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ABSTRACT 

Construction of a Crossed Beams 

Apparatus to Study Chemiionization 

by 

John Riola 

A high vacuum, crossed beams apparatus has been con¬ 

structed which will be used to study Penning ionization and 

associative ionization. The first experiments to be per- 

1 3 
formed will involve coillisions between He(ls2s 2 * S) and 

various atoms and molecules. The absolute total ionization 
4 

cross sections, the separate ionization cross sections for 

all final state positive ions, and the energy distribution 

of the penning electrons will be measured. 

Chapters 1 and 2 of this thesis will describe previous 

theoretical and experimental work in the field, respectively 

Chapter 3 will discuss the design and initial use of the 

Crossed Beams Apparatus. 
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INTRODUCTION 

Chemiionization is the term used to describe the 

following inelastic thermal reactions between excited 

neutral particle A* and neutral atom or molecule BC: 

+ 
A* + BC -* A + BC + e 

-♦ (ABC)+ + e 

- A + B + C + e 

-* (AB) + C + e 

(1) 

(2) 

(3) 

(4) 

Reaction (1) is normally called Penning ionization; (2) is 

called associative ionization; reactions (3) and (4) may be 

called dissociative penning ionization and rearrangement^ 

respectively. Although Penning ionization refers to a 

specific chemiionization reaction, it is also often used as 

a general descriptive term. 

Chemiionization reactions are of interest for several 

reasons. They are important in many areas of physics, in¬ 

cluding planetary atmospheres and gas discharges. Previous 

experimental results for certain chemiionization reactions 

vary widely, and accurate measurements are needed to resolve 

these discrepancies as well as to provide needed information 

to test theoretical models of chemiionization. Measurements 
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also need to be made for several important reactions in the 

earth's atmosphere which involve chemically unstable species. 

For the purpose of studying chemiionization reactions, 

a beam apparatus was chosen because of the detailed infor¬ 

mation that may be obtained about the collisions, such as 

the nature of intermediate complexes, angular distributions 

of reaction products, and the partitioning of excess re¬ 

action energy among the products. Because of the need to 

study reactions involving chemically unstable species, a 

crossed beams system was constructed. This has the 

additional benefit of permitting accurate determination of 

the velocity dependence of the cross section. A crossed 

beams system can also in principle be used to measure the 

cross section of chemiionization reactions as a function of 

the vibrational excitation of the molecular target beam. 
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Chapter 1 

Theoretical Work in Field of Penning Ionization 

In this chapter is presented a summary of the theo¬ 

retical approaches to Penning ionization that have thus far 

been carried out. The theoretical treatment of Penning 

and associative ionization to date will first be discussed. 

The work that will be emphasized in this thesis involves 

excited metastable states of atom A listed in Equations (1) 

through (4), which cannot revert to the ground state in an 

electric dipole transition. Reactions of metastables are 

more difficult to describe theoretically than those of 

excited states which can make an allowed transition to the 

ground state, but they are the reactions that have been 

experimentally studied the most. 

In 1962 Ferguson (1) carried out the first theoretical 

calculation on Penning ionization. He reasoned that the 

momentum transfer cross section provided a useful estimate 

of the actual reaction cross section for those atomic re¬ 

actions that required zero activation energy. He solved 

for the momentum transfer cross section for metastable atom- 

neutral molecule collisions, assuming the only interaction 

to be the long-range van der Waals attractive force. 
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Ferguson's results came within about an order of magnitude of 

the experimental cross sections. 

In 1965 the first impact parameter formulation was 

carried out by Smirnov and Firsov (2). The probability of 

transition P was given as a function of impact parameter p 

by 
+eo 

P(p) = 1 - exp (-^ W(R)dt) , (5) 

— 03 

where R is a function of p and the probability of transition 

W(R) was given by the familiar Golden Rule 

W(R> " 1? I <*f ^interaction! *i> I \ ■ <6> 

where the interaction potential was the sum of the Hamil¬ 

tonians of the non-interacting atoms, and g^ was the density 

of final states. Smirnov and Firsov (2) considered the case 

where A* is excited but not metastable in the reaction 

A* + B - A + B+ + e (7) 

by simply conserving energy in the two allowed transitions 

A*-*A and B-*B+ + e. 

In 1967 the impact parameter formulation was made 

applicable to metastable atoms by Bates, Bell, and Kingston 

(3). For a potential V(R) of the form 

V (R) 9 (8) 
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where C and S were constants, classical orbit theory yielded 

• 'dR 

the result that ~ was negative if the impact parameter p 

was less than p , where 
os 

Thus the cross section was npQ . Bates et. al.. also gave an 

expression for the rate coefficient Kc averaged over a 

Maxwellian distribution. This K was for close collisions, 
c * 

d.R 
or those for which — was less than zero, 

at * 
12 

„ , 1/2 2/S n2-f)(2KT)2 S 

(s-^-^V72 
(10) 

where 

pi = reduced mass 

T = temperature 

K = Boltzmann's constant 

r = gamma function 

Bates et al. wrote the rate coefficient for Penning 

ionization as 

K 
P 

f P.K 
UJ x c (11) 

where 

f = fraction of close collisions from which a con- 

^ tinuum state can be.reached without violating 

spin conservation 
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P. = probability of an ionization occurring during a 

close collision 

K = rate coefficient for close collisions, 
c 

In a manner similar to that of Smirnov et: al. (2) , Bates 

et al. let be given by 

P^ = 1 - exp(-W)j (12) 

where 

W = T Y 

T = time spent in collision when reaction is sig¬ 
nificantly probable 

y = mean ionization rate. 

In the spirit of the impact parameter model, W was estimated 

by the boundary condition that the reaction occurred for 

all R less than some unspecified R^ and was given by 

W 
3R 

o Y(R0) 
=  J (13) 

where v = magnitude of the mean relative velocity. Thus 

-1/2 
for small W, P^a(Temperature) . The reaction rates for 

H(2s) + H(2s) -* H(Is) + H+ + e (14) 

H (2s) + H(2p) -* H (Is) + H+ + e (15) 

H(2p) + H(2p) - H (Is) + H+ + e (16) 

He (2 S) + He (2 S) -* He (1 S) + Hs + e (17) 

were derived by Bates e_t al_. as functions of temperature. 

The authors found P^ to be slightly less than unity. The 
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close collision reaction rates for the following reactions 

were also evaluated: 

He(23S) + Ar ^S) - He (l-’-S) 
+ 

+ Ar + e (18) 

He(23S) + Kr (1S) - He(11S) 
+ 

+ Kr + a (19) 

He(23S) + Xe (1S) - He (l^) 
Hh 

+ Xe + e. (20) 

The p.'s were found to be ~ 0.1 by setting K equal to 
i P 

experimental values of Benton, Ferguson, Matsen, and 

Robertson (4). Bates et al. explained these small values by 

the fact that each reaction proceeded by electron exchange 

between tightly bound orbits around unlike centers. The 

authors noted that Ferguson's (1) values were larger than 
i 

theirs. 

In 1968 Bell, Dalgarno, and Kingston (5) used the 

same theory as did Bates et al. (3) and determined a set 
« 

of values for c , in 
ab 

-6 
V (R) = - CafeR (21) 

for the two helium metastables in collision with targets. 

The values of P_^ were calculated from the experimental 

cross sections. The process of Penning ionization was 

described as taking place through formation of a complex, 

which then autoionized. The probability of autoionization 

was found to increase as the internuclear separation 

decreased. 
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In a 1968 paper on theoretical work in Penning ioniza¬ 

tion, Jones and Robertson (6) showed that the neglect of 

the repulsive part of the potential was not reasonable for 

the description of thermal energy metastable-neutral 

collisions. Jones and Robertson concluded that at 300°K 

the collision cross section might be reasonably approximated 

by that of a rigid sphere, with the probability of reaction 

per collision of ~ 0.1. 

Two years later Bell (7) studied the reaction 

He(23S) + H(12S) - He (11S) + H+ + e (22) 

quantum mechanically using an impact parameter formulation 

without neglecting the repulsive part of the potential. 

The basis set used was the product of the spatial wave- 

functions of the isolated atoms and a doublet spin function, 

properly symmetrized. Assuming that no electronic energy 

was transferred to the relative motion of the two nuclei, 

Bell derived the rate of ionization as a function of inter- 

nuclear separation. The interaction potential was given by 

the method of Heitler and London (8) for the chosen initial 

wavefunctions. The reaction rate was also derived for an 

assumed short range potential of the form 
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R R \ 

(“)12 - (^)Py ’ R < 4 a.u. (23) 

where a and (3 were varied to make the potential smooth at 

R = 4 a.u. with the long range part of the previously 

mentioned Heitler-London potential. Bell showed that the 

assumption of a straight-line trajectory was a poor method to 

calculate the rate coefficient for Penning ionization. His 

result will be discussed in the next section of this chapter. 

A recent theoretical paper by Matsuzawa and Katsuura 

(9) using the impact parameter method—with and without 

straight-line trajectory—calculated the cross section for 

the reaction given by Equation (17). They summarized their 

results as follows: 

(1) for grazing collisions, the ionization cross 
sections depended upon the autoionization 
probability; 

(2) for close collisions, the cross sections were 
determined mainly by interatomic potentials. 

They concluded that the above reaction occurred for close 

collisions. 

Jones and Robertson (6) have questioned the validity 

of the impact parameter formulation in application to 

Penning ionization collisions. Arguing from the experiment¬ 

al potential curve of Rothe, Neynaber, and Trujillo (10) 

3 
for He(2 S)/Ar reaction and from a classical,dynamics 

v (R) = a 
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collision study of Yang and Ree (11), they concluded that 

orbiting can only occur at temperatures less than 35°K. 

They explained that the room temperature reaction of 

3 
He(2 S)/Ar could be viewed as a hard sphere collision. 

They extended this result to most other collisions. 

In 1969 Hotop and Niehaus (12) began their derivation 

for Penning ionization with a classical impact parameter 

method similar to that used by Smirnov and Firsov (2) and 

Bates ejt al_. (3) ; however, their method emphasized the ex¬ 

change and direct mechanisms for the reaction. Hotop and 

Niehaus chose as the basis set symmetrized products of one 

electron wavefunctions of the two electrons in the reaction. 

The interaction potential was written as a sum of two parts 

arising from the following reactions: 

A*(l) + B(2) - A (1) + B+ + e"(2) , (24) 

i.e. a direct reaction, and 

A* (1) + B (2) - A (2) + B+ + e"(l) , (25) 

an exchange reaction. Hotop and Niehaus discussed the 

exchange reaction in terms of a barrier penetration, illus¬ 

trated in Figure 1. 

Hotop and Niehaus calculated the Penning cross section 

semi-empirically by assuming that the exchange reaction (25) 

was the major process. The width d of the barrier that the 
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electron must tunnel through was solved for by setting the 

3 
cross section for He(2 S) + Ar equal to the experimental 

value. This value of the width was assumed to be approxi¬ 

mately constant for different targets if the projectile re¬ 

mained unchanged. Hotop and Niehaus then calculated cross 

sections for (He*/Kr, Xe, H ) collisions. The authors 

claimed that agreement with the experimental values was 

quite good. However, Rundel and Stebbings (13) obtained a 

different expression for the exchange cross section. It has 

the form 

2 107 ne ^ 1 / 
2
U^A R~+1) 

Q = TTR  — 11 + 

VE7 V r‘ 
i r B 

E.R 
1 o 

(26) 

°2 
where Q is in A 

R = sum of hard core radii of A* and B (A) 
o ' 

O 

r = radius of B (A) 
B 

E^ = ionization potential of B (ev) 

cm 
V = relative velocity ( ) 
r sec 

O 

d = width of potential barrier (A) 

n = number of outer shell equivalent electrons ^ 

which is slightly different from the expression of Hotop 

and Niehaus. Rundel and Stebbings argue that the agreement 

is fortuitous and that the formula would predict cross 
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sections that differed from measured cross sections by as 

much as a factor of three if other targets were used. 

In addition to the momentum transfer calculations and 

the impact parameter formulations, there have been two in- 

depth Penning ionization studies. The first of these was 

made by Miller in 1970 (14). Miller treated Penning ioniza¬ 

tion classically, semi-classically, and quantum mechanically. 

He effectively used potential curves to explain the physics 

of the reaction, as others have (15, 16, 17, 18, 12, 19). 

Penning ionization and associative ionization were viewed 

as the transition of a discrete state to a continuum state, 

degenerate with it: 

A* + B->A + B++e (27) 

A* + B -* (AB)+ + e. (28) 

Figure 2 illustrates the potentials of the A-B system. 

The reaction of A* + B can be viewed as proceeding 

along curve V (R). At some internuclear distance R, the 

reaction may occur; and the system is then described by 

the potential curve v (R) + E, where E is the energy of 

the electron and V (R) describes the potential of A + B+. 
nr 

4" *+■ The end product is either A + B + e(E) or AB + e(E). 

For any internuclear distance R, there is some probability 

of decay P (R)dR from V (R) to V (R) + E. Miller stated 
AJ O ~T 
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that the potentials VQ (R) , V+(R), and the width T (R) 

associated with VQ(R) for the decay of the discrete to the 

continuum electronic state, 

r(R) l<*flv.ntsract.on|*.>|2 (29) 

were obtainable from electronic structure calculations. 

In the classical framework Miller derived the proba¬ 

bility density of a transition to the continuum as a 

function of the internuclear distance. He then integrated 

this density to find the probability of a transition during 

the entire collision, P^. His expression for the total 

cross section was 

^total = s (24+DP^ , (30) 

k i 
o 

where 

2 = 2y_ 

> 'll2 
(E-V (R = »)) 

Pj = 1 - exp(-2 ^ dR T(R) 
h Vt (R) 

h
2,2\ 

,E-Vo (R, - 

2pR 
V^(R) = 2 

1/2 

/ 
RQ = classical turning point. 
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Miller also derived the probability P (E)dE that the 
XJ 

energy of the continuum electron lay in the interval 

(E, E+dE) by using the relationship 

P (E)dE = S P (R)dR 
1 R.Z 

i 

(31) 

where E(R.) = V (R.)-V (R.). The result was 
l o 1 +1 

P (R) P (R) 

Pt
<E) " av (R) av (R) as(R) 

K. O  *r  K. 

(32) 

Miller examined the two cases when P (E) -♦ ». If E (R) is 
& 

dE 
not mono tonic, then at some value of R, -r— = 0 which led 
* * dR 

to P (E) -* os. Also at the classical turning point P (R) -* CD 
XJ XJ 

which also gave p^ (E) -♦ co. This latter case arose because 

of the expression for the classical velocity, which neglected 

the imaginary part of the potential. Miller also examined 

associative ionization classically by using the WKB method 

to calculate the probability of associative ionization into 

a vibrational-rotational state of (AB)+. 

In his semi-classical treatment, Miller combined 

classical quantities according to the superposition of 

probability amplitudes. The S-matrix requires a phase with ^ 

the transition probability: 
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i-*f 

1/2 ,. 
P. _ exp(i 
i-f 0. J (33) 

Miller considered the phase difference of transitions made 

at the same internuclear distance on the inward and outward 

trajectory. He constructed the S-matrix for both Penning 

ionization and associative ionization. The semi-classical 

transition probability differed from the classical one by 

only interference terms. Miller showed the interference 

terms would average to zero unless a point of stationary 

phase occurred for some angular momentum i. 

Miller formulated the quantum mechanical expression 

for the S-matrix within the Born-Oppenheimer approximation. 

He treated only the simplest case where E(R) is monotonic 

and the scattering amplitude on the inward and outward tra¬ 

jectory has only one term. S-matrices for both Penning 

ionization and associative ionization were given. 

Miller showed his semi-classical expressions to be 

derivable from the quantum theory. His quantum mechanical 

results on the electron energy distribution showed that the 

infinity when E(R) is not monotonic is replaced by an Airy 

function. Miller's results also showed that the most 

probable internuclear distance for the reaction to occur 

was the classical turning point. Miller and Schaefer (20) 
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performed a specific quantum mechanical calculation of the 
c 

cross section for the reaction 

He(21S,23S) + H(l2s) - He(l1s) + H+ + e (34) 

The potential curves were found by configuration interaction. 

The calculation was incomplete, the width of the autoionizing 

state not having been calculated. The authors stated that 

they are currently working on this aspect. Miller and 

Schaefer found that the He*/H potentials which dissociate 

2 3 13 1 
to H( S) and He(2 S, 2 S; 2 P, 2 P) were strongly interacting. 

The last section of the paper involved an impact parameter 

formulation; the result derived will be discussed in the 

next chapter of this thesis. 

In a second in-depth Penning ionization paper, Nakamura 

(21) studied Penning ionization by both quasiadiabatic and 

adiabatic representations. In the rigorous quasiadiabatic 

approach a non-local complex potential was derived by 

Green operator technique to handle the relative motion of the 

reactants. Nakamura concluded the method to be impractical 

for thermal energy Penning ionization collisions. 

Nakamura's quasiadiabatic method applied Fano's 

formalism (22) and derived a local complex potential. In 

this representation the cross section was expressed in terms 
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of the width of the complex potential. The method was 
x 

applied a year later by Fujii, Nakamura, and Mori (23) on 

the reaction given by Equation (34). They estimated the 

complex potentials by the valence bond method. The total 

electronic wavefunction was expanded as a sum of a discrete 

and continuum states. The total inelastic cross section 

was given by 

"total - I*/* , (35) 
K jl 

where 

|aj = exp(-2 im n^) 

n = phase shift. 
& 

1 2 
For the reaction He (2 S)/H(l S) , an intermediate 

2 3 2 
molecular state E is formed. For He(2 S) + H(1 S) , both a 

4 2 4 
E and a E .state are formed, but the E cannot make a 

2 + 
transition to He(l S) + H + e. Anti-symmetrized 3-electron 

2 
wavefunctions were used in the initial E states. The re¬ 

sults were that the real part of the potential is repulsive 

for the singlet helium metastable and attractive for the 

triplet. The cross sections derived at room temperature 

for the triplet He metastable with H was '>'100. times that 

for the singlet. These results will be more fully discussed 
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in the next chapter of this thesis. Fujii et_ ad. indicated 

that a later paper would cover associative ionization of 

He(21S, 23S)/H. 

The theoretical approaches to chemiionization were 

reviewed in 1970 by R. S. Berry (24). The thermal processes 

\ 
discussed were autoionization, associative ionization, 

Penning ionization, collisional ionization,, and thermal 

dissociation for ions. 
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Chapter 2 

Experimental Work in Field of Penning Ionization 

Penning ionization has been studied experimentally in 

three principal ways: by stationary afterglow, by flowing 

afterglow, and by beam systems. Both absolute and relative 

cross section measurements have been made. 

An active gas discharge involves many complex inter¬ 

acting processes between electrons, ions, photons, and ex¬ 

cited neutrals. For this reason attempts at quantitative 

rate measurements have been confined largely to the after¬ 

glows of gas discharges. Although the afterglow is itself 

complicated, reaction rates have been measured by monitoring 

the concentration of certain species in the afterglow. 

A major defect of the stationary afterglow method is 

that in the attempt to study the reaction A*/BC, both A and 

BC are present in the gas cell when the discharge is struck. 

Thus, in general, the molecule BC can also be excited, 

ionized, or dissociated. Interpretation of the measurements 

is then extremely complicated. Another problem in this method 

is that the useful detection time is just a small fraction 

of the total experiment time. 
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These problems are not present in the flowing afterglow 

system, in which the recombining afterglow is separated 

spatially from the active discharge by a very fast pumped 

flow of the discharge gas. The target gas is inserted in 

the afterglow, downstream from the active region and is, 

therefore, not exposed to the active discharge. Reported 

studies with this arrangement employ a variety of measure¬ 

ment techniques, including chemiluminescent light emission, 

mass spectrometry, optical absorption spectrometry, electron 

spin resonance spectrometry, and hot wire calorimetry. 

Accurate mathematical analyses have been done on this system 

(25, 26, 27). A typical flowing afterglow apparatus is 

illustrated in Figure 3. 

Reactions of helium metastables have been reported by 

3 
a number of workers. While the study of He(2 S) is rela¬ 

tively straightforward, investigation of He(2^S) is compli- 

3 
cated by the fact that it is quickly converted to He(2 S) 

with superelastic collisions with electrons in the afterglow. 

However, Schmeltekopf and Fehsenfeld (28) have used two 

methods to try to minimize the number of free electrons in 

the afterglow in order to measure He(2^S), as well as 

3 
He(2 S), reaction rates. In one method the metastable atoms 

were produced by electrons having an energy lower than the 
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ionization potential of He. The only electrons present, 

therefore, were those few produced by Penning collisions, 

1 3 and the chance of He(2 S) to He(2 S) conversion was very 

greatly reduced. Another method mentioned, although not 

often used, required the addition of SF,. to the He afterglow. 

Since the electron attachment to SF^ is so rapid, most of the 

thermal electrons are removed in this way from the discharge. 

The SFg did not significantly reduce the He* number density 

in the afterglow. Their apparatus had a second insert 

port, through which they added sufficient Ne so that all 

the metastables which survived to this point would react 

with the Ne, producing excited Ne atoms. Neon has four 

.5 
states with the 2p 4s configuration which are nearly reso- 

3 5 nant with He(2 S) and a state of the 2p 5s configuration 

1 3 
which is nearly resonant with He(2 S). The He(2 S) number 

density was measured when no He(2^S) atoms were present in 

O 

the afterglow by observation of the transition at 7032.4 A 

5 . 5 
from the 2p 3p configuration of Ne to the 2p 3s configuration. 

The singlet number density was determined when the afterglow 

tube contained both metastable states; however, the radia¬ 

tion used to monitor the He(2^S) number density is a line 

° 5 5 at 5689.8 A from the 2p 5s to the 2p 3p configuration of Ne 

which can only be excited by He(2^S). 
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A recent flowing afterglow experiment has measured the 

3 
He(2 S) number density in two different ways. Bolden, 

3 
Hemsworth, Shaw, and Twiddy (26) measured the He (2 S) number 

density by a selective absorption technique. The discharge 

was excited by a hot cathode, 100% modulated at a frequency 

O 

of 7 Hz. Filtered radiation at 3889 A, from the transition 

3 3 
3 P -+ 2 S, was created in a helium discharge and transmitted 

through the tube, at various points along the axis. A lock- 

in amplifier detected the AC component of the photo¬ 

multiplier signal at 7 Hz. and gave the relative density 

3 
of He(2 S) as a function of position along the afterglow 

3 
tube. They also detected He(2 S) by introducing Xenon 

into their flowing afterglow system, downstream from the 

reactant port. The Xe ions resulting from 

He (23S) + Xe 5 He(l1S) + Xe+ + e (36) 

were then measured by a mass spectrometer. The reaction 

rate k, given by 

m 

k = ^ Q(v) v f(v)dv j 

o 
00 

^ f (v) dv = 1 

o 

where 
5 (37) 
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was determined from measurement of the production of Xe+ as 

a function of the flow rate of the target gas. 

The other principal method that has been used to 

study metastable collisions is the beam method. A single 

beam-collision chamber approach is simpler than a crossed 

beam approach, and it can provide much larger signals. 

However, a single beam experiment is intrinsically incapable 

of yielding as much detailed information about reactions 

as a fully instrumented crossed beams experiment. In a 

crossed beams experiment, the target beam is usually modu¬ 

lated in order to minimize problems arising from reactions 

with the background gas. The beam method may be used to 

learn about features of a reaction, other than just the 

cross section. A beam technique may be used to give infor¬ 

mation about types of intermediate complexes, energy conver¬ 

sion in the collision, angular distribution of reaction 

products and their velocities, and partitioning of excess 

reaction energy among the products—all of which may depend 

upon the relative energy of the colliding particles. 

The beam technique however has its own problems. The 

metastables are usually excited by electron impact, which 

may cause considerable scattering due to momentum transfer 

and result in a change in the velocity distribution of the 
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atoms. Another problem is the detection of the metastables. 

These techniques are conveniently classified according to the 

interaction experienced by the metastable particle in the de¬ 

tection process (13). A method often used is detecting the 

secondary electrons ejected from a surface by incident 
*• 

metastables. 

In essence the beam technique incorporates a source 

from which a collimated beam of metastable atoms emerges. 

This beam passes through a region where it collides with a 

target gas and then impinges on a detector where its in¬ 

tensity is measured. The transmitted metastable intensity 

I is given by 

I = IQ exp(-NQL), (38) 

where 1^ = the metastable intensity in the absence 
of a target gas 

N = number density of the target gas 

L = effective path length of the beam 
through the gas 

Q = sum of cross sections for all collisions 
which deplete the beam. 

In general many processes, both inelastic and elastic, cause 

attenuation of the beam, and the cross section derived in 

this way is often difficult to interpret. Another way to 

study Penning ionization collisions is to measure the current 

of positive ions I+ produced in the interaction region. The 

current I+ is given by 
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I+ = IQ (l-exp (-Q_J.NL)) (39) 

where i N, and L are defined in the preceding 
equation and Q = the cross section for 
ion production. 

For weak attenuation of the incident metastable beam I may 
+ 

be written as 

I+ = IoQ.iML (40) 

and Q may be determined by measurement of l+, 1^, N, and L. 

The only extensive absolute cross section measurements 

by beam technique for a He*/neutral collision are those of 

Sholette and Muschlitz (29). They employed a detection 

scheme illustrated in Figure 4 whereby they measured both 

the effects of Penning ionization and of elastic scattering. 

The pressure of the target gas in the scattering chamber is 

-4 
~ 6x10 torr. The detector has four electrically inde¬ 

pendent electrodes SL, SC, SB, and T shielded from the rest 

of the apparatus by a cylindrical container G. Metastables 

which make no ionizing or elastic scattering collision will 

reach T, where they liberate a secondary electron with a 

probability y. Elastically scattered metastables will 

usually collide with SB or SC, liberating secondary electrons 

If SB and SC are biased negative with respect to SL and T, 

then secondary electrons produced at T will not be able to 

escape the retarding field. However, secondary electrons at 
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SB and SC will be attracted to SL. SL will also collect 

most of the electrons produced by He*/target reactions. 

The expression for the current measured by SL in this 

operating mode is given by 

-I 
(1) _ 
SL = !, + V I2 > (41) 

where I = current of electrons produced by 
ionizing reactions 

= current of elastically scattered 
metastables. 

If now SB and SC are made positive with respect to SL and T, 

secondary electrons produced at T will be attracted to SB. 

Also SL will now collect most of the positive ions pro¬ 

duced by inelastic reactions. The expressions for the 

currents measured by T and SL in this second operational 

mode are given below: 

IT(2) = Y J3 (42) 

I ^ = I (43) XSL 1 ’ '} 

where I = current of metastables which 
undergo no scattering. 

The total current of metastables entering the collision 

region is given by 
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= X1 + *2 + X3 
(44) 

- I <2> +i (i <2>- i I (2)) ISL + - l T ISL ISL ’ ■ 
(45) 

The current of positive ions is given by 

I = I U) 
X+ SL 

(46) 

Using Equation (39), I may be expressed in the following 

way: 

I = I x (1-exp(-QNL)) , 
+ O I 

(47) 

where Q = total inelastic cross section for 
He*/target averaged for some ratio of 
.singlet to triplet metastables. 

Solving for Q one finds that 

°i =5IX • (48) 

However, there are two metastable states of He in the beam, 

each of which has its own secondary emission coefficient. 

The expression for the average secondary emission coefficient 

in terms of the singlet and triplet He* secondary emission 

coefficients is given by 

Y = (YTIT + YSIS)/(IT + Is) , (49) 

where I = current of triplet metastables 

Is = current of singlet metastables. 
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The.correct expression for Q in terms of the inelastic 

cross sections for the singlet and triplet metastables, is 

given below: 

(50) 

(QT + RQS)/(1 + R) , (51) 

where R = i/l . 
S T 

There are several possible sources of error in the 

work of Sholette and Muschlitz. R was not measured but was 

taken from the work of Frost and Phelps (30). y was not 

measured but was taken from the work of Stebbings (31) for 

both the singlet and triplet metastables, although he only- 

measured y . Sholette and Muschlitz neglected the effect 

of He* elastically scattered in the backward direction 

which ejected electrons from SL. They also neglected the 

ejection of secondaries by positive ions when they were 

collected. The authors mentioned that these last two effects 

should contribute no more than a 10% error each. 

3 
The results for He(2 S) absolute inelastic cross 

sections by beam, flowing afterglow, and stationary after¬ 

glow technique are in fairly good agreement, although there is 

some spread in the data. The results for He(2^S) reactions 

vary greatly. The results of Benton et_ al. (4) made on a 
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time-resolved stationary afterglow are three times greater 

than those of Schmeltekopf and Fehsenfeld (28) using a 

flowing afterglow, which in turn are three times greater 

than those obtained by Sholette and Muschlitz (29) on a 

beam apparatus. The consensus of opinion of many reviewers 

is that Benton e_t al. (4) obtained singlet cross sections 

that were too large because they failed to properly include 

effects due to thermal electrons. The difference between 

the results of Schmeltekopf and Fehsenfeld (28) and of 

Sholette and Muschlitz (29) could be due to several effects 

Sholette and Muschlitz lacked knowledge of their secondary 

electron coefficient, which is a' function of the cleanli¬ 

ness of the surface, as well as the kind of and amount of 

gas adsorbed to the surface. The use of Frost and Phelps' 

(30) value for the ratio of singlets to triplets neglected 

the fact that the ratio is probably apparatus dependent. 

Schmeltekopf and Fehsenfeld (28) used a very low primary 

6 -3 
number density of metastable helium of ~10 cm in their 

flowing afterglow work. Rundel and Stebbings (13) suggest 

that the discrepancy between the two works is possibly due 

to some unexplained effect in the work of Schmeltekopf and 

Fehsenfeld. / 
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Relative cross section measurements, Qc/Qm, have also 
& JL 

been carried out for the reactions 

(52) 

(53) 

and, in view of the discrepancy between the absolute cross 

Once again the cross sections obtained in the stationary 

afterglow are the largest, those of the flowing afterglow 

are smaller, and those of the beam method are smaller yet. 

The ratio of cross sections for ionization of various targets 

and Smith (32), using a beam-gas cell technique. Their 

metastable beam contained both helium metastable states or 

just the triplet metastable. They used a helium discharge 

viously used to measure the absolute secondary electron 

yields for both singlet and triplet metastables. Thus no 

assumption was needed in determining the ratio of the current 

of singlet metastables to that of the triplets. 

Hotop, Niehaus, and Schmeltekopf (33) have also meas¬ 

ured Q /Q for many different targets. Their apparatus is 
ST 

sections for He(2'*’S) reactions, such measurements, are useful. 

1 3 
by He(2 S) and He(2 S) has been measured recently by Dunning 

lamp to quench the He(21S). Their apparatus had been pre¬ 
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shown in Figure 5. A beam of He atoms from a multichannel 

source is partially excited by a crossed electron beam. He 

ions are prevented from reaching the collision region by de¬ 

flection plates. A He discharge lamp can be used to quench 

the singlet metastables. Ions formed in the collision region 

may be extracted into a mass spectrometer. The electron 

spectrometer, used in their experiment, is an energy 

analyzer. 

Hotop ejt al. (33) solved for the ratio of singlet to 

triplet metastables in the following way. They measured the 

current of positive ions of a given mass with the quench 

discharge off and on and took the following ratio: 

IOFF~1ON 

I0N 
= NSQS/NTQT , (54) 

where I and I are the positive ion 
OFF. ON 

currents with the discharge off and on, 

respectively, 

N_ and N are the singlet and triplet 

metastable fluxes, 

Qg and QT are the singlet and triplet 

cross sections. 

Hotop ej: al. had no direct knowledge of the appropriate 

secondary emission coefficients for singlet and triplet helium 

metastables. They determined N /N by assuming that 
lb A 

Q /Q = 1.0 for N (29). (Dunning and Smith (32) have also 
Ox Z 
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measured Q/Q for N , and they found that Q/Q = 1.02 ± 
o x 2 o T 

.30.) This assumption of Hotop et al. enabled them to 

calculate N /N as a function of the electron energy used 
o T 

to excite the helium and to compare their results with others. 

Although these results of N /N are probably apparatus de- 
o T 

pendent, the agreement is still good as can be seen in 

Figure 6. 

It is interesting to compare the experimental and 

theoretical results for the reaction 

He(23S) + H(12S) - He (11S) + H+ + e. (55) 

The experimental result of Shaw, Bolden, Hemsworth, and 

Twiddy (34) made on a flowing afterglow apparatus was a 

reaction rate of (6.2 ± 10%) x 10 ^ cm+3sec \ which yielded 

”*16 2 
a cross section of (22 ±6) x 10 cm at room temperature. 

Bell's (7) theoretical calculation of the reaction rate for 

the same reaction is (7.5 ± 20%) x 10 ^ cm^sec ^ at 300 °K. 

‘Fujii et. ad.'s (23) calculation at a relative energy of 

„ -16 2 
0.003 a.u. or ^300 K yielded a value of 33x10 cm for the 

triplet Penning ionization cross section, which increased 

monotonically as the temperature decreased. This is sur¬ 

prisingly close to the experimental value considering the 

simple wavefunctions used by Fujii e_t al. Miller and 
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Schaefer (20) calculated the total cross section for this 

reaction down to a relative energy of 0.08 ev or ~900 °K. 

. -16 2 At this energy the cross section was 33x10 cm , but in¬ 

creasing monotonically as the relative energy decreased. 

The model used by Miller and Schaefer was the simplest of 

all the theoretical models developed so far for this reaction 

and yielded the result that differed most from the experi¬ 

mental value of the cross section. 

Experimental values for the cross section for the 

reaction 

12 1 + 
He (2 S) + H(1 S) -* He(l S) + H + e 

- (HEH)+ + e (56) 

have not yet been measured. Fujii eh al. (23) calculated 

-16 2 
the Penning ionization cross section to be 0.35 x 10 cm 

at room temperature. Miller and Schaefer (20) found the 

total cross section, both Penning and associative ionization, 

-16 2 . 
to be 103 x 10 cm at a relative energy of 0.08 ev. “Since 

the He*/H system is relatively simple to describe quantum 

mechanically, it is to be hoped that accurate measurements 

on this reaction will provide a good test of present and 

future theoretical models of Penning ionization. 
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In conclusion, the experimental and theoretical results 

3 2 
for the He(2 S)/H(l S) reaction compare favorably. Experi- 

1 2 mental measurements are needed for the He(2 S)/H(l S) reaction. 

Considering the lack of agreement on He(2^S) cross sections 

and on the ratio measurements of cr . , ,/a^ . , there is 
singlet triplet7 

indeed a vital need for measuring the cross sections abso¬ 

lutely for He*, as well as other metastables, on various 

targets. 
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Chapter 3 

Crossed Beams Apparatus: Design and Initial Use 

A. Design Criteria 

The Crossed Beams Apparatus was constructed to 

measure the reactions of metastable atoms and molecules 

with stable or unstable neutral targets. Since such small 

signals are expected from reactions with unstable targets, 

a differentially pumped vacuum system was required to 

minimize the signal due to collisions between metastables 

and background gas. To further facilitate handling the 

data, the target beam will be mechanically chopped by a 

four-bladed wheel with a 50% duty cycle. During those times 

when the beam can pass through the wheel, signal + background 

counts are registered in one scaler, and during those times 

when the beam is interrupted by the wheel, background counts 

are registered in another scaler. 

Within the vacuum system the number of stages of dif¬ 

ferential pumping required was determined by the maximum 

permissible rise in pressure at the collision region when 

both beams are running. The neutral beam intensities at the 

collision region were determined for the multichannel glass 
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arrays by the following relationship derived by Giordmaine 

and Wang (35) and by Hanes (36): 

I = 0.05 (vA0Q)1//2/dl2a1/2 , (57) 

where I 
0 

V 

A 

0 

Q 
V 

d 

1 

a 

In order to obtain the centerline flux of a neutral beam at 

the collision region, the total flow through the multichannel 

array must be known and may be determined in an indirect 

manner explained below. With knowledge of the conductances 

of the slits between the differentially pumped chambers and 

the pumping speeds of the various pump stacks together with 

a given collision chamber pressure rise, the pressure rise 

in each chamber can be determined when the beams are 

operating. Thus, once the pressure rise in the source chamber 

of each beam is obtained, the quantity Q of formula (57) 

will be determined; and the centerline flux of each beam at 

= centerline flux at the collision region 
(particles/cm^sec) 

= average speed of the particles (cm/sec) 

= source area (cm ) 

= ratio of open area to source area 

= total flow through the multichannel array 
(par ticles/sec) 

= effective diameter of gas particles (cm) 

= distance from source to collision region (cm) 

= radius of a single tube in the multichannel 
array (cm) 
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the collision region, as well as the ion signal expected 

from the reaction, may be determined. 

To illustrate this method, the total ion signal ex¬ 

pected from the reaction He*/!^ will be worked out in 

detail. It should be remembered that this estimate of the 

ion product signal will be high compared to that expected 

for the collisions with chemically unstable targets that 

will later be studied. Figure 7 is a schematic of the 

vacuum system constructed for the experiments, and Figure 

8 illustrates the location and size of the diffusion pumps 

in the Crossed Beams Apparatus. The maximum allowable 

pressure rise in the collision region due to each beam may 

-9 
be assumed to be 2x10 torr, which is the order of magni¬ 

tude of the background pressure in this region. The 4 mm x 

5 mm and the 5 mm x 5 mm collimating apertures for the He 

and N beams, respectively, yield conductances at room 

temperature of 6.28 liters/sec for He and 2.97 liters/sec 

for N^. The total gas flow which must be pumped away from 

the collision region is given by 

Q = P S = F (P -P ) 
* D+E D+E T

K
 C D+E' 

(58) 

where Q is the gas flow into the collision and scattering 

chambers, labeled D and E in Figure 7; P 
’ ^ D+E 

is the pressure 
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in chambers D+E (torr); S
D+E is the pumping speed for 

chambers D+E (liters/sec); F is the total conductance of 

the two apertures for the He and beams (liters/sec); and 

is the pressure in chamber C (torr). In a similar manner, 

the pressure rises in the other chambers labeled in Figure 7 

may be calculated. The results for the estimated pressure 

He -4 
rises in the source chambers are P„ = 1.03x10 torr and 

A 

N -4 
P 2 = 4.43x10 torr. The number of gas molecules per second 
G 

that must be pumped out of the source chamber is approximate¬ 

ly equal to the total flow through the multichannel arrays, 

since so few particles are directed precisely along the 

cylindrical axis of the array. Thus, the number of par¬ 

ticles that must be pumped away in chambers A and G is 

given by 

P S (3.24x10 atoms/torr liter) (atoms/sec) (59) 
A A 

19 
P S (3.24x10 molecules/torr liter) (molecules/sec) 
G G 

(60) 

These values may be substituted into formula (57) to derive 

the centerline flux for the He and N beams, which yield 

the following: 

IHe = 4.25x10"^ atoms/cm^sec (61) 

N 

I 
2 

o 
8.81x10 

15 
molecules/cm sec „ (62) 
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As is shown in Figure 9, the He beam is co-linear 

with an electron beam, which excites the He to the meta¬ 

stable states. By using results which will be fully 

explained in Section D of this chapter, the current of 

metastables in the collision region can be calculated, if 

one neglects scattering of He out of the beam during the 

excitation process. The number of He* per sec, I 

passing through the collision region is given by 

I„0* = (J/e) * (r* /v ) • (Q L) , (63) He* o He e 

where J = the electron current (amps) = 1 ma. 

-19 
e = 1.60x10 coulombs 

I = centerline flux of He at collision region = 

° 4.25x10^ atoms/cm^sec 

5 
v = average speed of He atoms = 1.26x10 cm/sec 
HG 

Q = cross section for electron excitation of He 0 —18 2 
to the metastable state = 6x10 cm 

L = effective collision path length for electrons 

and He = 12.4 cm. 

Therefore, Equation (63) gives 

I 
He* 

1.6x10 
10 -1 

sec (64) 

The signal of positive ions from the reaction He*/^ may be 

estimated by the relationship 
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S 
He* )QXL , (65) 

where the value for Q is taken from Sholette and Muschlitz 

(29): 

S 1.05xl06 -1 
sec (66) 

This large value for the expected total ion signal is an 

upper limit for the reaction He*/]^. For the reaction 

He*/H, which will be studied, the estimated total ion 

signal is 4 orders of magnitude smaller due to the low flux 

14 
of ~10 H-atoms/sec derivable from tungsten furnaces (37). 
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B. Vacuum System 

A schematic of the vacuum system is shown in Figure 7 

-9 
The minimum pressure attainable in the system is ~4xl0 

torr when no beams are running. When the target gas is 

flowing through the collision region, the pressure rises 

-9 
to ~6xl0 torr. Figure 9 shows the general lay-out of the 

apparatus to be used for measuring both the total ion pro¬ 

duction cross section and the production CJTOSS sections for 

different final state positive ions in the reactions 

13 
He(2 S, 2 S)/neutral target. Figure 10 indicates the ex¬ 

perimental arrangement for measuring the density of the 

neutral target gas. The various devices used in the per¬ 

formance of the experiment will be described in the follow¬ 

ing sections of this chapter. 

The diffusion pumps in the apparatus are of three 

sizes: the 3 inch Heraeus pump stack has a net pumping 

speed of 105 liters/sec for N^; for the same gas, the 4 and 

6 inch NRC VHS pumps have net pumping speeds of 286 and 571 

liters/sec, respectively. The locations of these various 

diffusion pumps are shown in Figure 8. The pump stack 

arrangement is illustrated schematically in Figure 11. 
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The liquid traps prevent pump oil from the diffusion 

pumps from getting into the vacuum system and also remove 

water vapor from the system. They are located directly 

beneath the vacuum chambers, as illustrated in Figure 11. 

The Heraeus baffles are located directly above the diffusion 

pumps to condense most of the back-streaming oil from the 

pumps. 

The forelines of the diffusion pumps connect to two 

stainless steel manifolds, which are joined by a ball valve. 

The heavy gas load from chambers A, B, F, and G (see Figure 

11) is pumped through one manifold, while the low pressure 

chambers C, D, and E are pumped through the other. A large 

Welch pump #1397 with a pumping speed of 425 liters/minute 

evacuates the high pressure manifold, while a Welch pump 

#1402 with a pumping speed of 140 liters/minute backs the 

low pressure manifold. Zeolite traps are placed between 

the backing pumps and the manifolds to absorb water vapor 

and backing pump oil. The backing line connections between 

the diffusion pumps and manifolds are made of copper tubing 

and fittings, silver soldered together; these connections 

are illustrated in Figure 11. Solenoid valves are mounted 

on top of the backing pumps to vent them to atmosphere and 

to isolate the vacuum system in case of a power failure. 
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Most of the other vacuum seals in the system are made with 

indium wire, although viton O-ring seals are used in a few 

instances. 

The diffusion pumps on both the vacuum system and the 

test vacuum system are cooled by a recirculating system of 

distilled water (see Figure 12). This water system may also 

be used to quick cool the diffusion pumps although^in case 

of a power failure or a distilled water flow shut-down, a 

solenoid valve is opened which quick cools the diffusion 

pumps with city water. 

The vacuum system also includes a liquid nitrogen 

system which operates automatically to fill each trap when 

needed. The level of liquid in the traps is measured by 

thermocouple sensors. Two 160 liter dewars, each of which 

lasts approximately 20 hours, may be connected to a mani¬ 

fold to provide liquid for the system (see Figure 13). 

All of the manifold and all. of the tubing connections to 

the traps are covered with refrigeration insulation. 

The backing pumps, diffusion pumps, water system, and 

liquid system are all connected to a control system which 

turns off the diffusion pumps and quick cools them if the 

liquid dewars are empty, if there is a power failure, or 

if the distilled water system fails. 
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C. Neutral Beam Sources 

This section includes a description of the pertinent 

features of the neutral beam sources designed for this 

apparatus. Thermal neutral beams are customarily obtained 

by allowing gas from a reservoir to flow through some form 

of aperture. In general, collimating apertures are used 

to define the transverse extent of the beam. 

Two multichannel arrays (see Figure 14), used to 

produce collimated beams of high intensity, were purchased 

from the Bendix Mosaic Fabrication Division. The sources 

consist of a glass disc with a 5 mm. x 5 mm. square emitting 

area embedded in the end of a 0.5 inch diameter stainless 

steel cylindrical tube and containing approximately 

6 
4.0x10 tubes; the emitting area is 50% transparent. A 

large value of centerline flux/total flow can be achieved 

when the mean free path of the neutral particles is of the 

order of the tube length; thus, the tubes in the multichannel 

array must be very short. The tubes of the arrays used in 

-2 
the Crossed Beams Apparatus measure 6.35x10 cm. in length. 

To obtain high axial flux, each tube radius must be only a 

small fraction'of the tube length; correspondingly, the 

inner radius of the tubes in the Bendix array measures. 
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1.00x10 cm. If the mean free path of the gas particles 

in the tubes is too short, then the initial portion of the 

tubes acts simply as a flow resistance, and the remaining 

length of the tubes determines the collimation of the beam. 

The mount for the neutral beam source includes a 

movable bellows which enables the multichannel glass array 

to be rotated both horizontally and vertically about a 

pivot point for the purpose of beam alignment (see Figure 

14) . 

The gas inlet system provides a convenient means of 

monitoring the flow of both beams produced by the multi¬ 

channel arrays. Each beam has its inlet system, which is 

illustrated schematically in Figure 15. A manifold holds 

four manual valves which allow the pumping out and the 

filling of two tanks, which may contain different gases. 

Once filled, the tanks are used to supply gas through the 

Heraeus leak valve to fill the stainless steel cylinder, 

in the end of which is the multichannel glass array. The 

pressure in the tanks is measured either with a thermocouple 

gauge or a diaphragm gauge. 

The theoretical calculations of the behavior of the 

multichannel arrays are given in Section A of this chapter. 

Comparison with experimental measurements will be made in 

Section G. 
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•D. He* Production Sources 

Thermal energy metastables are usually produced 

through electron impact excitation of ground state atoms or 

molecules. The excitation of a ground state beam may in¬ 

volve momentum transfer to the beam of metastables, result¬ 

ing in a different velocity distribution for the metastables 

from that of the ground state particles as well as causing 

scattering out of the beam. The electron gun used to 

excite the helium atoms to the metastable states is 

illustrated in Figure 16. 

The first metastables to be studied in the Crossed 

1 3 Beams Apparatus are He(2 S) and He(2 S), both of which will 

be produced under single collision conditions. Previous 

data on the production ratio of singlet to triplet meta¬ 

stables excited by electron impact are in reasonable agree¬ 

ment, considering that this ratio is probably apparatus 

dependent (see Figure 6). 

To maximize the number of metastable atoms produced, 

the relevant metastable excitation cross sections must be 

known as a function of energy. The only two measurements 

for the excitation of He to the metastable states over a 

wide energy range have been made by Woudenberg and Milatz 
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(38) and by Kuprianov (39) (see Figure 17). Woudenberg and 

3 
Milatz measured the He(2 S) excitation function only by 

° 3 3 
observing the absorption of \ = 3889 A (3 P -♦ 2 S) . 

Kuprianov detected both metastables by surface ionization, 

although he did not measure their separate excitation 

functions. Both of these curves offer useful experimental 

results because they include cascade effects, which will 

also be present in the production process. Much more data 

are available for the shape of the excitation functions of 

He* just above threshold. Massey and Burhop (40) have re¬ 

viewed the excitation of the metastable states of He by 

electron impact at both threshold and at higher energies. 

The particular geometry chosen for producing He* is 

shown in Figure 9. The electron gun is shown in detail in 

Figure 16. Within the electron gun, the filament is biased 

negative with respect to ground; the electrons it emits 

are repelled by the potential of Aperture #1 and attracted 

by the potential of Aperture #2, after which no external 

electric field is imposed on the electrons. Because of the 

very large magnetic field, the electrons tend to follow the 

magnetic field lines and thus are confined by them. 

The magnetic field configuration in the solenoid 

relative to the tungsten spiral cathode is shown in Figure 
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18. Figure 19 illustrates the division of the solenoid into 

three parts. It was found that in order to get the field 

lines to diverge quickly enough from the axis to pass 

through the cathode, Solenoid #1 had to be operated so as 

to generate an opposing field to those of Solenoids #2 and 

#3. The three solenoids are separated by 1/8th inch thick 

aluminum spacers, which help conduct the heat away from both 

the solenoids and the electron gun. The solenoids are 

wrapped uniformly so that the number of turns of wire per 

unit length of solenoid is the same for all three solenoids. 

The magnetic field at the mid-point of each of the three 

solenoids is given below as a function of the current 1^ 

to the solenoid: 

B1 
= 34 

*1 
(67) 

B2 
= 60 

*2 + 
9.7 I3 (68) 

B3 
= 35 J2 + 

34 X3> 
(69) 

where the B.'s are in Gauss and the I.'s are in amps. 
l l 

The testing of the He* electron gun was carried out 

in an auxiliary vacuum system. A movable Faraday Cup 

assembly, as shown in Figure 20, was used to measure the 

current at various points along the cylindrical axis. At 
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any given point along the cylindrical axis, the Faraday Cup 

measured the current within a 2.5 mm. radius from the axis. 

Although two enclosing disks measured the current that was 

displaced greater than 2.5 mm. from the axis, only the 

current measured by the Faraday Cup was co-linear with the 

helium beam and thus was capable of producing He* atoms. 

The expression for the number of He* produced per 

second, neglecting scattering, is given by 

where 

IHe* IeNHeQe-HeL 
(70) 

I = current of electrons that travels in 
0 

the He beam 

N = number density of He 
He 
Q = cross section for production of He* by 

electron impact excitation, including 
cascade effects 

L = effective path length for the electrons 
and He. 

This expression needs to be maximized with respect to the 

variable parameters available. Unfortunately, the kine- 

matical effects of momentum transfer to the He* beam cannot 

be included until the actual current of metastables is 

measured at the collision region in the Crossed Beams 

Apparatus. 
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The maximum that could be obtained for the product of 

I and Q occurred at a cathode potential of -85 volts, 
e e-He 

with Apertures #2 and #3 at ground and Aperture #1 at -100 

volts. Table 1 indicates the results of the product of 

I and Q , in relative units, measured as a function of 

the accelerating potential, with the potentials on the aper 

tures and the currents to the solenoids varied so as to 

maximize the current to the Faraday Cup when it was located 

at the mid-point of Solenoid #2. It was empirically deter¬ 

mined that at -85 volts bias of the cathode, the effective 

path length could be maximized by varying the currents to 

the three solenoids. The data for maximizing the product 

of I and L or, if it is assumed that I is a constant, for 

finding the maximum effective path length are given in 

Table 2. As can be seen from these data, the largest ef¬ 

fective path length was obtained for the solenoid settings 

that maximized the current to the Faraday Cup located at 

‘the mid-point of the center solenoid, I * 
maY now 

He 
estimated by using the results that 1=1 ma., I = 

15 2 - 5 
4.25x10 atoms/cm sec, v at room temperature = 1.26x10 

18 2 
cm/sec, Q = 6x10 cm , and L = 7 inches x .7 =4.9 

* e-He ’ 
10 

inches = 12.4 cm; the final result is I . = 1.6x10 
He* 

atoms /sec. 
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In testing the electron gun, the filament, which com¬ 

prised 1 ~ turns of .015 inch diameter tungsten wire and 

dissipated ~60 watts of heater power, was observed to 

operate under temperature limited conditions. The emission 

current of 1 ma. is sufficient for the experiments, and any 

increase in power to the filament would shorten its life. 

As a model, it may be assumed that the electron gun 

operates under conditions of magnetically confined focusing, 

if the cathode is considered to be a virtual disk of 2.5 mm. 

radius. Using the calculations of Septier (41) for magneti¬ 

cally confined beams, the perveance for the He* electron gun 

and, thus, the maximum current obtainable for a given cathode 

bias may be calculated. Results show that 1/3 of the 

maximum possible current is transmitted to the Faraday Cup. 

From Septier's treatment, the effect of space charge upon 

the beam can be shown to be negligible. 
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‘E. He(2 S) Quench Method 

The two helium metastable states are forbidden to de¬ 

cay to the ground state by electric dipole radiation. The 

3 1 
transition 2 S -» 1 S violates both the As = 0 as well as the 

AJJ = ±1 selection rule, while the 2 s -* l^S transition vio¬ 

lates only the latter. 

There are several possible ways of quenching the 2^S 

component of the metastable beam. One method is to apply 

a strong electric field across the beam which mixes the 

2^S and 2^P states, allowing an electric dipole transition 

to the ground state. Holt and Krotkov (42) applied an 

5 
electric field of the order of ~2xl0 volts/cm to diminish 

the singlet component by ~90%. Another method involves 

colliding the metastable beam with thermal energy electrons, 

which remove the 2"*"S atoms because of the large cross 

-14 2 . 
section of 3x10 cm (43) for the reaction 

He (2 S) + e He (2 S) + e . (71) 

This reaction occurs in afterglow experiments involving He*, 

unless precautions are taken to diminish the electron number 

density. The method to be used on the Crossed Beams 

Apparatus employs photon excitation to selectively quench 
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the He (2 S). This is a convenient way to eliminate the 

singlet component of the metastable beam and has been used 

by Hotop e_t aJL. (33) and by Dunning and Smith (32) . 

The photon excitation method uses the radiation from 

a He discharge lamp to excite the metastable beam. Photons 

11 3 3 
corresponding to the transitions n P -* 2 S and to n P -* 2 S 

where n = 2,3,4,*•• excite the two metastables. Although a 

3 
partial quenching of the 2 S state is possible if the trip- 

3 
let metastable is raised to a highly excited P state from 

which a transition to the singlet system could be made by 

spin-orbit coupling, Hotop e_t aJL. (33) have concluded that 

a quenching of the triplets in their apparatus can be ex¬ 

cluded to better than 3%. The excited n^P atoms decay by 

electric dipole transitions either to the ground state or 

back to the 2^S metastable state; however, Hotop et_ al. 

have demonstrated that the singlet metastable component is 

reduced by more than 99.5%. This is not surprising since 

the'branching ratio for He(2^P) to the two lower lying 

states (44) is given by 

I 

I 
1 

2 
9.1xl02 (72) 
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where — 
X2 

V A2 

= branching ratio of the transition 

2'*'P -* l^S to the transition 2 P -* 2 S 

= Einstein transition probabilities of 
spontaneous emission for the respective 
transitions (45). 

Of course, the 2 S may also be populated by downward transi¬ 

tions from other excited ^p states; but once again, the 

number of atoms which will decay to the 2^S level will be 

only a small fraction of the number which will decay to the 

ground state. 

The quench spiral used in the Crossed Beams Apparatus 

is illustrated in Figure 21. The pyrex glass spiral con¬ 

tains the helium discharge and transmits the infrared light 

needed to depopulate the He(2^S) state. The proper pressure 

which maintains the discharge in the glass spiral is regu¬ 

lated by a Heraeus needle valve and a Nupro valve, as 

illustrated in Figure 22. 
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F. He* Detector 

Several techniques have been employed to detect 

metastables. Methods mentioned previously in this thesis 

include collisions of metastables with surfaces, leading to 

secondary electron ejection (29); collisions with atomic or 

molecular targets, leading to Penning ionization of the 

target (26) or to excitation transfer to the target, 

followed by allowed radiative decay (28); collisions with 

photons leading to photoexcitation of the metastable to a 

radiating state (26); and interaction with electric fields 

leading to quenching of the metastable and a radiative 

downward transition (42). The technique most often used is 

that of secondary electron ejection. 

In recent years the data for secondary electron emis¬ 

sion by metastables have been conflicting. The recent work 

of MacLennan (46, 47, 48) and Dunning (49) and their 

respective colleagues has given information about the abso¬ 

lute ejection efficiency for various metastables incident 

on well-defined, reproducible surfaces. The results of 

MacLennan and Dunning, as well as those of Hagstrum (50) 
' 

for incident ions, are given in Table 3 (13). From the good 

agreement there, it appears that the secondary emission 
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coefficient for He metastables on atomically clean tungsten 

is ~0.3 for both singlet and triplet states. MacLennan and 

Dunning do observe contradictory results for the effects of 

contamination of the surface, but it appears that the con¬ 

tradiction is due to the differing ways the surfaces were 

contaminated. Dunning e_t aJL. (49) found an increase in the 

secondary emission to ~.5 when they admitted contaminant gas 

to their vacuum system. They explained the rise in yield by 

the fact that the adsorbed gas could be Penning ionized, re¬ 

sulting in the escape of an electron. The ion thus produced 

may then interact with the surface, resulting in the 

neutralization of the ion and the possible emission of 

another electron from the surface. With the added possibili¬ 

ty of another means of secondary electron ejection, the yield 

should rise. The drop to = .06 in the secondary electron 

yield when MacLennan admitted small amounts of contaminant 

gas, either air or N^, is possibly explained (13) by the 

fact that small amounts of 0 and N promote extensive 
" z 

% 

adsorption of rare gases, and the background pressure of He 

-5 
in the apparatus was ~10 torr. The surface is thus con¬ 

taminated with He, which the incident He* is unable to 

Penning ionize. The amount of adsorbed gas will also help 

prevent electrons ejected by the surface from escaping. 
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Thus, for contaminated surfaces, the yield is influenced by 

the nature and amount of adsorbed gas. The presence of a 

contaminant such as oil or grease may also form a partially 

insulating layer on a surface, which will hinder the escape 

of secondary electrons. The yield from chemically clean 

surfaces may also depend upon the manner in which a surface 

is cleaned. 

The electron yield from an atomically clean surface of 

a given material for a given incident metastable may also 

depend upon the structure of the surface. For example, the 

yields from different crystal planes may differ (47) for a 

crystalline surface, and the yield may depend upon the sur¬ 

face roughness for an amorphous surface. MacLennan obtained 

an atomically clean tungsten surface by good vacuum tech¬ 

niques and by heating the tungsten detector to ^2000 °K for 

-10 
over an hour in a high vacuum of 2x10 torr. The tungsten 

was heated every five minutes during the course of the 

measurements for about a minute to drive off the adsorbed 

gas molecules. 

The absolute He* detector to be used in the Crossed 

Beams Apparatus will be similar to the one used by MacLennan 

A Faraday Cup assembly, illustrated in Figure 23, is 

presently available to detect the He*. The target surface 
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A is stainless steel, whose secondary electron yield is 

approximately 0.5. To measure the He* current, electrode B 

is biased positive with respect to A, and the electrons which 

leave A are measured by an electrometer. The Faraday Cup 

also measures the electron current used to ionize the neutral 

target, when the neutral beam number density is determined. 

In this mode, electrode B is made negative with respect to 

A so that all the electrons which hit A remain there; thus 

a.negative current is measured at A. 
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G. Collision Region 

The collision region is defined as the location where 

the reaction He*/neutral target occurs. Two separate means 

of monitoring the reaction are available: total ion col¬ 

lection and mass analysis of the positive ions produced. 

The operating mode may be changed without breaking open the 

vacuum by using a vertical drive bellows which supports 

both the total ion collection assembly and a portion of the 

ion analysis assembly. The total ion collection system is 

illustrated in Figure 24, and the positive ion mass analysis 

system is shown in Figure 25. The grids used in both 

measurement techniques allow a high degree of ion trans¬ 

mission (see Appendix). 

In the total ion collector shown in Figure 24, an 

electric field is maintained between and to deflect 

the ions upward. G^ shields the collision region from the 

large accelerating voltage on G^, which accelerates the 

positive ions to the multiplier. The potential on-G^ sup¬ 

presses the secondary electrons ejected from the detector 

by the energetic ions. The detector is a Johnston Labora¬ 

tories, Inc. #MM-1 20-stage secondary electron multiplier. 
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In the positive ion analysis region shown in Figure 

25, the collision region is located between grids and 

G^. Positive ions formed are accelerated by an electric 

field between these two grids toward G^. A strong electric 

field exists between A^ and G^ to accelerate all the 

positive ions, whether molecular or atomic, to about the 

same energy. The ions are focused into a parallel beam by 

an Einzel lens, and the quadrupole lens is used to form 

the ion beam into a ribbon shape. The nearly parallel and 

nearly monoenergetic positive ion beam enters the 60° 

magnetic mass spectrometer, which momentum analyzes the 

positive ion beam and separates the positive ions according 

to their masses. Since the particle detector is fixed, the 

mass analysis is carried out by varying the strength of 

the magnetic field. 
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H. Data Acquisition 

Data acquisition for the Crossed Beams Apparatus is 

handled by the Counting System, which is shown schematically 

in Figure 26? the timing sequence for the system is shown 

in Figure 27. The Counting System, which records the signal 

from the reaction in the collision region, has three major 

parts. The purpose of the first part is to provide a fast 

gate for the Discriminator so that a fraction of each half¬ 

cycle may be used for counting; the function of the second 

part is to provide a slow gate on the Discriminator so that 

some predetermined number of counting cycles may be carried 

out? and the purpose of the third part is transmit the 

signal from the collision region to the scalers. 

The first step in operating the fast gate on the 

Discriminator is getting a reference signal from the Chopper 

Wheel. This wheel, which has 4 blades and 4 openings, all 

of equal size, is rotated at 25 Hz, thereby modulating the 

neutral beam at 100 Hz in order to minimize the problem of 

the large density of the background gas at the collision 

region with respect to the density of the neutral beam. 

The signal from the Chopper Wheel results from a light and 

photocell combination, which generates a pulse. After 
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amplification, this pulse is transmitted to Pulse Generator 

1, which delays it until the target beam reaches the 

collision region. The output pulse from PG 1 is fed to a 

Logical Inverter, whose output is the complement of the 

output from PG 1. Thus, a positive output by PG 1 leads to 

a zero output by the Logical Inverter, and a zero output by 

PG 1 leads to a positive output by the Logical Inverter. 

The positive outputs of both PG 1 and the Logical Inverter 

are used to trigger the One-Shot Differentiator OS 1, which 

triggers the Pre-Set Scaler, which in turn opens the fast 

gate on the Discriminator. Once it is turned on, the Pre- 

Set Scaler counts a set number of pulses from the 1 MHz 

Crystal Clock while maintaining a positive output, and 

then turns off the fast gate on the Discriminator. The 

length of time the Pre-Set Scaler counts and the delay that 

PG 2 provides determine the percentage of each half-cycle 

during which the Discriminator is gated on. 

The slow gate on the Discriminator is used to determine 

the number of cycles of counting to be carried out before 

the data are recorded. Once again the output of PG 1, 

which is the amplified reference signal from the Chopper 

Wheel, is used to start the logical sequence needed to 

operate the slow gate on the Discriminator. The positive 
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output of PG 1 triggers the One-Shot Differentiator OS 2. 

If the Timer is "on," the positive output of the "Timer 

Level On" and the positive output of OS 2 are used to 

trigger And Gate 1, which operates the "Set" on Flip-Flop 1. 

In the "Set" mode, the output of FFl, P, is down or negative 

and is converted to a positive signal after passing through 

the Inverting Amplifier. This positive output of the 

Inverting Amplifier is used to open the Slow Gate of the 

Discriminator. When the Timer has counted for a pre-set 

length of time, an output pulse from the "End Pulse" of the 

Timer is fed to the "Set" of FF 2. The P output of FF 2 in 

the "Set" mode is positive; and this output, together with 

the next positive pulse from PG 1 and OS 2, triggers And 

Gate 2, whose output is used to turn on the "Reset" mode on 

both FF 1 and FF 2. FF 2 is now ready for another cycle, 

and the output of FF 1, P, in the "Reset" mode is used to 

accomplish the following two tasks: (1) after the signal 

is inverted by the Inverting Amplifier, this negative signal 

turns the slow gate of the Discriminator off, and (2) the 

positive output of FF 1 is fed to the One-Shot Differentiator 

OS 3, which triggers the Printer. The Printer then acti¬ 

vates the "Signal Out" switch on the scalers and thus 

prints the counts recorded by both scalers, i.e. one scaler 
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has counted the signal from both the background and the neu¬ 

tral beam, while the other scaler has counted only the back¬ 

ground signal. After the scalers have delivered their counts 

to the Printer, the Printer resets both of the scalers. 

The final part of the Counting System is used to 

transfer the signal from the collision region to the scalers. 

The positive ions formed by the reaction of He* with the 

neutral beam and with background gas are focused and accel¬ 

erated into the Electron Multiplier, whose signal is then 

transferred to a Fast Amplifier. The output from the Fast 

Amplifier is fed into the Discriminator. If both the Slow 

Gate and the Fast Gate are open, a count is then registered 

in either Scaler 1 or in Scaler 2 since the gate on either 

SC 1 or SC 2 will be open. As can be seen from Figure 26, 

SC 1 is gated on by the positive output of PG 1, and SC 2 

is gated on by the positive output of the Logical Inverter. 

The Counting System for the Crossed Beams Apparatus is 

a very fast, pulse counting system; the dead time of the 

counting system is estimated to be less than 50 nanoseconds. 

By chopping the neutral beam, it is easier to extract the 

signal that arises from the beam from the signal that is 

due to background, since the former is found by subtracting 

the reading on SC 2 from that on SC 1. 
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I. Measurement of Neutral Beam Density 

The neutral beam density is determined by measuring 

the thermal positive ion current produced by electron 

ionization of the neutral target beam. The electron gun 

which is used in this measurement is illustrated schemati¬ 

cally in Figure 10. When the neutral beam density is to be 

measured, the electron gun is lowered in chamber C (see 

Figure 7) to the axis along which the He* beam would travel. 

Electrons emitted by the indirectly heated cathode are 

accelerated to 1000 volts and are focused into a parallel 

beam of small transverse extent by an electrostatic lens 

consisting of 4 apertures and by two sets of deflecting 

plates before the beam passes through and ionizes the 

target gas. The collision region is operated in the total 

ion collecting mode, which is more fully explained in 

Section G of this chapter. Briefly, a weak electric field 

is maintained across the collision region, between and 

(see Figure 24), and the ions produced are accelerated 

upward by this field and are detected by a particle 

multiplier. 

The energy of the electron beam is chosen to be that 

for which the ionization cross sections are well known. For 
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single collision conditions, the positive ion current is 

given by 

J
+ - > <73> 

where I = current of the electron beam 
e 

N^, = number density of the neutral beam 

QT = total ionization cross section 

L = path length of electrons through target 
beam. 

For the reaction e/N , several different positive ions may 

be formed with different cross sections, as indicated below: 

Q1 + 
e + N -* N + 2e 

N+ + N + 2e 

3 N2
++ + 3e. 

(74) 

(75) 

(76) 

The total ionization cross section is given by Q = S Q.. 
i 

The largest is the first ionization cross section Q^, and 

•the dissociative ionization cross section Q„ is the next 
2 

largest. The other Q.'s are much smaller than Q, or O . 
i 1 2 

Thus, may be approximated by 

QT Q1 + Q2 ’ (77) 

and 

QT Qm Q. (78) 
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From Kieffer and Dunn (51), the values of the cross sections 

—16 2 
Q and Q at 1000 eV relative energy are .88x10 cm (52, 
7 2 

“16 2 
53, 54) and .18x10 cm (55), respectively. By measuring 

the thermal ion current S., produced from the reaction and 
th 

the electron current I , the number density of the N beam 
e 2 

may be determined from the following relation: 

S 
th = IeHN2

QlL • 
(79) 

The electron current I is measured directly with a Faraday 
e 

Cup, but the thermal ion signal must be interpreted from a 

measurement of the total ion signal as a function of the 

extraction voltage across the collision region. The thermal 

ion signal is indicated in Figure 28 as the difference in 

height between the two lines at ~ +1 volts, and the 

lower line is an extrapolation of the energetic ion con¬ 

tribution while the upper line is the sum of the thermal 

and energetic ion signals. The thermal ion signal was 

3 
determined to be 7x10 ions/sec (56), and N was calculated 

N2 
9 3 . 

to be 6.4x10 atoms/cm from Equation (79). The target beam 

intensity was calculated for a beam of at 300 °K by 

- 14 2 
I = N, v = 3.2x10 molecules/cm sec , 
T N. 

where v is the most probable velocity of N at 300 °K. 
* 

(80) 
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When the N beam was running, the pressure in the 

-5 
source chamber, Chamber G (see Figure 7), rose to 2.1x10 

torr, regardless of the orientation of the multichannel 

array. In terms of this pressure and the pumping speed of 

the 6 inch diffusion pump in this chamber, the total flow of 

molecules through the multichannel array is given by 

liters* ,„ , , „-5 . * „ „ .^19 molecules * 

°G = <570 )(2-lxl° torr) (3.24x10 tMr-liti? 

= 4.68x10 
17 molecules 

sec 
(81) 

Substituting this flow rate through the multichannel array 

into Equation (57) yields a predicted centerline flux 

I 
o 

15 2 
2.8x10 molecules/cm sec (82) 

which is in poor agreement with the value of 1^, mentioned 

earlier. 

However, the above value for I would not be correct 
o 

if there was a gas leak Qj_eak through the multichannel array 

cylinder. In this case the pressure rise in the source 

chamber G is given by 

PQ(570 liters/sec) = QQ + Qleak 5 (83) 

and 

Q
G 

=
 V570 liters/sec> - 0leak . (84) 
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A large leak Q would cause a smaller Q than expected 
leak G 

for the pressure rise in the source, and thus I would be 
’ o 

smaller and probably closer to the experimentally calculated 

centerline flux I . Further measurements are needed to 
T 

resolve this discrepancy. 
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J. Electron Energy Analyzer 

To measure the energy of electrons formed in colli¬ 

sions, energy analyzers are interposed between the 

collision region and an electron detector. With such an 

arrangement, one can measure the angular distribution for 

a fixed energy, the energy spectrum at a fixed angle, or a 

combination of the two. A study of dcr/dE yields information 

about the potential curves of the interacting particles, 

while information on partial wave scattering may be deduced 

from a study of dcr/df). 

To determine the energy of charged particles, several 

different kinds of energy analyzers have been used, in¬ 

cluding electrostatic deflection analyzers, magnetic field 

analyzers, and retarding potential difference analyzers 

(see Figure 29). The electrostatic deflection analyzers 

include the cylindrical 127° and the hemispherical 180° 

analyzers. By setting the potentials on the hemispheres or 

cylinders to predetermined values, charged particles of a 

certain energy may be transmitted, while those of a differ¬ 

ent energy are rejected. In a magnetic field analyzer, 

electrons of different energies enter a region of constant 

magnetic field. To accurately measure the energy of the 
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electrons, the beam of entering particles must have veloci¬ 

ties that are approximately perpendicular to the magnetic 

field, since the radius of curvature of the electron in 

the magnetic field is proportional to the velocity com¬ 

ponent perpendicular to the magnetic field. The retarding 

potential method measures the energy due to the velocity 

component that is perpendicular to the equipotential lines. 

For an axial retarding electric field, only the energy of 

the beam due to its axial momentum can overcome the re¬ 

tarding field. Thus, if the angle © shown in Figure 29 is 

defined by the following relation: 

energy due to transverse velocity 
energy due to axial velocity <^>2 

V 
x. 2 „ tan © 

II 

(85) 

and if the resolution R is defined by the following 

1 2 
. , — mv 

_ energy of a particle _ 2  _ __E _ 1 
energy not measured 1 „„ 2 AE .2. 

3 

~ mv(| sm © 
(86) 

the resolution R can, in principle, be made very large by 

the use of collimating apertures. Collecting electrons of 

low energy, however, is very difficult because of the high 

reflection coefficient y, which is equal to the ratio of 

electrons leaving the surface to incident electrons. Marmet 

and Kerwin (57) found that for incident electrons of 1 eV 
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Y is greater than 50% for most metals. To alleviate this 

problem, a modification of the retarding potential method 

was made by Forst (58) whereby an accelerating field was 

introduced after the retarding field, and the particles 

were thus detected at high energy. This system, which is 

called a filter lens, uses a negative potential to return 

low energy secondaries to the collector. 

The first measurements of the energy of electrons 

from Penning ionization collisions were made by Cermak 

(59), who introduced the phrase "Penning ionization electron 

spectroscopy" for this energy analysis. As was explained in 

Chapter 1 of this thesis, both Penning and associative 

ionization may be viewed as a vertical transition from a 

Born-Oppenheimer potential curve VQ for the A*/B system to 

the potential curve V+ for the A/B
+ system (see Figure 2). 

Thus, for a transition occurring at an internuclear distance 

R^, the energy of the ejected electron is 

E (R ) = V (R ) - V (R ) ; (87) 
el p o p + p 

and the kinetic energy of the nuclei, E^(R^), remains con¬ 

stant during the transition but will generally change as 

the product atoms separate, depending upon the shape of the 

A/B potential curve. The electron energy distribution 
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P(Ee^) then depends upon the potentials VQ and V+ and on 

the transition probability as a function of R. 

Hotop and Niehaus (19) measured P(Ee^) with a retard¬ 

ing electric field in combination with an electrostatic 

lens. For the reaction He*/(Alkali metal atom), the poten¬ 

tial V+ of Figure 2 varies only a small amount in the 

classically accessible range. Thus, the kinetic energy may 

be approximated by 

E , (R ) = V (R ) - constant , (88) 
el p o p ’ 

and the width of the distribution is given by 

AE = V (R ) - V (R ) =• E (R = ») + e , (89) 
o ci o e k 

where R , R , and e, the well depth of V , are defined in 
cl e ° 

Figure 30. Thus, the well depth of VQ may be determined 

from the measured width of the distribution, as long as 

transitions occur over the range of internuclear values 

between R , and R with a non-negligible probability. Hotop 
cl e 

and Niehaus (19) determined the v/ell depths, or binding 

1 13 
energies, for the systems He(2 S)/Na, He(2 S)/K, He(2 S)/Na, 

3 
and He(2 S)/K. 

Hotop and Niehaus (12) have also measured the energy 

distribution of the electrons due to thermal collisions of 
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1 3 

He(2 S, 2S) and Ar, Kr, Xe, Hg. They found that the energy 

distribution was broad and shifted with respect to E*-IP, 

where E* = excitation of the helium metastable and IP = 

ionization potential of the target, which they interpreted 

as being due to the interaction between the metastable 

helium and neutral target. The energy shift AE was defined 

by 

AE = E - (E* - IP) (90) 

and was found to vary monotonically as the size of the tar¬ 

get increased from +45 mV for Ar to -50 mV for Hg. The 

measured electron energy distributions were interpreted by 

Hotop and Niehaus in terms of potential energy curves (see 

Figure 2). They concluded that associative ionization 

occurred only if the curves were such that E was greater 

than E +E, , and that Penning ionization occurred if E was 
s k5 3 el 

less than E +E_ . It was shown that the ratio of associative 
s k 

to Penning ionization predicted by the above method was in 

agreement with the mass spectrometrically determined ratio. 

Hotop and Niehaus (60) have recently made the only 

measurements to date on the angular distribution of the 

Penning electrons. They measured the angular distribution 

13 of the electrons from the reaction He(2 S, 2 S)/Ar. The 

symmetry considerations for the above reaction are sig- 



75. 

nificantly different from those for ionization of Ar by a 
O 

beam of unpolarized 584 A photons, where the axis of sym¬ 

metry for the reaction is the direction of the photon beam; 

the angular distribution of the electrons from the reaction 

° 4- 

hv (X = 584 A) + Ar Ar + e (91) 

is symmetric to a 90° angle with respect to the photon beam 

(see Figure 31). For Penning ionization reactions, the 

relative velocity vector fo the reactants does not constitute 

a symmetry axis for description for the angular distribution 

of the electrons; however, the internuclear axis of the 

system He*/Ar is such an axis. Regardless of the angular 

distribution with respect to this axis, a spherically sym¬ 

metric distribution is expected in the laboratory if the 

internuclear axis is randomly oriented at the instant of 

ionization.* 

In their experiment Hotop and Niehaus stated that the 

temperature of the Ar target was ~350 °K and that of the He* 

beam was ~800 °K. Therefore the mean velocity of the He 

metastables was ~5 times that of the Ar atoms, and the 

relative velocity of the two atoms is essentially given by 

the velocity of the He metastables. The well depth of the 

attractive portion of the He*/Ar interaction potential is 



76. 

small compared to the thermal collision energy (10, 12), 

and the collision is essentially one of impenetrable spheres 

(Figure 2), due to the strongly repulsive potential en¬ 

countered at small internuclear distances of the He*/Ar 

system. Hotop and Niehaus maintain that the reaction occurs 

primarily at the classical turning point (12). Therefore, 

as can be seen from Figure 32, at the instant of ionization 

the angle 0 is less than TT/2 if 0 = 0° is defined to the 

angle at large internuclear distances of the He*/Ar system. 

As can be 'seen from Figure 32, a partial alignment of the 

internuclear axis will occur along the He* beam velocity 

vector, and the angular distribution in the molecular frame 

may be inferred from the measurement of the angular dis¬ 

tribution of the Penning electrons in the laboratory frame. 

It was observed that the intensity was not symmetric 

with respect to 90° from the internuclear axis but was 

enhanced in the backward direction (see Figure 33). Hotop 

and Niehaus interpreted this result by considering Penning 

ionization to be an electron exchange process. Thus, the 

Penning electron came from the 2s orbital of the He atom. 

It was proposed that the enhanced backward intensity of the 

electron distribution was due to a shielding of a portion 

of the solid angle by the Ar ,* the difference between the 
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1 3 angular distribution obtained for He(2 S) and He(2 S) col¬ 

lisions was qualitatively explained as a result of the 

1 3 differences in the He(2 S)/Ar and He(2 S)/Ar interaction 

potentials or as a result of the differences in the non¬ 

exchange part of the matrix elements (60). 

The type of analyzer that will be used in the Crossed 

Beams Apparatus is a hemispherical electrostatic deflection 

analyzer, which has several advantages over other types. 

It has been thoroughly investigated and can be made quite 

compact. Hemispherical analyzers also have an advantage 

over 127° analyzers in that the former have two dimensional 

focusing action. 

In an electrostatic deflection analyzer, magnetic 

screening is essential for good energy resolution of 

electrons of energy less than about 10 eV. Helmholtz coils 

are often used to cancel out uniform magnetic fields but do 

not diminish magnetic field gradients. To diminish these, 

' 4 
Cone tic or Mumetal, which have permeabilities of ~3xl0 

may be used. Conetic has an advantage over Mumetal in that 

the former is machinable, but either Conetic or Mumetal can 

be used without Helmholtz coils for diminishing both mag¬ 

netic fields and magnetic field gradients at the collision 

region. 
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The hemispherical deflection analyzer has been 

described in the literature (61, 62, 63) and is shown 

2 
schematically in Figure 34. A 1/r electrostatic field is 

produced by a difference of potential between the two concen¬ 

tric hemispherical surfaces of radii and R^. Paraxial 

electrons of energy £ eVQ exit the hemispherical analyzer 

after being deflected 180°. The radial distance x^ of an 

outgoing electron measured with respect to the center radius 

R^ is given by 

x /R = -x /R + 2AE/E - 2co2 , (92) 

where x^ is the radial distance of an incident electron 

measured with respect to radius R a is the incident angle 

measure from normal incidence in the input plane (see Figure 

34), and the energy E of the electron is given by EQ + AE. 

The potential difference V between the hemispheres is given 

by 

v = Vo (R2/R1 - W > (93) 

and the potentials of the inner and outer sphere are 

V (3-2R /R.) and V (3-2R /R_), respectively, o o 1 o o 2 ’ 

Kuyatt and Simpson (62) have calculated the energy 

resolution for a beam of electrons of uniform current 
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density distribution with uniform angular divergence with an 

energy distribution illustrated in Figure 35a for a 180° 

deflection analyzer. They found that, for entrance and exit 

slits of equal width w, the curve of transmitted electrons 

vs. energy was a triangle whose width at half-height is 

2 
given by (AE)^^ = E0 (W/2Rq) , if a was neglected in Equation 

(92) (see Figure 35b). They state that the use of a round 

entrance aperture instead of a slit would change the shape 

of the transmission curve of Figure 35'b, without significant¬ 

ly changing (AE).^^* They indicated that the inclusion of 

2 
the a term in Equation (92) also had the effect of changing 

the shape of the transmission curve without appreciably 

2 
changing (AE) -jy2’ 

as lon9 as a < W/2Rq. Simpson and Kuyatt 

also calculated the maximum deviation w of the electron 
m 

beam from the center R to be 
o 

2 2 1/2 
w /R = AE/E + (a +(w/2R + AE/E ) ) 
mo o o o 

(94) 

where w = R-R 
m 1 ( o1 maximum 

. This relationship may be simplified 

w 
m 

(AE) , /E + a + * • * 
1/2 o 

(95) 
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These relationships may now be used to determine a, R^, R^, 

and R^ of the analyzer. 

An estimation of the signal expected from the electro¬ 

static energy analyzer for the He*/]^ reaction is made 

below. The total positive ion signal for this reaction was 

calculated in Section A of this chapter and was equal to 

6 * 

1.05x10 ions/second. For an electrostatic energy analyzer 

that has an entrance aperture of .25 cm radius and is located 

at a distance r of 10 cm from the collision region, the 

solid angle dQ intercepted by the entrance apertures is 

given by 

2 2 2 -4 
dQ = dA/4tTr = IT (.25cm) /4n(10cm) ^2x10 steradians. 

(96) 

For an electron energy distribution that has the form illus¬ 

trated in Figure 35a, i.e. 

n (E) = k .(0 £ E £ E ) - 

= 0 (E > Ec) , (97) 

and that has a resolution of E/^E)^^ = 50, the signal ex¬ 

pected from the electrostatic energy selector is 

S = (L. 05x10^ electrons/sec) (dQ) ((AE).^2/E) 

= 4 electrons/second. (98) 
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K. Metastable Velocity Selector 

Velocity selection for a beam of particles is often 

carried out by modulation of the beam by means of one or 

more disks in which narrow slits are cut. A single rotating 

disk selector with a small ratio of open area to closed area 

allows the passage of a small burst of gas, and the time-of- 

flight spectrum of the beam is measured at a detector lo¬ 

cated some distance from the disk before another burst of 

gas is transmitted through the selector. To obtain high 

resolution each slot in the disk must be very narrow. Duty 

cycles employed in this method are usually of the order of 

1%. In a multidisk velocity selector, of those particles 

passed through the first disk, only those having a certain 

velocity will be able to pass through the entire selector 

unscattered and reach the detector. Thus, the velocity of 

the transmitted particles is a function of the slit- 

orientation in the disks and of the angular frequency of 

the rotating disks. A rotating slotted-disk velocity se¬ 

lector was used by Tang and Muschlitz (64) to produce a 

velocity-selected beam of neon metastables which was used 

to ionize a target gas. The total ionization cross section 

thus determined was a function of the relative velocity of 

the colliding particles. 
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Another method of metastable velocity selection is 

the cross correlation chopper, which has a duty cycle of 

~50%. In the cross correlation chopper, a beam is modulated 

by a mechanical disk, whose circumference is divided into N 

channels; an example of this type wheel is shown in Figure 

36. The order of the open and closed portions of the wheel, 

the shutter function A , is determined by a pseudo-random 
n’ 

sequence x^ of binary numbers. The shutter function A^ is 

a mathematical function of time given by 

A = ~ (x + 1) , (99) 
n 2 n * 

where x can take on the values ±1 and can change only at 
n 

. . ... Period of rotation of the disk 
intervals A t =  —  . The 

N 

shutter function has the values 0 and 1 that correspond, 

respectively, to the interruption and passage of the beam 

through the disk. The length of the sequence is given by 

K 
N = 2 -1, where K is an integer; and, if the sequence is 

N 
•chosen so that E x = +1, then the chopper is open 

n=l n 

slightly more than half the time. To obtain the time-of- 

flight spectrum, the detector is cross-correlated with the 

sequence x^, used to derive the shutter function. 

The frequency stability of the motor that drives the 

chopper wheel is critical and can be achieved in several 
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ways. Skold (65) used a crystal clock to control the chopper 

wheel drive unit. Visser et. al^. (66) operated their 

selector by a two-phase asynchronous Ferraris motor, which 

was frequency stabilized with a light-photocell reference 

signal in the feedback loop. Hirschy and Aldridge (67) 

used a hysteresis synchronous motor to drive their chopper 

wheel. This cross correlation chopper method of velocity 

selection has been used for studying the reactivity of 

neutron sources (68, 69), for thermal energy neutron dif¬ 

fraction studies (65), for measuring the residence time of 

potassium ions desorbed from a tungsten surface (66), and 

for measuring the time-of-flight spectrum for molecular 

beams (67). 

Several approaches may be taken in handling the data 

of the correlation chopper. A conventional multichannel 

analyzer may be used to record the time distribution of the 

signal; the cross correlation of this signal with the se¬ 

quence can then be performed on a computer. Using this 

th 
method, the signal stored in the n channel of the multi¬ 

channel analyzer is given by (67): 

N \ i 
S = KM Z A g+MB + B , 
n , n-m m n n ’ 

m=l 
(100) 
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where M = number of complete revolutions of the chopper 

gm = density of particles with flight times between 
mAt and (m+l)At 

K = proportionality constant between the measured 
signal and the time-of-flight distribution 

A = shutter function at time (n-m)At 
n-m ' 

c 
B = background coherent with the trigger 

B1 = incoherent background. 

The result of cross correlating the sequence with the 

recorded data is (67) 

1 I 
C (iAt) = ^-KM(N+l)g. + M(N+l) 2 BC + (N+l) 2 B^ . 

(101) 

Inspection of this equation shows that the cross-correlation 

function C (iAt) of signal S and sequence X as a function 
oX 

of the delay time iAt is proportional to g^, the density of 

particles with flight times between iAt and (i+l)At. The 

noise has also been reduced by a factor dependent upon the 

number of channels in the chopper. 

Another method of obtaining the cross correlation 

function utilizes a commercially available Correlation 

Computer (see Figure 37). The Fabri-Tek 1070 Series Signal 

Averaging System has an Auto- and Cross-correlation 

Digitizer SD-75 Plug-in module, which is used with a SW-70 

or SW-71 Sweep Control. The unit is capable of calculating 
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1023 or 4095 data points of the auto- or cross-correlation 

function, depending upon which main unit is used. The 

incremental delay AT is switch-selectable. If the two input 

signals are defined as A(t) and B(t), the complete computa¬ 

tion performed by the system in cross-correlation is 

. 2m-l 
C.HAT) =~— £ A(t )B(t + jAT) , (102) 

. 2-1 i=l 1 1 

where j = 0,1,2,,2m-2. The operation of multiplying by 

l/(2m-l) occurs after the summation has been completed for 

a particular j. The SD-75 samples and digitizes both inputs 

A(t) and B(t) at the beginning of a correlation analysis, 

at time t^. Input B goes directly to the input of a digital 

multiplier, while input A is directed to a supplementary 

register before being passed from there to the second input 

of the multiplier. The product A(t^)B(t^) is stored in 

Channel 1 of the memory. At time t^ + AT, input B is again 

sampled; and the sampled value V(t^+AT) is multiplied by 

A(t^). This product is stored in the next memory address. 

This process, in which new values of input B are multiplied 

by the original sample from input A, is continued until 
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At this point, a new sample is taken from input A, and 

the product A (t^) B (t^+jAT) is calculated for all j and stored 

in the appropriate addresses. The process continues for 2m-l 

periods. Memory address #1 contains A (t^) B (t^+jAT) for 

j = 0; address #2 contains A (t^) B (t^+j A T) for j =1 •••, 

until address #2m-l contains A (t^) B (t^+jAT) for j = 2m-2. 

The Fabri-Tek unit continuously displays the accumula¬ 

tion of the correlation function. This method employs the 

full memory of the Fabri-Tek Signal Averaging unit for data 

accumulation and thereby offers the maximum resolution. 

The major limitation is that it does not utilize all the 

information presented to the instrument efficiently, since 

the value of A is updated only once per cycle of the chopper 

wheel. 

To use the Fabri-Tek instrument, a pseudo-random, 

maximum-length sequence must be generated to calculate the 

correlation function on-line. This is accomplished by using 

a k-stage shift register, where k is an integer, with a 

modulo-two sum of the information in the last stage and one 

or more previous stages (see Figure 38). Every possible 

combination of the binary digits "1" and "-1," taken k at a 

time, appears in the k flip-flops, except for k successive 

"-l's." The sequence produced depends on the number of 
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register stages, the feedback logic, and the feedback con¬ 

nections. The starting point depends on the initial register 

setting. The proper feedback connections for a k-stage 

register generating maximum length sequences is in the 

literature (70, 71, 72). 

The last method for calculating the cross-correlation 

function to be discussed in this section is illustrated 

schematically in Figure 39. Here the gates to the scalers 

are turned on only by a positive X (tr-iAt). The cross¬ 

correlation function C (iAt) is given by 
sx 

and is recorded on-line. An advantage to this method is that 

the count recorded in each scaler M(iAt) is proportional 

(103) 

■where M+(iAt) total counts received in time T when 
X^t'-iAt) is positive (registered in scaler 
M(iAt)) 

M (iAt) = total counts received in time T when 
Xn(t'-iAt) is negative 

M = M (iAt)+M (iAt) total counts received in 
O "if” *“ 

time T (registered in scaler Mq) , 

to the cross-correlation function C (iAt). The major diffi- 
sx 

K 
culty in using this method is that of providing the 2 -1 

gating signals as a function of time. 
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The cross-correlation chopper could be used effective¬ 

ly in the Crossed Beams Apparatus to velocity select the 

He*. To obtain good velocity resolution, the velocity dis¬ 

persion of the target should be minimized by cooling the 

target gas to 77 °K. Two types of data would be required, 

as is illustrated in Figure 40. The He* current to the 

Metastable Detector would be used to determine the velocity 

distribution of the He* beam, while the signal measured by 

the Johnston Electron Multiplier would yield the product 

Q(v)n(v) as a function of the relative velocity of the 

collision. Thus, the cross section Q(v) as a function of 

velocity could be obtained. 
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Conclusion 

A crossed beams system has been constructed which will 

be used to study chemiionization reactions. Most of the 

internal assembly has now been completed. The multichannel 

arrays have been properly aligned along the beam axes; and 

the target beam intensity at the collision region has been 

determined for different driving pressures. This required 

the correct functioning of the counting system, the electron 

gun for the neutral beam measurement, and the Faraday Cup. 

The mass spectrometer system has been designed and is 

presently being constructed. 

The electron gun for producing the metastable beam 

has been tested in an auxiliary vacuum system and is mounted 

in the Crossed Beams Apparatus, along with the He(2^S) Quench 

System. The design of an absolute metastable detector is 

understood although initially a Faraday Cup will be used to 

measure the He* intensity. Although the Electron Energy 

Analyzer and the Metastable Velocity Selector remain to be de 

signed, the principles of their operation are understood. 

The first experiments to be studied will be chemiioni¬ 

zation reactions of aeronomic interests between metastable 

helium atoms and certain neutral species. The measurements 
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will include the determination of the total ionization cross 

section, mass analysis of the product ions, energy analysis 

and angular distribution of the Penning electrons, and 

analysis of the ionization cross sections as a function of 

the relative velocity of the colliding particles. 
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Appendix 

Technique for Making Highly Transparent, Planar Grids 

In order to make highly transparent, planar grids to 

be used in the total ionization collector and in the mass 

spectrometer system, a technique was developed which in¬ 

volved nickel plating 0.0005 or 0.0003 inch diameter tung¬ 

sten wire onto stainless steel grid supports. A procedure 

for achieving good plating was determined empirically. It 

was found that the grid supports plated better if they 

were first sandblasted. Next, they were immersed in an 

ultrasonic cleaner filled with ethanol. After this step 

the grid supports were put through a degreasing and cleaning 

procedure, using the standard techniques described below: 

Degreasing procedure; Immerse the work successively 
in the following baths at room temperature. All the 
solvents are to be reagent grade and fresh. 
1. Acetone. 2. Trichlorethylene. 3. Trichlor- 
ethylene (second bath). 4. Trichlorethylene (third 
bath). 5. Methanol. 6. Acetone (second bath). 
7. Dry in warm-air blast (73). 

Cleaning of stainless steel: 
1. Degrease as above. 
2. Agitate for 30 seconds in the following solution: 

Tap water . . . 750 ml 
HCl (concentrated) . . . 250 ml 
HNO^ (concentrated) ... 200 ml 

Rinse thoroughly in running tap water and then 
immerse in HNO^ (concentrated). 

3. 
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4. Repeat steps 2 and 3 if necessary for a uniform 
surface. 

5. Rinse in running hot tap water for 10 minutes. 
6. Rinse in two changes of deionized water. If there 

are deep recesses or holes, boil in deionized 
water. 

7. Rinse in acetone or methanol, reagent-grade. 
8. Dry under infrared lamps or in air oven at 80 °c- 

100 °C (73). 

After cleaning, the stainless steel grid supports were 

attached to a plexiglass holder. The edges of the grid sup¬ 

ports, where the plating was actually done, were then 

activated in a Nickel Strike solution, which prevented 

peeling of the plated metal. The supports were etched in 

2 
the strike bath for about a minute at 15-20 amps/ft by 

making them anodic. Then the polarity was reversed, the 

supports now being cathodic, with nickel striking taking 

2 
place at 15-20 amps/ft for about a minute. The formula 

for Nickel Strike is given below (74): 

Constituent Symbol Quantity 

Nickel chloride NiC^'S^O 120 gm 

Hydrochloric acid HCl 62.5 ml 
(sp. gr. 1.18) 

Temperature room 

pH not controlled 

Current density 15-20 amps/ft 
2 

Voltage not controlled 
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Anodes Pure Nickel sheet 

Distilled water 500 ml 

Still mounted on the plexiglass holder, the activated 

grid supports were next wrapped with tungsten wire, in the 

following manner. The holder was chuck-mounted on a 

continuously variable speed lathe, and the end of a roll of 

tungsten wire was attached to a screw which passed through 

a specific opening in a grid support to the plexiglass 

holder. The chuck was turned on a screw feed at rotations 

from 1/6 to 1/3 of a revolution/second, slowly wrapping the 

wire onto the grids. Finally, the other end of the tungsten 

wire was secured by means of another screw, which also was 

attached to the plexiglass holder through a hole in a grid 

support. 

When the wrapping was completed, the supports were run 

through the nickel striking procedure again to remove any 

contamination from the supports and from the tungsten wire. 

After the anode etching and nickel striking, the edges of 

the two adjacent grids were rinsed with distilled water 

from a squeeze bottle so as not to harm the wire wrappings. 

The edges were then placed into a Watts Nickel bath for 

about eight minutes. The formula for the Watts bath is 

given below (73): 
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Constituent Symbol Quantity 

Nickel sulfate NiSO4*6H20 900 gm 

Nickel chloride NiCl2*6H20 170 gm 

Boric acid 115 gm 

Distilled water 4 liters 

PH 4.5 - 6.0 

Operating temperature 45-70 °C 

Current density 20 amps/ft 
2 

After the edges were plated, the Nickel bath was washed 

off by distilled water from a squirt bottle, and the wires 

between the separate grid holders were cut with a razor 

blade. The ends 'of the wires were worked loose at the grid 

edges after the grids had been rinsed and dried. 

Several different grids were wrapped. One set of 

grids was wrapped 96 turns per inch with 0.00048 inch 

diameter tungsten wire, yielding an optical transparency 

of 95.4%. Another set used 0.0003 inch diameter wire, 

wrapped at 60 and at 48 turns per inch, yielding grids of 

98.2 and 98.5% transparency, respectively. The probability 

of successfully wrapping a perfect grid was ~0.7. 
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Table 1 

Table 2 

Table 3 

Table Captions 

Data for maximizing the product of Qe_He 
an<^ 

Ie (relative units) vs. Ee, where 

Q = the cross section for the reaction 
e-He 

e(Ee)+He(l
1S) -♦ e+He(21S, 23g) , 

I = current of electrons to the Faraday 
e , . . . _ 

cup (where the current is maximized 
at the mid-point of the second sole¬ 
noid for a given cathode bias by 
varying the aperture voltages and 
solenoid currents, 

E = energy of electrons, 

Current readings (relative units) at different 

points along the cylindrical axis for certain 

aperture voltages and solenoid settings, de¬ 

termined by maximizing the current to the 

Faraday Cup at the stated position. (Note: 

The locations are defined in Figure 19. Cur¬ 

rents at positions 3 and 4 were estimated, 

since the Faraday Cup could not reach them.) 

Measured values of secondary emission coef¬ 

ficient for atomically clean surfaces 



Table 1 

Q *1 (relative units) E (electron volts) 
S *“ii6 Q 6 

.378 54 

.465 56 

.520 58 

.602 60 

.705 62 

.808 64 

.853 66 

.857 68 

.918 70 

.990 74 

1.000 84 

.948 94 

104 952 
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Table 2 

Maximizing Positions Average 
Position 3 4 5 6 7 8 9 10 

5 7 .8 1.0 .8 .7 .6 .3 1 .7 

7 1 .2 .3 .4 1.0 .8 .7 2 .5 

9 0 .0 .02 .03 .04 .1 1.0 .8 3 

: The positions along the tube are defined in Figure 19. Note 
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Figure Captions 

Figure 1. Schematic depicting two possible mechanisms 

for Penning ionization: (1) an exchange 

mechanism and (2) a direct mechanism. 

Figure 2. Schematic of the effective potential curves 

for the A*/B collision and of the energy of 

the Penning electron. 

E* = excitation of A* 

IP = ionization potential of B 

Figure 3. A typical flowing afterglow apparatus. 

Figure 4. Detection apparatus of Sholette and Muschlitz 
(29). 

Figure 5. Schematic of apparatus of Hotop, Niehaus, and 

Schmeltekopf (33). 

Figure 6. Data on ratios of currents of He(2^S) to 

, 3 , 
He(2 S) as a function of electron energy 

used to excite the He. 

Hotop et aJL. (33) 
Cermak (75) 
Dugan et: al. (76) 
Holt et al. (42) 

Dunning et al. 1 s (77) results for two 
different measurement techniques are 
denoted by circles and triangles. 
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Figure 7. -Design of vacuum system chambers for Crossed 

Beams Apparatus. 

Figure 8. Location of diffusion pumps in Crossed Beams 

Apparatus. 

Figure 9. Schematic of apparatus for measuring total 

ionization and partial ionization cross 

sections for different final state positive 

1 3 
ions for reactions between He(2 S, 2 S) and 

neutral targets. 

Figure 10. Schematic for measuring the number density 

of the target gas. 

Figure 11. Vacuum system connections for Crossed Beams 

Apparatus. 

Figure 12. Water system for cooling diffusion pumps. 

Figure 13. Schematic of liquid ^ control system. 

Figure 14. Mount for neutral beam sources. 

Figure 15. Schematic of gas inlet system. 

Figure 16. Schematic of He* electron gun. 
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Figure 17. Apparent excitation functions for He*. 
3 

Curve 1 for 2 S by Woudenberg and Milatz 
(38) 

3 1 
Curve 2 for 2 S and 2 S by Kuprianov (39). 

Figure 18. Magnetic field configuration in the solenoid. 

Figure 19. Solenoid design, with locations defined along 

the axis for Faraday Cup positions. 

Units are in inches. 
The cathode is located at position 2. 
The closest that the Faraday Cup can get to 

the electron gun assembly is position 5. 
The current at positions 3 and 4 must be 

estimated. 

Figure 20. Faraday Cup assembly used to test He* elec¬ 

tron gun. 

1— 15 mm disk 
2— 5 mm disk 
3— Faraday Cup 

Figure 21. Glass spiral used to contain He discharge 

which quenches He(2^S). 

Figure 22. Schematic of Ke(2"^S) quench system. 

Figure 23. Faraday Cup assembly used in Crossed Beams 

Apparatus. 

Figure 24. Schematic of total ion collection assembly. 

i 
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Figure 25. Method for extracting positive ions to mass 

spectrometer. 

Figure 26. Counting System. 

Figure 27. Timing sequence for the Counting System. 

Figure 28. Positive ion signal vs. Voltage on P^. 

See Figure 24 for P^, 

V = 0 volts 
G1 

Figure 29. Several Types of Energy Analyzers. 

Figure 30. Potential curve model for chemiionization. 

Figure 31. a) Schematic representation of photoioniza- 
tion of a target gas. 

b) Angular distribution I (©) for electrons 
from the reaction hv + X X+ + e 

Figure 32. He*/Ar Collision in the laboratory frame. 

Figure 33. Results of Hotop and Niehaus (60) on angular 

distribution studies for the reactions 

He(21S) + Ar - He(11S) + Ar+ + e 

He(23S) + Ar - Hedy'S) + Ar+ + e 
O 

hv (X = 584 A) + Ar -♦ Ar + e. 

© is defined in Figure 31 

S3 2 
1(6) for photons a 1 + — (— sin 9-1) 
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Figure 34. Schematic of a hemispherical deflector. 

Figure 35. a) Electron Energy Distribution assumed by 
Kuyatt and Simpson (62). 

b) Electron Energy Distribution transmitted 
by a 180° deflection analyzer. 

Figure 36. Cross-correlation chopper wheel of Hirschy 

and Aldridge (67) . 

Figure 37. Fabri-Tek 1070 Signal Averager with Correia' 

tion Plug-In Module. 

Figure 38. K-stage shift register with a modulo-two 

sum used to generate the pseudo-random, 

maximum-length sequence. 

Figure 39. A cross-correlation measurement system. 

Figure 40. Schematic of cross-correlation analysis in 

Crossed Beams Apparatus. 
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Figure 12 
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Figure 20 
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Figure 28 
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Figure 30 



V. 

134 

Figure 31 

(b) 

B 



135 
O GO 

x 



R
el

at
iv

e 
In

te
ns

ity
 

136 

Figure 33 
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Figure 40 
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