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ABSTRACT 

Mercury ions have been extracted from the plasma of 

a mercury arc through the small aperture In a probe at high 

negative potential. By means of suitable electrodes, the 

ions were brought to any desired energy in the range 100 to 

4000 ev. The ions then passed through a field-free region 

containing mercury vapor where part of them became neutral

ized by charge-transfer collisions. The remaining ions were 

stopped by a retarding potential. The beam of neutral atoms 

then struck a metal target within a suitable cage for col

lecting ejected secondary electrons. The yield of secondary 

electrons was so large that it seemed unlikely that neutral 

atoms of mercury in their ground state could be responsible. 

Values of as high as 0.40 were noted. The only reasonable 

alternative seemed to be that the neutral atoms were in a 

metastable state. Two methods were used to test this hypoth

esis. The first consisted of increasing the distance of 

flight of the metastables giving them more time to decay in 

flight. The second method was to introduce small amounts of 

foreign gases to quench the metastables in flight. In both 

cases the resulting large decreases in secondary electron 

current at the target confirmed the metastable hypothesis. 

These and other pertinent data are presented in the subse

quent pages. 

i i i  
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CHAPTER 1 

Introduction * 

As the result of preliminary investigations by 

1 2 Varney and Rostron , it has been shown that fast neutral 

mercury atoms, formed by charge-transfer collisions, will 

produce a copious yield of secondary electrons from a metal 

lie surface. In these studies a beam of positive mercury 

ions, which had been extracted from a mercury arc discharge 

was allowed to pass through'a field-free region containing 

mercury vapor. The ensuing charge-exchange processes pro

vided a beam of fast neutral mercury atoms which were then 

directed against a metal target. 

The resulting secondary emission was surmised to a-

rise partially from intense local heating of the metallic 

surface due to the kinetic energy of the incident particles 

However, based on the proposal of Varney that the charge-

transfer process left the fast neutral mercury atoms in a 

^R. N. Varney in private communication. 
p 
R. W. Rostron, "Secondary Emission Produced by Neu 

tral Mercury Atoms", M.S. Thesis unpublished, University of 
Arizona, 1961. 
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metastable-^ state, the high yield was attributed mainly to a 

potential energy transfer between the impinging neutral 

atoms and the electrons in the metal surface. 

Earlier work supports the theory that metastable 

atoms will liberate electrons from a metallic surface by 

4 virtue of their potential energy. In 1924 Webb demonstrat

ed that thermal mercury atoms/ excited by 4.86 ev electron 

impacts, would eject electrons from a photo-sensitive sur

face. His procedure consisted of accelerating electrons 

from a heated cathode to 4.86 ev and allowing these elec

trons to collide with mercury vapor atoms. The excited 

atoms formed in this manner would then diffuse to a photo

sensitive target. The potentials in the experimental tube 

were so arranged that no electrons could reach the target. 

Webb was perturbed by the fact that the Bohr theory did not 

predict the 4.86 ev level in mercury to be metastable. He 

therefore believed that the excited neutrals would not have 

time to diffuse to the target before reverting to the ground 

state. In search of an explanation he postulated that it 

was the 4.86 ev radiation, which he had observed, that was 

A metastable atom in this paper shall refer to an 
atom in an excited state which does not revert to the ground 
state by a radiative transition i.e., its lifetime is of the 
order of 10~7 sec. or greater. 

^H. W. Webb, "The Metastable State in Mercury Vapor", 
Physical Review, Vol. 24, (1924), p. 113. 
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responsible for the photo electrons. 

In later work by Webb and Messenger^, the photo-sen

sitive target was shielded from the source of excited mercu

ry atoms by means of quartz and calcite crystal. Such a 

shield would prevent the excited atoms from reaching the 

target but would transmit the radiation. In this manner it 

was demonstrated conclusively that it was indeed the excited 

atoms which were responsible for the electron ejection from 

the target. The question of the lifetime of the 4.86 ev 

state remained unanswered. 

Webb's dilemma concerning the stability of the 4.86 

ev (3p_^) state has since been resolved by the establishment 

of the 4,.66 ev (3p ) and 5.43 ev (3P ) metastable states in 

mercury. As late as 1958 Lichten further established a 9.0 

ev metastable state by means of secondary emission studies. 

He believed this to be the state and predicted its life

time to be of the order of 0.01 seconds. Thus it is likely 

that Webb actually observed the secondary emission effect of 

the 4.66 ev metastables and the radiation from the 4.86 ev 

state simultaneously. 

^H. A. Messenger, "The Significance of Certain Crit
ical Potentials of Mercury in Terms of Metastable Atoms and 
Radiation", Physical Review, Vol. 28, (1926) p. 962. 

W. Lichten, "New Metastable State of Mercury", 
Physical Review, Vol. 109, (1958), p. .1191. 
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Coulliette^ in 1928 studied the diffusion of meta

stable mercury atoms in mercury vapor. In addition to veri

fying the work of Webb and Messenger, he succeeded in show

ing that the collision radius of the metastable atom is 

about 1.5 times that of the ground state atom. In addition 

he found evidence that the metastable atoms lost excitation 

energy as a result of collisions with ground state atoms. 

O 
In 1933 Sonkin studied the action of slow mercury 

metastables on metallic targets subjected to various environ

mental conditions. His investigations indicated that a de

posit of mercury on the target was essential to a surface 

sensitive to metastables. Atomically clean targets, produced 

by heating the metal, were found to be comparatively poor 

secondary electron emitters. 

The first efforts to study secondary emission by fast 

neutral mercury atoms were undertaken by Chaudhri and Kahn^ 

in 1948. They succeeded in bombarding a target with a beam 

H. Coulliette, "The Diffusion of Metastable 
Atoms in Mercury Vapor", Physical Review, Vol. 32, (1928), 
p. 636. 

O 
S. Sonkin, "The Action of Mercury Metastable Atoms 

on a Tungsten Surface", Physical Review, Vol. 43, (1933)3 
p. 788. ~~~ 

M. Chaudhri & A. W. Kahn, "Emission of Secondary 
Electrons from Nickel and Molybdenum by Neutral Atoms of 
Mercury and Potassium", Proceedings of the Physical Society 
of London, Vol. 6l, (l94«j, p. 52b. 
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of fast neutrals ( 0 - 55°0 ev ) produced by the grazing 

incidences of positive mercury ions with the walls of a 

nickel canal. The ions, formed by electron impacts with 

mercury vapor atoms, were extracted from the vapor and ac

celerated to high speeds by means of a cylindrical probe 

electrode. The probe doubled.as the neutralizing canal, and 

the neutrals formed by grazing incidences of the ions with 

the canal walls continued to the target without suffering 

appreciable deflections. The secondary electron energy spec

trum from the target was observed by Chaudhri and Kahn to be 

Maxwellian. As a result they concluded that the ejection of 

electrons was due only to the local heating induced at the 

metallic surface by the kinetic energy of the neutrals. 

Experiments closely paralleling those of Chaudhri 

and Kahn were carried out independently by Oliphant10 (1929), 

Berry"*""*" (1948), and Hagstrum"*"^ (195*0 with ions and neutral 

atoms of the noble gases. Their studies revealed that the 

yield of secondary electrons was nearly independent of the 

L. E. Oliphant, "The Action of Metastable Atoms 
of Helium on a Metal Surface", Proceedings of the Royal 
Society, Vol. A124, (1929), p. 228. 

^H. W. Berry, "Secondary Electron Emission by Past 
Neutral Molecules and Neutralization of Positive Ions , 
Physical Review, Vol. 74, (1948), p. 848. 

"jp 
H. Hagstrum, "Auger Ejection of Electrons Prom 

Tungsten by Noble Gas Ions , Physical Review, Vol.96, (1954), 
P. 336. 



kinetic energy of the incident particles over the energy 

range 0 - 4000 ev. The yields were also found to be inde

pendent of nuclear mass. These results substantiated the 

theoretical predictions of Cobas and Lamb1̂  (1944) and 

Hagstrum (1954) that secondary.emission by ions and atoms 

is essentially a potential energy transfer phenomenon. 

The research undertaken as the subject of this dis

sertation has been an attempt to validate the theory that 

metastable mercury atoms are formed in charge transfer 

collisions. The procedure consisted of bombarding a metal

lic target with neutral mercury atoms formed by charge ex

change collisions. The intensity of the ensuing secondary 

electron current from the target was then studied as a func

tion of the target distance from the charge-exchange region. 

An exponential decrease of secondary electron current, with 

increasing target.distance, would indicate that the neutrals 

were in an excited quantum state and decayed to the ground 

state in flight. A second method of quenching the presumed 

metastable atoms consisted of admitting small amounts of 

inert gases into the region between the charge-exchange 

"^A. Cobas & W. Lamb, "On the Extraction of Electrons 
from a Metal Surface by Ions and Metastable Atoms", Physical 
Review, Vol. 65, (1944)> p. 327. 

14 11 H. Hagstrum, Theory of Auger Ejection of Elec
trons From Metals By Ions", Physical Review, Vol. 96, (1954), 
P. 336. 
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region and the target. The results of these operations as 

well as other pertinent data will be presented in subsequent 

chapters. 



CHAPTER 2 

Theoretical Analysis 

Two basic phenomena are of interest in the analysis 

of this experiment. The first entails the charge-transfer 

process between a positive ion and a neutral atom, while 

the second is the secondary emission produced by neutral 

atoms. The mercury arc discharge1, which acts as the source 

of mercury ions in the experiment, also lends itself readily 

to analysis. However, since the subject of mercury dis-

2 charges is thoroughly covered in the literature , it will not 

be treated here. 

2.1 Charge Transfer 

The passage of ions through their own gas, or an-• 

other species of gas, is subject to the phenomenon of charge-

exchange between the ion and the neutral gas atom. Several 

of the possible charge-transfer processes are listed below: 

^Por a complete description of the experimental ap
paratus see footnote 2 of chapter 1. 

2 See for example Fundamental Processes of Electri
cal Discharge in Gases, by L. B. Loeb. 

8 
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1. Single charge transfer..., A+ + B A + B+ 

2. Transfer Ionization A+ +. B A + B2+ + e 

3. Stripping ... A+ + B —* 
2+ A + B + e 

4. Charge transfer to an 
excited level ... A+ + B 

* 4. A + B 
- + 

5. Capture by neutral atom A + B —*- A + B 

6. Collisional detachment A" + B —* A + B + e 

The single-charge-transfer process has been more thoroughly 

studied than the competing inelastic collision processes. 

This may be attributed to the predominating probability of 

the process. Single charge transfer results in the forma-

tion of a very slow ion (B ), and an atom (A) which has 
JL. . 

nearly the same kinetic energy as the primary ion (A ). 

Thus upon traveling one charge-transfer mean free path, the 
"h primary ion (A ) becomes a neutral atom but retains its 

velocity. The atom (B), which has lost an electron to the 

ion and has itself become an ion, begins to drift with ther

mal velocity. 

The effective collision cross section between two 

atoms in which electronic transitions occur goes through a 

maximum when the difference in internal energy is a 

minimum. The collision is considered to be a gradual phenom

enon, where the atoms approach each other with a velocity 

which is small compared to that of the atomic electrons. 

This may be represented by considering the amplitude of the 
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vibration set up when a disturbing force is applied to an 

oscillator of natural frequency P . This disturbance will 

vary with time according to some function of the force. If 

this function is expanded in a Fourier integral, only the 

components with frequencies between P and P + d£ will pro

duce any appreciable forced oscillations. In order for the 

components of the force to be large, the time of collision 

T should be of the order of the natural period of the os

cillator. Taking 2T to be of the order a/v, where "a" is the 

range of interaction between the atoms and "v" is their rel

ative velocity, the condition for maximum excitation is 

(aP/v) = 1. To transfer this classical picture to quan

tum theory it is only necessary to replace P by ^E/h. 

The transition probability is therefore a maximum if 

(aAE/hv) = 1. ^ 

Measurements of the charge-transfer-collision cross 

sections are consistent with this picture. The cross sec

tion for an ion traveling through its own gas is greatest 

when its kinetic energy is least as illustrated in figure 

2.11. For ions passing through a different vehicular gas, 

the cross section passes through a maximum. This maximum 

shifts to higher velocities as the difference in ionization 

q 
JS. G. Brown, Basic Data of Plasma Physics, Wiley & 

Sons, New York, 19593 pp. 36-40. 
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potentials increases as depicted in figure 2.12. Because of 

the very large cross sections involved in single charge 

transfer between positive ions and atoms of the same.spe

cies, this process has become known as symmetrical resonance 

4 charge transfer. 

When the difference in velocities between the ion 

and the atom of the same gas becomes large, the charge-

transfer cross section asymptotically approaches a constant 

value that depends upon the ionization potential of the 
EL 

atom. Sena-' has worked out an approximate theory for this, 

which gives the limiting macroscopic cross section as: 

4 -1 P. = 1.88 x 10 cm at 1 mm pressure 
u and 0° C. 

where "u" is the ionization potential. 

A general theory applicable to any charge-exchange 

collision between an atomic ion and an atom has been worked 
g 

out by Holstein . He has shown that the region in which the 

charge-transfer collision will occur may be considered a 

sphere of radius R surrounding the atom. Outside R the c c 

4S. C. Brown, o£. cit., pp. 40-41. 

^L. Sena, J. Exp. Theoretical Phys. (U.S.S.R.) 9. 
1320, (1939). 

6T. Holstein, J. Phys. Chem. 56, 832 (1952). 
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probability of charge-transfer falls rapidly to zero, while 

inside R it is |r. As an ion approaches an atom, it will be 

deflected toward the atom as a result of the dipole moment 

it induces in the atom. Since the radius R for charge-

transfer in resonance cases is very large, an ion passing 

outside R is almost undeflected by the dipole moment forces. V 

In the non-resonance cases, R is so much smaller that c 

attractive polarization forces are responsible for scatter

ing of ions passing near to atoms but outside R . Thus if c 
the ion enters the charge-transfer sphere in either case, it 

emerges half the time as a neutral atom and the other half 

of the time remains an ion. According to this model, the 

probability of charge-transfer oscillates rapidly between 

zero and unity for impact parameters equal to or less than 

R . The mean probability in this range is i so that the 

microscopic charge-transfer cross section is given by 

<r- = i vr . 

The charge-transfer process predicted in this exper

iment may be represented by the following expression: 

(Eq. 2.11) Hg+ + Hg —Hg* + Hg+ 

This process is a single-charge-transfer phenomenon between 

two similar atomic species in which one of the products is 

in an excited state. The discovery of the excited state of 

the neutralized mercury ion is one of the features of the 



present work. As a result of the formation of the excited 

mercury atom, the process of equation 2.11 cannot rigor

ously be defined as symmetrical resonance charge-transfer. 

However, from the high yield of metastable atoms observed, 

as well as from the fact that both reactants are mercury, 

the reaction appears to be a resonance process. This is 

further substantiated by the behavior of the charge-transfer 

cross section for mercury ions in mercury vapor as illus

trated in figure 2.11. The dilemma may be resolved by 

assuming that the incident mercury ion is itself in an ex

cited state and transfers this excitation energy to the 

neutral atom. In thij manner potential energy is conserved 

in the collision. The equation for this process is given 

in equation 2.12. 

(Eq. 2.12) . Hg+* + Hg Hg* + Hg+ 

The assumption that metastable ions exist is substantiated 

7 by the work of Hagstrum who studied extensively several 

species of excited ions. 

'H. Hagstrum, oj). cit., p. 336. 
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2.2 Secondary Emission by Excited Atoms 

When a neutral atom in an excited quantum state en

ters the vicinity of a metallic surface, it may lose its 

excitation energy with the resulting ejection of an electron 

from the metal. Early theory predicted that during such a 

collision of an excited atom with a metallic surface, the 

excited electron simply dropped to the ground state with the 

emission of a quantum of radiation. This radiation was in 

-turn supposed to eject an electron from the metal by a 

photo-electric process. 

Application of quantum mechanics to the subject of 

secondary emission has led to a more sophisticated picture 

of this process. Consider the energy level diagram of the 

metallic surface and excited atom shown in figure 2.21. The 

region to the left of AB represents the potential energy 

well equivalent to the metal surface. The lines represent 

the continuous energy levels of the metallic electrons and 

the spacing of the lines is an indication of the density of 

the quantum levels. The region to the right of AB depicts 

the potential energy well representing the mercury atom and 

shows an excited level and the ground level of the atomic 

electrons. The symbols used in the diagram are defined as 

follows: 

M = energy of potential well representing the metal 

0 = work function of the metal 
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JB = kinetic energy of metallic electron 

E = energy of excited.state 

E = energy difference between excited and ground state 

T = kinetic energy of ejected electron 

A common zero of energy for the metal surface and atomic 

electrons is taken as shown. The heavy dots represent 

electrons, while the circle represents an electron vacancy. 

Electron emission occurs when a metallic electron fills the 

vacancy in the ground state level of the atom and the ex

cited electron leaves the atom. From this analysis it is 

seen that the excited atomic electron rather than the metal

lic electron is the one ejected. The two electron transi

tions are represented by the heavy arrows. This secondary 

emission process is commonly referred to as Auger de-excita

tion and can be worked out rigorously if the wave functions 

of the two electrons are known. A simple energy balance for 

the process takes the form: 

{Energy to free atomic 
electron and impart to 
it a kinetic energy T 

fEnergy required to trans-
= < fer a metallic electron 

^to atomic ground state } 
(Eq. 2.21) 

* 
E 

* ,  
+ T = (E + E ) - (M - J0) 

and 

(Eq. 2.22) T = E - M + jb 



If the metallic electron is at the surface of the electron 

sea then (M - JB) = 0 and: 

(Eq. 2.23) T = E - 0 

The condition for electron emission is therefore E50. 



CHAPTER 3 

Experimental Procedure 

3.1 Experimental Apparatus 

The experimental tube, represented schematically in 

figure 3.11* may be broken down into three distinct sections 

for the purpose of analysis. Section I consists of the arc-

discharge tube which provides a source of positive mercury 

ions. Its construction is of Pyrex glass, blown to the 

proper dimensions, and fitted with four electrodes. The 

first electrode, V , acts as a ground point for the mercury-
o 

pool cathode as well as an anchor point for the character

istic cathode spot. A high voltage applied to V_, by means 

of an induction coil, produces a spark between this elec

trode and the•cathode, and in this manner the arc discharge 

is initiated. Once the arc is started, a discharge of con

stant intensity is maintained between the primary anode, V , 
3. 

and the cathode. By applying a potential to the fourth 

electrode, V^, a discharge, whose intensity can be con

trolled, is set up between and the cathode. The d.c. 

potentials are applied to V& and through current limiting 

resistors by a d.c. generator. The current to the respective 

17 
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anodes may be varied by means of these resistors. However, 

since the mercury arc discharge tube is. a constant potential 

device, the voltages measured at Va and remain approxi

mately constant (not necessarily equal) irrespective of the 

applied potential from the generator. (V and V, are of 3 D 

course less than the applied generator voltage in any case.) 

The second region of the experimental tube contains 

the electrodes responsible for extracting and accelerating 

the ions produced in the discharge. In addition this sec

tion is provided with a charge-transfer chamber and an elec

trode for stopping the positive ionSj which escape charge 

transfer, from reaching the target. The electrode assembly 

extends partially into the plasma and consists of three 

tapered and concentric cylinders insulated from one another 

as shown.- The configuration is supported in a glass cylin

der, which is attached to the discharge tube, by means of 

three leads sealed through the glass as illustrated. The 

nose of extending into the plasma is surrounded by a ta

pered glass tube which is ring sealed into the containing 

glass cylinder. The entire glass cylinder surrounding the 

electrode region is incased in a Styrofoam jacket of insu

lation which may be filled with a coolant consisting of a 

dry-ice and acetone mixture. 
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Positive ions are extracted from the plasma by means 

of a high negative potential applied to V^. These ions may 

then be accelerated by applying a higher negative potential 

at Vg. The fast ions then enter the field-free charge-

transfer region C which contains a few drops of mercury 

liquid to provide the required vapor pressure for charge ex

change. The neutral atoms formed in C continue through 

electrode toward the target, while the remaining ions are 

stopped by a positive potential on . The small perfora

tions in the tapered ends of the cylindrical electrodes pro

vide a well collimated beam of neutral atoms at the target. 

These small openings also serve to drastically reduce the 

pumping speed at the charge-transfer chamber and thus main

tain the higher vapor pressure required in this region. 

Region III is comprised of the target and collector 

assembly. The collimated beam of neutral atoms, passes 

through the circular aperture in the cylindrical collector 

and strikes the enclosed target. The ejected electrons from 

the target are then accelerated toward the surrounding 

collector by a suitably applied electric field between 

and Vc. 5 

In order to test the hypothesis that the neutral 

atoms formed in the charge-transfer process are metastable, 

it is necessary to vary the distance of the target from the 



20 

charge-transfer chamber. This is accomplished by means of 

the apparatus illustrated in figure 3-12. The collector is 

mechanically fastened to the target assembly with the aid of 

an insulating material. The target plate is itself readily 

removable to facilitate the study of various target mate

rials. Three rods, r, are fastened 120° apart to the target 

base and extend through an anchor-cylinder, to a 

second base, Bg. The motor rotor, M, is attached to Bg by 

means of ball bearings in such a manner that its rotation 

does not induce B^ to rotate. The connection, however, is 

such to permit the rotor either to pull Bg towards Ag or 

push it towards A-^. A threaded shaft, R, extends through 

the rotor and is fastened at each end to anchor-cylinders A^ 

and Ag which are snugly fitted to the glass walls. The in

side of M is also threaded to mate with R. Now, when the 

motor stator is passed around the glass tube and moved to 

the vicinity of M, the rotor turns on the threaded shaft 

moving'either towards A^ or Ag depending, upon the polarity 

of the stator voltages. As it does so, the target is pulled 

toward A2 or pushed toward A^ as a result of the ball bear

ing coupling. The electrical connection to the target is 

made to Ag by a wire sealed through the glass. The con

nection to the collector is accomplished by means of a 

spring clip attached to the collector which rides on a rail 

mounted along the bottom of the glass tube. A lead to this 
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rail is also sealed through the glass. In this manner the 

distance between the target and the charge-transfer chamber 

may be varied over a range of about 40 cm. 

The pressure between the charge-exchange region and 

the target, as monitored by an ion gauge, is maintained at 

about 10"^ mm by means of a mechanical fore pump in series 

with two mercury diffusion pumps in series with each other. 

The diffusion pumps, which are connected to this region, F, 

through a liquid-air trap, are further aided by a double 

walled glass tube, filled with liquid nitrogen, which pro

trudes into region F. Such a vacuum is extremely good for a 

system exposed to an open source of mercury. The pressure 

in the charge-transfer chamber is not known accurately but 
_ Q  

presumed to be of the order of 10 J ram as the presence of 

mercury droplets should assure nearly saturation vapor pres

sure in this region. 

An opening into region F is provided through which 

foreign gases may be admitted to quench the anticipated 

metastable atoms. Minute quantities of these gases are ad

mitted by means of a variable leak valve which is in series 

with the external gas source and region F. 

The material used in the discharge tube electrodes, 

Va and as well as that of the target electrodes, and 

V^, is nickel which has been machined to the proper 



FIG. 3.13 Experimental Apparatus 
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dimensions. The electrodes V^, Vg, and are all stainless 

steel. Neither of these metals amalgamates with mercury. 

The purpose of electrode Vm will be explained at a later 

time. 

The overall apparatus setup, including the discharge 

tube, the time-of-flight tube, and various meters and power 

supplies is shown in figure 3.13-

3.2 Experimental Data 

Preliminary tests with the apparatus showed that the 

secondary emission from the target increased rapidly as "the 

current to anode was increased from zero to about 1.5 

amps. Any further increase in the current did not appre

ciably influence the secondary emission. The secondary 

electron current was also found to vary directly with the 

intake potential, V-^, over the range of 0-5000 v. The ac

celerating electrode, V2, was not as effective as desired, 

due to the tendency of the dielectric between V-^ and V2 to 

break down when the potentials between these electrodes dif

fered greatly. This effect caused the potential on V.^ to in

crease as that on V2 increased. 
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It was also discovered early in the experiment that 

if the potential on the collector, was more negative 

than that on the target, the meter in the target circuit 

read a negative current, (figure 3-21) With this polarity 

between target and collector, secondary electrons could not 

leave the target. The inference, thenj was that negatively 

charged particles were reaching the target along with the 

neutral atoms. This negative current was very large and 

actually approached the magnitude of the secondary emission 

current. A logical explanation, and one used by earlier 

researchers, would be that the neutrals were reflected from 

the target and struck the collector. Secondary electrons 

ejected in this manner from the collector would then be free 

to reach the target. However, it seemed unlikely that the 

reflection would be so intensive. A second explanation 

seemed to be that a high energy, well-collimated beam of 

negative ions or electrons was reaching the target. To test 

this theory, a magnetic field of about 200 gauss was pro

vided, perpendicular to the beam of neutrals at a point just 

beyond the exit of the charge-transfer chamber. This field 

greatly reduced the negative current at the target but did 

not eliminate it altogether. An electrode, V , (figure 3.1l) 

held at a high positive potential (1000 v) and placed paral

lel to the beam between the magnetic field and the target, 

served to eliminate the unwanted negative current completely. 



P o t e n t i a l  D i s t r i b u t i o n  



It was thereby assured that only the secondary electrons, 

ejected from the target by neutral atoms, were responsible 

for the target current. That is, with the collector more 

negative than the target, the target current was zero. 

Since the magnetic field alone would have been more 

than ample to deter a beam of electrons from the target, 

and since there was no logical means for a beam of fast 

electrons to form, the assumption was made that the negative 

particles were atomic mercury ions. The energy of these 

ions was measured by varying the potential on the target 

from zero to some negative value which just stopped the ions 

from reaching the target. During this process, the collec

tor was always held more negative than the target so that no 

secondary electrons could leave the target. The very fact 

that the negative ions could be stopped was a good indica

tion of their existence. A plot of this stopping potential, 

Vg, as a function of the intake potential, "V^, is shown in 

figure 3.22. Unless otherwise specified it may be assumed 

that V2 was held equal to V1 throughout the experiment. 

The efficiency of the neutral atoms to liberate sec

ondary electrons is measured by the ratio,, of the sec

ondary electron current to the incident neutral atom current. 

The secondary electron current could be read directly from a 

meter in the target circuit but determining the incident 
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neutral current was not so readily achieved. The following 

method to this end was adopted. With the positive ion re

tarding electrode, and the target, Vy at the same poten

tial as Vj and V2, positive ions as well as neutral atoms 

were allowed to strike the target. A collector (V^) 

slightly more negative than the target prevented secondary 

electrons ejected by the neutrals (or by the ions) from 

leaving the target. Negative ions were prevented from 

reaching the target in this instance, as well as in all fur

ther work, by means of the magnetic and electric field 

described in the preceding paragraphs. Thus, under this 

potential distribution, the meter in the target circuit read 

a positive current I due to the impinging positive ions. 

By cooling the charge-exchange region with a dry-ice-acetone 

mixture in the Styrofoam jacket, the pressure in the charge-

exchange region was reduced to a value below the charge-

transfer threshold. The positive ion current read at the 

target under these conditions was increased to a new value 
+ I . This increase could be attributed to the positive ions 

which had previously undergone charge transfer but which now 

were striking the target. The difference between these two 
/ + + \ 

currents (Ic - Iw; would then represent the neutral atom 

current responsible for the secondary emission at the target 

with the charge-exchange chamber at ambient temperature. If 

I represents the secondary electron current and I = I+ - I+, s  "  n e w  
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then the ratio of the secondary electron current to the pri

mary neutral atom current is given by: 

The values of I , I , I , and Iw as a function of intake po

tential (V^) are plotted in figure 3.23. The value of as 

a function of intake potential is plotted in figure 3.24. 

atoms formed in the charge-transfer process were metastable, 

the distance between the target and charge-exchange region 

was varied in the manner previously described. As this dis

tance increased, the secondary emission from the target de

creased in a manner which indicated that the neutrals were 

excited and were decaying in flight. The secondary electron 

current as a function of target distance, x, is plotted in 

figures 3.25 and 3.27 for various values of V^. The distance 

x is taken as that from the exit of electrode to the sur

face of the collector electrode, V^. Since it is only the 

ratio of secondary electron currents at various values of x 

which are important, the x = 0 point is not critical nor is 

the fact that the collector surface is slightly forward of 

the target. The flight time may be computed from the flight 

distance (x) if the speed of the neutral atoms is known. 

I n 

In order to test the hypothesis that the neutral 
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This speed is found from the expression: 

V =1|2-Q-E 

where: Q = charge on mercury ion 

E = ion accelerating potential 

M = mass of mercury ion 

The flight time is then computed from the relation t = x/v. 

Figures 3.26 and 3-28 show the secondary emission as a func

tion of flight time. 

In order to ascertain that the secondary emission 

was not a photo-electric effect due to the radiation from 

the mercury arc, the secondary electron current as a func

tion of distance was examined with the intake potential 

equal to zero. The secondary emission under these condi

tions vanished at all distances. 

The second method of quenching the presumed metasta-

bles, consisted of admitting, in turn, minute quantities of 

hydrogen and argon gas into the flight path of the neutrals. 

Hydrogen was selected for its low mass and number of degrees 

of rotational freedom, while argon was chosen for its inert 

character. A collision of a mercury atom with hydrogen 

would produce little deflection of the fast, heavy^ mercury 

atom. The rotational energy, however, could easily be 
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transferred to the metastable atom, resulting in its de-exci

tation. There also exists the possibility of the formation 

of positive hydrogen or mercury ions, in the collision pro

cess, which would reach the target. The secondary emission, 

contrasting the effects of hydrogen and argon, is plotted as 

a function of pressure in figure 3-29. The pressure re

ferred to is that between the target and charge-exchange 

region. 

In view of the overwhelming evidence that the neu

tral atoms were metastable, an attempt was made to determine 

their energy by plotting the secondary electron energy spec

trum. This was accomplished by varying the collector poten

tial from -40 v to + 40 v and monitoring the secondary elec

tron current. The value of secondary electron current satu

rated well before these limiting values were reached. The 

negative value of the potential on the collector at which 

the secondary emission just became zero represented the max

imum kinetic energy of the electrons leaving the target. 

Typical secondary electron energy spectra are illustrated in 

figures 3.210 and 3.211. An energy spectrum along with the 

corresponding energy distribution for the secondary elec

trons is shown in figures 3.212 and 3.213. 
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Typical values of potentials and currents at various 

electrodes, recorded in the course of the experiment, are 

tabulated below: 

Vg = arc cathode potential 0.0 v 

Va = 1st arc anode potential 11.0 v 

= 2nd arc anode potential 21.0 v 

IQ = 1st arc anode current 2.0 a 
a 

Ib = 2nd arc anode current 0.5 a 

= intake potential 0 - 3000 v 

Vg = accelerating potential 0 - 3000 v 

= positive ion retarding potential 300 v 

Vm = neSat*ve lon collecting potential 1000 v 

B = negative ion deflecting field ....200 gauss 

= collector potential -40 - +40 v 

Vc = target potential 0.0 v 
0 

I_ = secondary electron current 10"^ a 
s 

All potentials except Vg, and were kept at the values 

indicated during normal operations. V1 and V2 were the same 

at all times unless specified otherwise. except during 

the taking of the secondary electron energy data, was kept at 

a value to insure operation in the saturated regions of the 

energy spectrum curves. In recording values of secondary 
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electron current, the magnetic field, V-^and Vm were always 

used to prevent unwanted ions from reaching the target. All 

switches, wires, batteries and meters used were well shield

ed and insulated where necessary. 

A thorough discussion of the data given here will be 

presented in the following chapter. 



CHAPTER 4 

Analysis of Results 

The foregoing data of chapter 3 will now be subject

ed to a detailed analysis and discussion. Much of the work 

of earlier researchers in the field is substantiated by 

these data; some work is contradicted. Of primary impor

tance is the fact that the metastable hypothesis is over

whelmingly verified. 

4.1 Negative Ion Formation 

Although the investigation of electron attachment by 

mercury atoms was. not the intended purpose of the present 

work, this effect presented itself as.one to be eliminated 

in order to enhance the success of the experiment.- The 

question of whether or not an atomic mercury atom will at

tach an electron, thus forming a negative ion, has long been 

the subject of controversy. The literature contains the 

reports of investigations both supporting and refuting the 

occurrence of this phenomenon. Experiments of Arnot and 

31 



32 

Milligan"1" led them to believe that they had succeeded in 

2 forming Hg ions. The theoretical work of Massey and Smith 

also predicted the formation of negative ions. Sloane and 
•3 

Press , using mass spectographs, were unable to detect this 

ion. 

In the present work, the question of Hg" ion forma

tion presented itself during the course of eliminating un

wanted negative particles from the beam of neutral atoms. 

The argument in favor of these negative particles being neg

ative mercury ions stems from the following data. The in

tensity of the negative particle current at the target was 

relatively large> being of the same order as the secondary 

electron current. This indicated that the particles were 

large in number and arrived in a directed beam.' Any nega

tive ions formed by atoms of impurities in the system would 

hardly exist in such large quantities or be collimated. The 

possibility that the negative particles might be electrons 

was thought to be equally unlikely since none of the proc

esses by which electrons could be formed would produce a 

1F. L. Arnot & J. C. Milligan, Proc. Roy. Soc., Vol. 
A156 (1936), pp. 359 and 538. 

2 H. S. W. Massey & R. A. Smith, Proc. Roy. Soc., 
Vol. A155 (1938), p. 472. 

^R. H. Sloane & R. Press, Proc. Roy. Soc., Vol. Al68 
(1938), p. 284. 



33 

beam of fast collimated electrons. Further, the 200 gauss 

magnetic field, applied perpendicularly to the beam, would 

have easily deflected all of the electrons out of the solid 

angle subtended by the aperture in the collector electrode. 

This, however, was not the case, as an electric field in 

addition to the magnetic field was necessary to completely 

eliminate the negative particles at the target. 

For the reasons cited the negative particles are as

sumed to be Hg~ ions. The stopping potential for these ions 

is shown as a function of the positive ion intake potential 

(V^) in figure 3.22. This stopping potential is actually 

the potential difference between the positive potential on 

and the negative potential on the target and collector 

(V^ = V^). Thus an ion must possess a minimum energy of eV^ 

if it is to reach a target at ground potential. This is 

indicated by the intersection of the linear extrapolation of 

the stopping potential curve with the ordinate at a value 

equal to V^. The ion energy is then the value of eCv^ - V^) 

at the instant the negative ion current at the target just 

reaches zero. As previously stated, the potentials and V2 

were set equal, and thus any negative ion formed in the 

charge-exchange region (or between and V"2) would reach 

the target with an energy e^V-^ + V^) due to the potential 

distributions shown in figure 3.21. A negative ion formed 

between Vg and would have an energy between e^ and 
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eCV^ + V^). Finally, if the ions were formed between and 

the target their energy would be less than eV^. The final 

condition is seen to exist in all cases, namely that the ion 

energy is always less than the initial energy of the primary 

positive ion. The decrease in the ratio of ion energy to 

intake potential, with increasing values of intake potential, 

indicates the ions are being formed nearer the target as 

increases. This decrease is evident in figure 3.22 which 

shows the plot of stopping potential vs intake potential to 

be approximately linear over the range of measured values, 

the slope of this line being one-half. 

The collision process which perhaps best explains 

this'negative ion formation is capture by a neutral atom: 

(Eq. 4.11) A + B A" + B+ 

which in the case of excited mercury neutrals in mercury va

por becomes: 

(Eq. 4.12) Hg* + Hg -* Hg" + Hg+* 

It is possible for either product in the reaction to be ex

cited. However, it is believed that the secondary emission 

produced by excited negative ions would nearly equal the ion 

current. Thus the current at the target would be very near

ly zero for excited negative ions. Since the existence of 

excited positive mercury ions has been established by other 



investigators, the slow positive ion is assumed to carry off 

the excitation energy. 

The preceding observations, of course, do not con

clusively establish the existence of Hg~ ions but rather in

dicate a need for further more intensive studies of the sub

ject . 

4.2 Metastable Atom Decay 

The primary means utilized to establish the excita

tion state of the neutral atoms, formed in the charge-

exchange chamber, was to provide an opportunity for them to 

decay in their flight to the target. As recorded in the 

data of chapter 2>, the intensity of secondary emission de

creased markedly as the target receded from the charge-

exchange region. This decrease in secondary emission could 

have been caused in several different ways. If the sec

ondary emission was being produced by radiation from the 

mercury arc discharge, moving the target might shield it 

from this radiation. This theory was disproved by setting 

the intake potential (V^) equal to zero and observing that 

the secondary electron current dropped to zero for any tar

get position. 



36 

A second effect which would cause the secondary 

emission to diminish is geometric dispersion of the beam of 

neutral atoms leaving the charge-exchange chamber. Due to 

the dependence of this type of dispersion on the solid angle 

subtended at the target by the beam, the secondary emission 

decrease would be expected to vary inversely as the square 

of the distance from the charge-transfer region to the tar-
< 2  

get; i.e., to obey a l/'R law. Examination of figures 3-25 
p 

and 3.27 reveals that this is not the case since a 1/R plot 

on a semi-log scale would not yield a straight line. Fur

thermore, a well collimated beam of neutral atoms entering a 

near vacuum would be unlikely to exhibit any appreciable 

dispersion over the relatively short range encountered here. 

Simple elastic scattering collisions between the 

neutral atoms and the mercury vapor atoms would produce an 

exponential decrease in the number of neutrals reaching the 

target, and thus in the secondary emission. This phenomenon 

is indicated by the curves in figures 3*25 and 3.27. However, 

the vapor pressure in the flight-path region has been meas-

ured to be of the order of 10 mm of mercury. The scat

tering mean-free path for mercury atoms in mercury at this 

pressure and room temperature is of the order of 200 meters! 

It is therefore indeed unlikely that the beam intensity is 

decreased discernibly by scattering processes. 
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Finally, the decrease in secondary emission, with 

increasing target distance, may be explained by the hypoth

esis that the neutral atoms were in a long-lived excited 

state and a portion of them decayed in flight. The exponen

tial decay curves shown in the semi-log plots of figure 3.25 

through figure 3-28 verify this hypothesis. The curves of 

secondary emission as a function of flight distance were 

found to be straight lines on the semi-log plots for all 

values of V-^. This pattern was unaltered by variations in 

the arc currents, intake potential, or type of target sur

face. The corresponding flight time curves are also expo

nential as evidenced by their straight line semi-log plots. 

The slopes of these lines represent the average decay dis

tances and decay times respectively. The slopes of the de

cay time curves are found to be approximately equal for all 

values of neutral atom kinetic energy shown. The decay dis

tance curves then necessarily have different slopes. 

The mean lifetime of the excited neutral atoms is 

defined as the time for the beam intensity (and thus also 

the secondary emission intensity) to decrease by a factor of 

l/e. It is computed from the decay curves as follows: 

Iŝ  = secondary current at time t = 0 

Isl = secondary current time t = t^ 

Iŝ  = secondary current at time t = t2 

Tm = mean lifetime of excited neutral 
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Then at two different instants of time along the flight path: 

^ = Is0 exP ("V1®) 

% " % exP <-VTm) 

Therefore: 

I 
S2 

Is 
S1 

exp 
(tg - t^) 

T m 

By choosing values of. I_ and I™ so that the ratio I„ /l„ 
S1 2 2 S1 

is l/e, the value of (t2 - t-^ will be equal to Tm or the 

mean lifetime. In each of the cases illustrated this mean 
C 

lifetime turns out to be approximately 6.0 x 10" second. 

This lifetime is considerably longer than that of an 

excited atom which decays by a radiative transition 
-ft 

(•~10~ sec), and the atoms may definitely be considered 

long lived. However, many authors consider a metastable 

atom as one in an excited state whose transition to the 

_2 ground state has a mean lifetime of 10 sec or longer, i.e. 

by a forbidden transition. The matter is somewhat a case of 

semantics. It is believed in the present work that neutral 

atoms of several energy states are formed in the charge-

transfer process. Due to the kinetic energy of the neutrals 

studied here, the most apparent energy state is that with a 

half life of the order of one microsecond. The neutrals in 
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longer-lived excited states are certainly responsible for a 

portion of the secondary emission, however^ the decay of 
iL 

these atoms is not noticeable. Investigations by Kaul have 

led to the recent discovery of long-lived excited atoms of 

the noble gases. The lifetimes reported for argon were, for 

example, 0.6, 2.5, and 20 microseconds. It therefore seems 

logical that long-lived states with lifetimes in the micro

second range should exist in other elements. 

One further remark is appropriate at this point. If 

the secondary emission by the neutral mercury atoms was ex

clusively a kinetic energy effect as proposed by Chaudhri 

and Khan , there would have been essentially no decrease in 

the kinetic energy of the neutrals as the target to charge-

exchange chamber distance was varied over a range of 40 cm, 

and consequently no decrease in secondary emission. 

4 n W. Kaul, Die Lebensdauer angergter Reaktionen in 
Neutralreaktionen, X* + Y —•'XT1" + e VI Conference Inter
nationale sur les Phenomena d'Ionization dans les Ga.z, 8 au 
13 Juillet 1963 a' Paris. 

^R. M. Chaudhri & A. W. Kahn, og. cit., p. 526. 
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4.3 Quenching of Mefcastable Atoms by Foreign Gases 

Admission of foreign gases into the flight region of 

the experimental tube had the effect of reducing the second

ary emission drastically and even to zero in some instances. 

The amount of gas admitted proved to be critical. Too little 

gas had no effect while too much produced ionization of the 

neutral atoms in the beam. Prom figure 3.29 it is seen that 

argon was somewhat more effective in quenching the neutrals. 

The origin of the peak in the hydrogen curve is uncertain 

but may be caused as follows. Neutrals in the beam which 

are not excited may become excited upon collisions with H2 

molecules in the pressure range shown. Admission of larger 

quantities of Hg then tends to quench the metastables. 

It was stated in the analysis of the time-of-flight 

experiment that not all of the excited states had time to 

decay substantially. With the admission of foreign gases, 

however, all states have an equal probability of being 

quenched and thus it is possible for the secondary electron 

current to reach zero in some cases. The quenching process 

is essentially an inelastic scattering phenomenon in which 

the excitation energy of the mercury atoms goes into excit

ing the Hg or A atoms. These atoms then drift to the walls 

of the container where they give up this internal energy by 

collisions. 
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4.4 Secondary Electron Energy 

By studying the energy spectrum and energy distribu

tion of the secondary electrons from the target, information 

may be learned about the incident neutral atom energy. The 

energy spectra of secondary electrons for neutral atom ener

gies of 300 ev to 1800 ev are plotted in figures 3.210 and 

3.211. The characteristic S curves are seen to reach satu

ration values at high and low values of collector potential. 

The low saturation value is zero in every case while the 

high values increase with intake potential. This increase 

is due primarily to the larger intake of positive ions from 

the arc. It is partly due to the fact that the kinetic en

ergy of the neutrals plays a small part in the secondary — 

emission. This increase in secondary emission with increas

ing intake potential is also apparent in the decay curves of 

figures 3.25 through 3-28. 

The secondary electron current might be expected to 

be a step function at the point = 0 rather than the S 

curve observed. This is not the case for two reasons. For 

positive values of the field between the target and 

collector essentially penetrates the target surface and 

lowers its work function. Thus electrons with energies less 

than the work function can escape from the surface under the 
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applied field. The depth of penetration increases with the 

increasing field strength until a saturation value is reach

ed. For negative collector potentials up to a certain value, 

some electrons receive enough energy from the neutrals to 

overcome the work function and the retarding field. 

The value of the potential on the collector which 

just prevents electrons from leaving the target is a measure 

of the maximum energy imparted to the metallic electrons by 

the neutral atoms. Prom equation 2.23 of chapter 2 the 

kinetic energy of the electrons leaving the metallic surface 

is: 

(Eq. 2.23) T = E - 0 

Thus if: 

T = eV„ c 

Vc = value of which just stops secondaries 

0 = work function of metallic surface 

then the energy of the excited neutral becomes E if in the 

notation of chapter 2 the ground state energy is taken as 

zero. This argument is only valid for neutral atom energies 

less than about 800 ev. Above 800 ev the kinetic energy of 

the neutrals begins to play an ever increasing part in the 

secondary emission as seen by the asymptotic tails of the 

energy curves of figure 3-211. At neutral energies less 
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than 800 ev the secondary electron current falls to zero at 

V4 = -4.70 v as shown in figure 3-210. Thus the secondary 

emission is purely a potential effect in this range. Taking 

T in equation 2.23 as 4.70 ev and the work function 0 as 

4.25 ev the energy of the excited neutral atom is found to 

be 8.95 ev which corresponds to the state in mercury 
g 

found by Lichten. As mentioned previously, neutrals in 

several energy states are likely to exist in the beam. The 

stopping potential method of measuring energies will only 

give the most energetic state. Acknowledgment is made of 

the fact that the target surface was probably mercury coated 

and the value of the work function can only be approximated. 

However, the work function for mercury and nickel (target 

material) are both nearly 4.50 ev. The value of 4.25 ev for 

the target was arrived at by lowering this value by five 

percent to allow for the fact that a dirty target enhances 

secondary emission by excited mercury atoms. 

The curves of figures 3.212 and 3.213 show the sec

ondary electron distribution for a specific energy spectrum. 

The energy spectrum here is for a neutral atom kinetic ener

gy of 200 ev which is low enough to ensure that the sec

ondary emission is purely a potential energy effect. Al

though secondary electron ejection was observed for neutral 

^W. Lichten, og. cit., p. 1191. 
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energies as low as 75 ev, the energy spectra below 200 ev 

were not discernible. The electron energy distribution il

lustrated in figure 3.213 is found by differentiation of 

the energy spectrum curve. This distribution appears to be 

Maxwellian as was found to be the case by previous workers. 

However, these early investigators attributed the Maxwel

lian distribution to the fact that the secondary emission 

was a kinetic energy effect produced by intense local heat

ing of the target. This theory has been proved incorrect 

on the basis of the present experiment. The Maxwellian 

distribution is seen to peak at about 0 ev which indicates 

that this is the most probable value of the ejected electron 

energy. This would indicate that the 4.66 and 5.83 ev 

mercury metastable atoms were responsible for the majority 

of the secondary emission since their energies are very near 

the work function of the metal. These atoms would impart 

just enough energy to the metallic electrons to remove them 

from the metal with only a fraction of an electron volt of 

energy left over. 

One final point is made with respect to the works of 

early investigators. In these previous works the energy 

spectrum curve always had a tail which extended into the 

region of negative values of I. That is, as the collector s 

potential went negative, so did the target current. This 

was previously explained as due to neutrals reflected from 



the target striking the collector and ejecting electrons 

from it. These negative currents were in many cases as 

large as the secondary emission currents from the target it

self. It is very unlikely that an excited neutral would 

strike the target and not revert to the ground state. Thus 

any reflected neutrals would be in the ground state and un

likely to cause appreciable secondary emission from the 

collector. This supposition is further refuted by the pres

ent work in which a magnetic field, placed perpendicular to 

the beam of neutrals^ completely eliminated the negative tar

get current. It is thus stipulated that these negative 

currents at the target, observed by previous workers, were 

actually negative ions and presumably negative Hg~ ions. 



CHAPTER 5 

Summary 

By way of summarizing the results of the work pre

sented in foregoing chapters, the following general remarks 

are in order. Of primary importance is the discovery that 

excited neutral mercury atoms are formed in charge-transfer 

collisions between positive mercury ions and mercury vapor 

atoms. These collisions were found to exhibit resonance 

characteristics. An excited state having a mean lifetime 

of approximately 6.0 microseconds was observed. The data 

indicated that the 9.0 ev, 4.66 ev and 5-43 ev metastable 

states were also present. 

The excited atoms were found to have a high capabil

ity for producing secondary emission from a metal surface 

with values of for the process as high as 0.40 being ob

served. This secondary emission phenomenon was shown to be 

due almost entirely to a potential energy transfer between 

the excited neutrals and the metallic electrons. While the 

kinetic energy of the neutrals produced a small secondary 

electron yield, this effect was seen to be almost negligible. 

46 
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During the course of the experiment, data were found 

indicating the presence of negative ions and the evidence 

was overwhelming in favor of these ions being Hg~. This 

evidence dictates the need for further study of the plausi

bility of negative mercury ion formation. 

Of great practical interest in regard to the results 

presented here is the arc-back phenomenon occurring in mer

cury arc rectifiers. An arc-back occurs when the rectifier 

suddenly begins to conduct during a negative half cycle thus 

extinguishing the arc. This may be caused in the following 
* 

manner. At the instant the a.c. input voltage to an anode 

reaches the point of zero magnitude, in a positive half cycle, 

there are many positive mercury ions distributed in the 

region between this anode and the cathode. As the anode now 

becomes negative, the positive ions are accelerated toward 

it and in the process undergo charge-transfer with the neu

tral mercury atoms in the region. In the charge-transfer 

collision, the neutral atom acquires most of the kinetic en

ergy of the positive ion and thus continues toward the nega

tive anode. When the excited neutrals strike the surface of 

the anode, secondary electrons are released, the necessary 

energy being provided by the de-excitation of the excited 

atoms. These electrons are accelerated toward the cathode 

causing a back current which is greater than normal. If 

this current reaches a high enough value the rectifier will 
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conduct during the negative half cycle and an arc-back will 

occur. Based on the findings of this research the arc-backs, 

if produced in the manner described above, could be pre

vented by introducing optimum quantities of argon gas into 

the rectifier tube. 

It is thus noted that the research undertaken as the 

topic of this dissertation provides basic scientific knowl

edge as well as lending itself to a practical application. 
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