

calculated scattering cross section tended to increase this 

value over that which would be obtained by other methods. 

The use of the Berkling method of analysis gives values 15# 

higher than the Rosln-Rabl method. The use of attenuation 

curve slopes obtained by extrapolating to zero resolution 

gave larger values of the slopes than would be measured at 

poorer resolutions. Consequently! it was the two factors i 

mentioned above that influenced the results of the present 

calculations to the greatest extent and contributed to the 

close agreement between theory and experiment. 

petore concluding, several general criticisms, which 

apply to most of the previous work in this field will be 

made. First, the general practice of fitting the attenuated 

intensity vs. pressure curves on semi-log paper using the 

"eyeball" method is to be deplored. It is a well-known fact 

that lines with slopes which differ by as much as 3 or 4# 

give almost equally "good" fits to the data points. Second, 

the fact that previous investigators have ignored the non-

linearity of the measured attenuation curves (again with the 

plot of semi-log paper) is somewhat surprising, since 

published data curves clearly show this effect. In connec

tion with this criticism, many of the published data curves 

are represented with the points given as large circles, 

apparently to obscure the fact that the fit of the data to 
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the line was not very good. Third, and most deplorable of 

all, is the almost universal lack of attempts at rigorous 

error analysis. The literature is filled with statements 
* 

such as: 

"TJnter Berttcksichtlgung dieser verschiedenen Fehlerquel-

len ergibt sich fUr die hier angegeben totalen Streuquer-

schnltte nur eine Oenaulgkelt von etwa 25tf." 

"The absolute cross sections for K-A and Cs-A are 

subject to an overall uncertainty of perhaps ± 15#•" 

"We make an over-all errotf assignment of 10$ on the 

absolute values of the cross section measurements." 

"The accuracy in the mean free path determination is 

estimated to be within 4$, as determined from variations in 

the.experimental measurements." 

Statements such as these apparently represent the complete 

error analysis. 

In concluding, the author feels that the results of 

this experiment and the techniques developed during the 

course of the experiment should offer a significant contribu

tion to the field of molecular beam scattering and that a 

new standard has been set for the execution and analysis of 
1 

future related experiments. 
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