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CHAPTER 1 

Introduction

The phenomenon of secondary electron emission from 
a metal surface which is being bombarded by primary elec
trons has for many years been the subject of Intense study 
and research. Numerous applications of the effect have 
been devised and used in many fields of science and engineer
ing, Perhaps the best known and practical of these appli
cations is employed in vacuum tubes. Although the effect is 
incidental and often detrimental in some electron devices, 
it is responsible for the successful operation of others, 
including cathode ray tubes, electron multiplier tubes and 
dynatrons.

In striking contrast, the field of study of secondary 
electron emission from a metal surface which is being bom
barded by primary particles other than electrons is relatively 
unexplored, particularly as to applications. Such particles 
may include positive and negative ions and neutral atoms. 
Indications are that certain of these primary particles give 
rise to the aforementioned detrimental effects in certain

1



2
types of vacuum tubes, The fact that one known effect of
this kind may be attributed to undesirable secondary

1electron emission was noted by Varney while acting as a 
consultant to The Swedish General Electric Company. This 
ill effect is the "back-fire" which occurs in mercury vapor 
rectifiers.

In a full wave mercury arc rectifier operating 
normally, each anode carries a large current when it is at 
a positive potential with respect to the cathode and an 
almost negligible current when it is at the same.negative 
potential with respect to the cathode (figure l.l). It was 
found soon after mercury arc rectifiers were developed that 
this normal operation was actually erratic and not reliable. 
An anode would function properly for perhaps thousands of 
cycles and then suddenly conduct current while in a negative 
half-cycle. This resulted in a sudden substitution of an 
arc for the normal small back current discharge giving rise

1Dr. R. N. Varney is the research director for this 
thesis and a professor of physics at Washington University 
in St. Louis, Mo. He is well known for his work in the 
field of plasma physics and gaseous electronics. While 
engaged in research at the Royal institute of Technology in 
Stockholm, Sweden he was asked to make a study of "arc-backs" 
in mercury vapor rectifiers by The Swedish General Electric 
Company. It was this investigation which led to the subject 
of this, thesis .
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3
to the term "back-fire" or "arc-back" (figure 1.2).2 3

The causes of these "back-fires" are still not thor
oughly understood, but it has been found that certain con
structions reduced the frequency of their occurrence. Such 
constructions include cooling of the rectifier to keep the 
mercury vapor pressure low, increasing the separation 
between the anode and cathode, and shielding the anode to 
prevent a direct line-of-sight path between it. and the 
cathode. Although these measures decreased the "arc-backs" 
to some extent, they did not eliminate them by any means, 
but instead, greatly increased the size of the rectifiers

o 2iand reduced their efficiency.^ Kingdon has shown that 
"arc-backs" in some low pressure.rectifiers may be explained 
as a result of small insulating particles on the anode 
becoming charged by positive ions. Such particles are dis
lodged from structural insulators and cathode coatings by 
the constant bombardment of positive ions. Some of these 
then positively charged insulating particles travel to a 
negative anode. When enough particles reach an anode during

2J. Slepian & L. R, Ludwig, "Backfires in Mercury 
Rectifiers'", Electrical Engineering, Vol. 50, (1931)*
PP. 793-795.

3Ibid., p. 795-
^K. H. Kingdon & E..J. Lawton, "The Relation of 

Residual Ionization to Are Back in Thyratrons", G.E. Review, 
Vol, 42, (1939), PP. 474-478. . "
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4
a negative half cycle to produce an electric field of 10' 
Volts per cm.5 runaway field emission leads to an "arc- 
back" (figure l.g). In the modern rectifiers, such as used 
in Sweden to handle high d.c. currents in power plants, 
thorough degassing and cleaning of the rectifier's elements 
eliminates this cause of "arc-backs."

Several observations have led Varney to theorize that 
"back-fires" are caused in the following manner. At the 
instant the a.e. 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 now field-free 
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 exchange with the neutral 
mercury atoms in the region (figure 1.4). The reaction is 
shown by equation 1.1 with the initial positive ion becoming 
an excited atom. In such a charge exchange collision, the

(Eq. l.l) Hg*1" (fast) + Eg (slow)— s>Hg+ (slow) + Hg* (fast)

neutral atom acquires most of the kinetic energy of the 
positive ion and thus continues toward the negative anode. 
Wien 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

7
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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 conduct 
during a negative half cycle and an "arc-back" will occur.

Two observations of mercury arc rectifier construc
tion tend to verify this theory. The first stems from an 
effort to reduce any possible secondary emission from the 
anodes by the photo-electric effect of the arc. This was 
accomplished by shielding the anodes from the cathode and 
from each other. By so doing the frequency of "arc-backs" 
was reduced. However, the graphite of which the anodes are 
made is known to be an extremely poor photo-emitter and the 
secondary electrons, if they exist, must be attributed to 
some other cause. If excited neutral atoms will cause 
secondary emission from an anode, shielding will prevent 
many of them from reaching their target thus reducing the 
frequency of- "arc-backs." The second reason for believing 
the neutrals may be causing secondary emission arises from 
the fact that operating the rectifier at a low temperature, 
and thus at a low mercury vapor pressure, reduces the 
number of "arc-backs." This.may be explained by the fact 
that the macroscopic cross section for charge exchange 
decreases as the pressure decreases and fewer excited 
neutrals are formed.

5



The research undertaken as the subject of this the
sis has been an attempt to partially validate the theory that 
neutral metastable^ mercury atoms are responsible for "back
fires" in mercury arc rectifiers. The scope of the experi
ment has been limited to that of determining whether or not 
neutral mercury atoms, formed during charge exchange colli
sions by the neutralization of positive mercury ions, will 
cause secondary electron emission from a metal. The ques
tions of whether or not these neutral atoms are metastable, 
and how they may be quenched in rectifiers, have been left 
as the subject for further study.

The problem of determining the plausibility of the 
theory that neutral mercury atoms cause secondary electron 
emission is approached in the following manner. Positive 
mercury ions from a mercury arc discharge are drawn into a 
field free region of mercury vapor, neutralized by charge 
exchange, and then allowed to bombard a metal target. Fig
ure 1.5 illustrates schematically the principle used in the 
apparatus. A metal cylindrical probe with two concentrical
ly perforated diaphrams separated by several centimeters is

^An atom in a metastable state shall in this paper 
refer to one with an orbital electron in an excited energy 
level whose decay to the ground state is a forbidden tran
sition. Such atoms generally have a lifetime of one 
millisecond and revert to the ground state only by collision 
processes.

6
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inserted into the mercury plasma. The probe is placed at a 
high negative potential which accelerates ions into the 
opening in the first diaphram. The region inside the 
cylinder is field free and contains mercury vapor. Thus 
the ions continue toward the opening in the second diaphram. 
While the ions are in this field-free region some of them 
undergo charge exchange and become neutral atoms, and this 
collimated beam of neutral atoms continues toward the second 
opening. Both positive ions and neutral atoms emerge from 
the cylinder and may be directed to bombard a target. Since 
it is only desired that neutral atoms strike the target, a 
retarding electric field is placed in the path of the 
positive ions. This is done by giving a second cylindrical 
metal tube a positive potential, and placing it as shown in 
the schematic. This retarding field has no effect on the 
neutral atoms and they continue toward a metal target placed 
in their path. If secondary electrons are emitted when the 
neutrals strike the target they may be detected by surround
ing the target with a metal collector which is biased 
positively with respect to the target and connecting this 
collector to the target through a sensitive ammeter. As the 
electrons leave the target they are pulled toward the 
collector and pass through the meter, causing it to read the 
secondary electron current.
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This method of measuring the secondary emission due 
to neutral atoms is basically simple and sound in principle. 
Several precautions and great care had to be taken, however, 
in the actual design and construction of the experimental 
apparatus, and these will be discussed at a later point.



CHAPTER 2

Theory

2.1 Review of Previous Studies
1As early as 1924 Webb conducted experiments to pro

duce and study metastable mercury atoms. As the result of 
these experiments he concluded that a metastable state is 
formed in mercury atoms excited by 4.9 volt electron impacts 
and that these atoms are effective in producing photoelectric 
responses. He was disturbed, however, by the fact that the 
4.86 ev state was the only one excited by the impacts in any 
appreciable amount and according to the Bohr theory this
state is not metastable. Presumably Webb had succeeded only■ - ■ y-
in producing an excited atom which could decay to the ground 
state by a radiative transition. The photo-electric effect 
he noted was probably due to the photons emitted by atoms 
decaying near the photo surface. This is borne out to some 
extent by Kenty^ who could find.no evidence that secondary

Harold W. Webb, "The Metastable State in Mercury 
Vapor", Physical Review, Vol. 24, (1924), pp. 113-114.

2Carl Kenty, Letter to the editor. Physical Review, 
Vol. 38, (1931), P. 377.

9
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emission of electrons by metastable gas atoms resembled in 
any way the photo-electric effect.

During the course of a series of experiments to deter
mine the action of positive ions on a metal surface with which 
they collided, Oliphant^ observed that neutral excited atoms 
of helium were formed by the recombination of ions and 
electrons. He further observed that when these excited atoms 
collided with a metal surface they were able to liberate large 
numbers of electrons. The maximum velocity of these electrons 
corresponded to.the difference in energy between the excited 
state and the work function of the metal. The fact that a 
normally excited atom would revert to the ground state before 
it had time to reach a metal target and cause electron 
emission led Oliphant to surmise that the atoms were in a 
metastable stated * 1

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

2iGenerally the lifetime of an atom in an excited state 
from which a radiative transition to the ground state is 
allowed is of the order of 10"- seconds. The lifetime, of an 
atom in the metastable state is of the order of 0.1 second at
1 mm of pressure. This difference is due to the fact that the 
metastable atom loses its energy by a collision rather than by 
a radiative transition. ■
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.Berry^ In 1948 carried out experiments to determine 

the extent of secondary emission from a tantalum surface 
which was being bombarded in turn by neutral molecules and 
positive ions of argon, helium, and nitrogen. His procedure 
was similar to the one used in this experiment5 and con
sisted of allowing ions of the various gases to become 
neutralized by charge exchange and then strike a metal 
target. He was able, as a result of this work, to determine 
the number of secondary electrons liberated per positive ion 
striking the surface and the number per neutral molecule.

Zf ty1 OThe work of Hagstrum 515 at Bell Labs with Auger 
ejection of electrons by noble gas ions ties in closely with 
the subject under study here. Hagstrum has made extensive 
experimental and theoretical investigations into the subject 
of secondary electron emission from metals by positive gas

^H. ¥. Berry, "Secondary Electron Emission by Fast 
Neutral Molecules and Neutralization of Positive Ions", 
Physical Review, Vol. 74, (1948), pp. 848-849.

6 r°Homer Hagstrum, "Auger Ejection of Electrons From 
Tungsten by Noble Gas Ions", Physical Review, Vol. 96,
(1954), p . 3.25.

^Horner Hagstrum, "Theory of Auger Ejection of Elec
trons From Metals by Ions", Physical Review, Vol. 96, (1954), 
p. 336.

8Homer Hagstrum, "Auger Electron Ejection From 
Germanium and Silicon by Noble Gas Ions", Physical Review, 
Vol. 119, (I960), p. 940. '



ions. He has measured the yield and kinetic energy distri
bution of secondary electrons produced by positive ions of 
the noble gases on a tungsten target for low energy ions 
(less than 4 kev). The yields over the low ion energy range 
were found to be nearly independent of kinetic energy for 
the respective gases. The yield was also independent of 
nuclear mass. Hagstrum has shown that most of the electrons 
are released by the process of Auger neutralization in which 
the interaction of two conduction electrons in the metal 
target causes one electron to neutralize the ion into the 
ground state and the other to enter the continuum above the 
filled band resulting In its ejection from the metal. That 
is, electrons ejected from atomically clean metals by slow 
ions of the noble gases, give rise to Auger transitions 
which involve either the direct neutralization of the ion 
or de-excitation of an excited atom.

It may be seen from the previous work that the idea 
of secondary emission of electrons by ions and neutral 
particles is by no means a new concept. However, there are 
no indications that any thorough study of secondary emission 
by neutral mercury atoms has been attempted previously.
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2.2 Mathematical Analysis

The experimental apparatus used in this study may be 
segregated into three basic groups for the purpose of analy
sis. The first two consist of the mercury discharge tube and 
the neutralization chamber both Of which serve only as.a 
means of achieving the desired phenomena in the third or 
target group. It is the action at the target which is of 
primary interest and the operation of the first two groups 
will be discussed only superficially.

. The arc discharge utilized to provide a plasma of
positive mercury ions is in itself a subject which has been
the object of intensive study. Many articles can be found
in the literature on the subject of arc and glow discharges
in gases^ although the subject is still not thoroughly
understood. To delve into a complete analytical description
of the operation of a mercury arc would be far beyond the
limitations of this paper. Therefore it will suffice to
give a brief qualitative explanation of the operation of an 

10arc discharge. *

^For a complete analysis on the subject of gas dis
charges the reader is referred to the book "Fundamental 
Processes of Electrical Discharge in Gases11 by Leonard B. 
Loeb.

For a brief summary on the mechanism of a gas dis
charge refer to Appendix A.
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The arc discharge Is characterized and distinguished 
from other types of discharges by its high current densities 
and exceptionally low anode-to-cathode potential drop. The 
difference in behavior between an arc and glow discharge 
such as found in neon lights, is accounted for in terms of a 
basic difference in mechanism. The meager number of secondary 
electrons, which are responsible for the ionization of the 
gas in a glow discharge, are supplemented in an arc discharge 
by an exceedingly copious electron emission which necessi
tates only a low potential drop but in contrast requires a 
high current density. . It is believed that through intense 
concentration of.current, enough heat is poured into localized 
areas of the cathode to. raise its temperature, locally, to the 
point at which thermionic emission occurs in sufficient 
strength to maintain the high current discharge. The concen
tration of current on the cathode is readily observed in the 
case of a mercury arc discharge in the form of a small 
intensely glowing spot on the mercury pool cathode. The arc 
discharge is further characterized by its ability to maintain 
a constant anode-to-cathode drop of potential regardless of a 
change in the external power supply voltage. The arc exhibits 
a negative resistance to change in current and thus the 
current in the arc depends primarily on the current limiting
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11properties of the circuit supplying the power.

A mercury arc discharge may be initiated by a spark, 
a glow discharge, dr a contact between two electrodes which 
are suddenly separated. By generating intense field emission 
the spark will cause a high local current density at the 
cathode pool. This current in turn causes local heating of 
the cathode and ultimately the copious thermionic emission. 
This surge of electrons quickly ionizes the gas in the dis
charge tube and the spark changes to the desired arc.

In the case of the separated electrodes which are in
itially in contact, a heavy current through the electrodes, 
one of which is the mercury pool cathode, fuses and vaporizes 
the last small point of contact as the electrodes separate. 
This leaves a metal vapor discharge which will change to an 
arc. The process is known as drawing out an arc. Again, 
thermionic emission due to high localized temperatures bring 
about high ionization which leads to an arc.

Finally, a glow discharge will transpire into an arc" 
if its potential drop is increased sufficiently. The tran
sition current as a function of voltage may be computed by 
the following method. The.ratio of secondary electrons to ■ 11

11 .Leonard B. .Loeb, Fundamental Processes of Electrical 
Discharge in Gases, Wiley & Sons, New York, 1939* pp. 605-607.
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primary positive ions given by the constant ^ , is replaced 
by which gives the number of electrons, thermionic and 
secondary, liberated per positive ion at the cathode. This 
is defined in equation 2.21.

(Eq. 2.21) %' = -^ = 4 -rl±-A  Z+.

wheret 2- = current due to liberated electrons
if- = current due to positive ions 
i = total current J

The total electron current at the cathode is +

where £g is the current due to thermionic emission as given 
by Richardson's equation (Eq. 2.22).

(Eq. 2.22) it ~ c vAT3-#-^

T = absolute temperature of cathode 
a = area of cathode.
A = constant 
b = constant

The total current Z is;

(Eq. 2.23) £ = ~ ^^ ̂ ^

and from this is found to be:
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(Eq. 2.24) / /  -  Z+ '=

An approximate value for T, as a function of / , can be 
arrived at by roughly setting the energy transfer to the 
cathode equal to J V and equating this value to the radiant 
energy emission. V is the cathode potential drop or poten
tial between the cathode and glow discharge. The value of 
%+ in terms of / V becomes:

(Eq. 2.25) i't

since: //= oc<r‘>~j~ where: c< = emissivity
(j/= Boltzman*s constant

and substituting this value into equation 2.24 yields a 
rather complicated equation in i and V (Eq. 2.26).

(Eq. 2.26) ^'=

The resulting curves of i vs V for constant values of %
and ̂  in the transition range are in close agreement with

12observed values as shown in figure 2.21.

*”/

'Loeb, o£. cit., pp. 607-609.
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After their formation in a mercury arc discharge, 

some of the mercury ions are accelerated into the field free 
neutralization chamber which contains neutral atoms of 
mercury vapor. Depending on the speed of these ions and the 
pressure of the mercury vapor, a certain number of the fast 
ions will become neutralized by a process of charge exchange, 
The charge exchange is an elastic collision in which the 
positive ion captures an electron from a neutral atom. The 
previously cited equation for the reaction is:

(Eq. 1.1) Hg+ (fast) + Eg (slow)----Eg* (fast) + Eg+ (slow)

The probability that a collision with charge transfer will 
occur is determined by the macroscopic collision cross 
section defined in the usual manner as:

(Eq. 2.27) %  =  area in cm2 presented by N molecules of gas
c qcmJ of volume at 1 mm of Eg pressure

The cross section may be explained also in terms of molec
ular mean free path. Referring to figure 2.22 it is found 
that if

. CT ,== area presented by one molecule o
tier = area presented by N molecules per cir5 

at 1 mm pressure
J? = mean free path of a particle 

it can be shown that:

(Eq. 2.28) T  . = N ( T  - V
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This relationship must necessarily follow since the volume 
of N molecules is set equal to one cm^, or <TNjb =/•

For mercury vapor at 1 mm of pressure, the value of 
23e as a function of ion energy in electron volts is given 
in figure 2,24a. At low ion energy J E C is large since the 
atom and ion remain in the vicinity of each other for a 
longer period and consequently charge exchange is more likely 
to occur. As the ion energy increases the value of 2lc de
creases approaching a nearly constant value in the region 
of 1500 ev. From equation 2.28 it is seen that the mean 
free path is inversely proportional to the molecular vapor 
pressure through N. Thus if the pressure in the neutrali
zation chamber,is very low (of the order of 10-^ mm), the 
mean free path of the ions would be much greater than the 
length of the chamber and most,of them would pass through 
without undergoing a charge exchange collision. On the 
other hand if the pressure in the chamber is very high (of 
the order of 102 mm), nearly all the ions will have a 
collision. However the newly formed neutral atoms will 
continue to have elastic collisions to such an extent that 
few of them will retain enough energy to get through the 
chamber. Thus an optimum pressure must be maintained in the 
neutralization chamber to facilitate the maximum charge 
exchange, and this value may be approximated with the aid 
of the curves of figure 2.24, or determined experimentally.
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By tracing the course of the initial ion current 
through the neutralization chamber to the target, it is 
possible to obtain an approximate relationship between this 
current and the neutral atom current striking the target. 
Referring to figure 2.23, region I is the field free area 
in which the major portion of the charge exchange collisions 
occur. The potential of the containing cylinder of this 
region is the accelerating potential. Region II subtends a 
retarding electric field with respect to the positive ions 
which emerge from region I without having undergone charge 
exchange. Region III consists of the target and surrounding 
collector. Referring to figure 2.23 the following neutral 
atom balance equation is formulated:
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n3 =

No. neutrals 
formed in 

j region II "by 
charge exchange 
involving ions 
which reach 
this region

No. neutrals formed  ̂
Jin region II lost by 
' not entering solid 
angle subtended by 
^diaphram 3

No. neutrals form-1 
ed in region II 

' lost by scattering! 
in region II

The word equation may be reduced to algebraic form by defin
ing the following quantities:

Pc = probability of a charge exchange collision.
Ps = probability of an elastic scattering collision.
Pa  = probability that a particle enters the solid angle 

-ft. after a charge exchange collision.
Pa  = probability that a particle enters the solid angle 

jl after an elastic scattering collision.
P, = probability that a particle will enter a region.
n0 = initial positive ion current 

The subscripts I, II, and III refer to the regions in question 
while the subscripts 1, 2, 3, refer to the respective dia- 
phrams. For example Pc^ is the probability of a charge ex
change collision occurring in region I. P jz, ^ denotes the 
probability that a particle enters the solid angle subtended 
by the third diaphram after a scattering collision. The 
balance equation becomes:

nl = nopcl " noPcl (1 " p-o.3,3 ) " noPciPsi(1 " P
nl ^ noPcI 0" ~ " P8]-(l - P^a.^j
n. = n PcTPT1 ° I
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n2 ~ n0PcIPLII^SII^1 P'A-3̂  
n2 = n0PCl (l - PLlII)

n3

n3

= n0(l - PcjJCPc^) - n0(l - PcI)(PcII)(l - Pjo.3)
- n0(l - PcI)(PcII)(PsII)(l - Pla3)

= n0(l - PcI)(PcII) 1 - (1 - Pj i3) - ^szl(l - P ^ s)

" no(l - fc-M.iii

n = n° . K Piii ~ gci(1~Fi m ) - (1 - pci )pi.inl (Eq' 2-210)

Since normally in a charge exchange collision, the newly 
formed neutral possesses nearly the same energy as did the 
ion, no provision is made in the balance equation to account 
for the neutrals which do not have enough energy after 
charge exchange to reach the target. This energy would be 
very nearly zero in any case and the number of neutrals 
formed with zero energy is negligible. Similarly in an elas
tic scattering collision very few neutrals will be scattered 
into the correct solid.angle with nearly zero energy and 
these neutrals are also neglected in the balance equation.

Thus it is seen that ions enter region I with a 
velocity determined by the accelerating potential. A por
tion of these ions undergo charge exchange with neutral



mercury atoms emerging as fast excited neutrals. Some of 
these fast neutrals are lost due to dispersion of the ion 
beam and others are lost due to elastic scattering. The 
remaining neutrals pass through region II on their way to ■; 
the target. A portion of the neutrals in region II are 
scattered out of the solid angle subtended by diaphram 3 and 
are lost to the target area. The remaining neutrals will 
probably reach the target. In addition to these, the target 
will also be bombarded by the few neutrals which are formed 
in region II by ions penetrating a few centimeters into this 
region before being stopped by the retarding field. Again 
the neutrals formed by these ions, in region II are subject 
to dispersion and scattering and some of them are lost.
These neutrals are in general slower than those formed in 
region I as the ions are being retarded in region II.

The dominating term in the experiment will be n^ 
which will reduce to approximately n^Pc^ in the case of 
small beam dispersion (Pjxa ) and limited scattering 
(PSj %  0). If the pressure in region II is too great n2 
will increase to appreciable proportions since the number of 
scattering collisions will increase. If the retarding 
potential is not great enough, n- will increase since more

■ . 7 > ' " <  -positive ions will arrive in region II and undergo charge 
exchange. A high pressure in region II will increase the 
scattering term in n^ and thus decrease n^. At any rate the
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exact calculation of the number of neutrals reaching the 
target is very difficult and will be left to an experimental 
determination at a later date. The importance of investi
gating the properties of the balance equation is rather to 
gain an understanding of what takes place in the experi
mental tube.

A moving particle which strikes a solid surface may 
impart sufficient energy to a valence electron in the solid 
to enable the electron to escape through the potential ener
gy barrier at the surface of the s o l i d . I t  is this phe
nomenon of electron ejection which is of interest in the 
target region III of the experimental tube. As the primary 
purpose of this experiment is to determine if such electron 
ejection occurs when the primary particle is a neutral atom 
of mercury it will be of interest to examine the process of 
secondary emission for several different primary particles. 
The first investigations into the field of secondary 
emission concerned electron-electron interactions. Most of 
the applications of secondary emission in vacuum tubes 
employ electrons as the primary particles. Positive and 
negative ions along with metastable atoms may also be

"^Refer to Appendix B.
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employed as the primary particles in a secondary emission 
device.

An electron which penetrates the surface of a metal 
target will move in a region in which it will occasionally 
approach some of the valence electrons. These electrons 
are thought of as traveling around in the metal above the 
peaks of potential energy but below the potential energy 
barrier of the metallic surface as discussed in Appendix B. 
Because of the repulsive force set up between the primary 
electron and the valence electron through the interaction of 
their Coulomb fields, a valence electron may be given enough 
energy to escape from the metal target as a secondary 
electron. Referring to figure 2.25a a primary electron with 
an initial energy Ep may impart enough energy to a valence 
electron to allow it to escape from the potential well im
posed by the metal surface. In order for this to occur, the 
energy imparted to the valence electron must be equal to or 
greater than the work function of the metal in question. 
Since the incident electron may undergo several elastic 
collisions with other valence electrons before it succeeds 
in ejecting one from the metal surface, its energy is 
diminished to some new value E^. It is this energy which 
must then be greater than the metallic work function for 
secondary emission to occur. The process itself must be 
examined quantum mechanically to preserve rigor and this
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process is beyond the scope of this paper. The spectrum of 
ejected electron energies varies over a wide range of values 
and is dependent upon the target material and incident 
electron energy as shown in figure 2.25b. The group of 
secondary electrons in this spectrum with an energy slightly 
below that of the primary electrons are those reflected 
elastically from the target. The majority of the secondary 
electrons have energies in a range much below the energy of 
the primary electrons. The remaining few secondary electrons 
have energies spread throughout the range between the two 
larger groups and are interpreted as .being inelastically .. 
reflected primary electrons. .

A similar situation exists for negative ions since 
it is the extra electron of the ion which interacts with the 
valence electron of the metal.

When a positive ion enters the vicinity of a metal 
surface it may also give rise to secondary electron emission. 
In figure 2.26 it is seen that the positive ion at the 
metallic surface sets up an electric field due to the poten
tial difference between the work function of the metal and 
the ionization potential of the ion. This field may cause 
a valence electron in the vicinity to be accelerated toward 
the surface of the metal. If the magnitude of the ioni
zation potential is equal to the magnitude of the work

26
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function^ one electron will be drawn to the surface, enter 
the vacant state of the Ion and form a neutral atom. That 
Is suppose the work function is -5 volts and the ionization 
potential is +5 volts. The potential difference is 10 volts, 
Half of this value will be needed to accelerate the electron 
to the surface and half to neutralize the ion. In this case 
no secondary electron is liberated. If, however, the ioni
zation potential is twice the value of the work function in 
magnitude, i.e. + 1 0  volts, then two electrons would be 
drawn to the surface of the metal by the 15 volt potential 
difference. One electron would serve to neutralize the ion, 
and the second would escape as a secondary electron. The 
criterion for secondary emission due to positive ions is 
that the magnitude of the ionization potential be at least 
twice that of the work function of the metal (figure 2.26):

(Eq. 2.211) E„ ̂  21 where: E„ = ionization potential P P
If the ionization potential has a magnitude greater than 
twice the work function, the electron will emerge with a 
maximum energy E„ where:

(Eq. 2.212) Ey = Ep - 21

This process is known as Auger ejection and has been studied 
in great detail by Hagstrum at Bell Labs

^Hagstrum, ojo. cit., p. 336
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Some atoms have certain energy levels from which a 

radiative transition to the.ground state is forbidden. The 
underlying principle involved concerns the angular momentum . 
of the two levels in question. An atom with an orbital 
electron in such an energy level is said to be in a metasta
ble state . The same angular quantum number, j , is - associated 
with both the ground state and the metastable state. For 
this reason a radiative transition from one level to another 
is impossible since a photon carries away one unit of 
angular momentum necessitating a change in angular momentum 
of an electron reverting from the metastable state to the 
ground state. However, transitions to the ground state in 
metastable atoms are possible and may be induced by molec
ular collisions or by exposure to certain electromagnetic 
radiation usually in the form of neon light. Such proce-r 
dures can serve to raise the electron in the forbidden state 
to a higher excited state from which it may revert directly 
to the ground state by a radiative transition (figure 2.27). 
This second excited state has an angular momentum associated 
with it other than that associated with the ground state 
such that the difference in angular momentum is unity. It 
has been found previously, as mentioned earlier in this 
chapter, that metastable atoms of the noble gases are 
capable of producing secondary emission from a metal surface. 
No such study has been thoroughly undertaken with metastable
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mercury atoms nor for that matter with many other metastable 
atoms. The process by which secondary emission occurs with 
metastables is not a simple phenomenon since it involves a 
quantum mechanical interaction between the atom and the 
valence electron. It is believed that as the metastable 
atom strikes a metal surface it is raised to a higher state 
and then begins to revert to the ground state by a radiative 
transition. In this process a quantum mechanical wave is 
deployed which interacts with the valence electron. The 
electron in the process receives energy from the decaying 
metastable atom and may be ejected from the metal. It will 
be interesting to note the energy of the secondary electrons 
in the experiment and compare it with the kinetic energy of 
the incident neutral atom, the energy of the metastable 
level of the incident neutral, and the work function of the 
metal. This is the process which is thought to occur in 
region III of the experimental tube. It will be the object 
of a later experiment to determine whether or not the 
neutrals striking the target are actually metastable. If 
they are found not to be metastable, a new theory will be 
needed to explain secondary emission by ground state neutral 
atoms since no explanation of such phenomena exists at 
present. Indeed from a search of the literature there are 
no indications that such a phenomenon has ever been observed.



Experimental Procedure

CHAPTER 3

3.1 Description of Apparatus

A mercury arc discharge tube for.providing positive 
mercury ions and a multi-region experimental tube comprise 
the two basic components of the experimental apparatus. A 
vacuum system to provide the optimum mercury vapor pressure 
throughout the tubes, an electrical system to produce 
required voltages at different points in the tubes, and an 
oven to bake out the experimental apparatus before use are 
also incorporated in the system. It will be beneficial to 
describe the different components of the apparatus in the 
order of their construction and simultaneously comment on 

^  the contribution of each part to the over-all system.

The entire system has its foundation in a steel 
. girder bench which is shown in figure 3.11. The bench top 
is made of a one-inch thick piece of transite to provide 
heat insulation during bake-out. Further insulation is 
obtained by tightly compressing two one and one-half inch 
thick layers of fiber glass between the transite and a sheet 
of aluminum which is suspended several inches below the
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bench top. The over-all top Is 49" x 37" x 5&" and it 
stands 42" off the floor. The bench is provided with 
several shelves to hold various meters, current limiting 
resistors, and mercury reservoirs. A rack for supporting 
the various stopcocks which act as valves throughout the 
system may also be seen- attached to the bench.

The bake-out oven which is partially visible in 
figure 3.11 is supported above the bench top by a system 
containing two opposing'tracks on which rollers attached to 
the oven ride, a chain and pulley system, and counter 
weights. The oven may be drawn down or pushed up at will in 
the same manner as a window. A safety stop is provided to 
prevent accidental falling of the oven. The oven itself 
consists of a rectangular box 43” x 33" x 29" with walls 
five inches thick. The walls consist of aluminum sheets on 
the outside, transite sheets on the inside and fiber glass 
as the intervening medium. Ten 750 watt heaters are 
attached to the inner walls of the oven at even intervals. 
The oven is provided with a thermometer and the temperature 
may be controlled by regulating the voltage applied to the 
heaters.

The vacuum pumping system consists of a mechanical 
forepump in series with two mercury diffusion pumps in se
ries . Both.diffusion pumps are partially wrapped with



asbestos ribbon to prevent heat loss at these points. Fig
ure 3,12 shows schematically the operation of the diffusion 
pumps. Mercury liquid is heated in region A of the pump, 
vaporizes and travels through the arms B into region G. 
Region C acts as a condenser due to the cool water circu
lating in the water chamber D. As the mercury vapor con
denses the pressure in region C is reduced and gas molecules 
are drawn into the pump from the experimental tubes through 
arm E. As is seen, the mechanical forepump may pump through 
the diffusion pump directly on the experimental system. 
However the forepump is capable of producing a vacuum of 
only 10~^mm and when this point is reached it cannot reduce 
the pressure further. Therefore at this point the diffusion 
pump takes over and gas molecules from the system diffuse 
into region C. When these molecules build up a pressure 
greater than 10""̂ mm the mechanical pump again can operate 
and evacuate, region C. Thus the combination is capable of

i “ .producing very high vacuums.

The pumping system is connected to the experimental 
apparatus through a valve designed by Dr. Varney especially 
for the purpose of eliminating some of the undesirable 
effects of stopcocks. The valve, shown in figure 3•13 and 
represented schematically in figure 3,14 consists of a ball 
and socket arrangement enclosed in a tube which may be 
filled with mercury. As the level of the mercury rises in
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the tube, the ball Joint floats higher and higher in the 
tube until it closes with the socket„ It is guided into the 
socket by a thin glass rod. The level of mercury is then 
raised over the pair to insure a vapor tight seal. By 
arranging the outlets to the system and the pumps as shown, 
the experimental system is completely isolated from the 
pumps and from the mercury reservoir used to operate the 
valve when the valve is closed. On the other hand when the 
valve is open, an unimpeded path is provided from the exper
imental system to the pumping system. The valve provides a 
much tighter seal than would a stopcock due to the differ
ence in pressure between the mercury pool at atmospheric
pressure and the region of the valve above the mercury pool

hat less than 10 mm of pressure. Further, since it is not 
necessary to lubricate any parts of the valve as it is with 
stopcocks, there is no danger of molecules of organic 
lubricant reaching the experimental region. Finally the 
valve does not have the tendency to freeze shut or open as 
does a stopcock.

The mercury reservoirs used to operate the valve and 
to fill the cathode region of the discharge tube, function 
in a simple manner by use of atmospheric pressure. A 
reservoir, pictured in figure 3«H and shown schematically 
in figure 3-15 consists of a flask of mercury containing twoI
glass tube leads. Lead I, which is sealed through the top



/ead I

F /&. 3.15, M e r c u r y  Feservo/r*



of the flask, extends nearly to the bottom of the reservoir. 
It Is this lead which supplies mercury to the desired 
location. Lead II is sealed into the top of the flask and 
is open to the region above the mercury. Atmospheric 
pressure in this region will cause mercury to rise in lead I 
if the region S above lead I is at less than atmospheric 
pressure. This is generally the case since the region S is 
in the .valve or discharge tube and these areas are at low 
pressure during the experiment. When it is desired to lower 
the mercury column, lead II is connected to the forepump and 
the pressure in region M is reduced to that in region S 
causing the mercury to return to the reservoir. A stopcock 
arrangement allows lead II to be connected either to the 
forepump or to the atmosphere. Care has been taken in 
situating the reservoirs .to assure that some mercury remains 
in the flasks when the mercury column stands at atmospheric 
height of 760mm. Also the cut-off valve is situated in such 
a manner that the mercury column will never reach a level 
which will allow mercury to run into the diffusion pumps.

The mercury arc discharge tube depicted in figures 
3.16 and 3.17 consists of a two-liter glass flask six inches 
in diameter whose neck has been widened and fused into a 
twelve-inch long piece of glass tubing two inches in 
diameter. The bottom of the flask opens into a second piece 
of glass tubing three inches long and also two inches in
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diameter. 'This tube, which contains the mercury pool cath
ode, narrows into a one-half, inch piece of glass tubing 
which in turn oonhects to the mercury reservoir. Two elec
trodes are sealed into this lower tube area, one acting as a 
contact with the cathode and the second as a starting elec
trode . The cathode electrode is pointed and protrudes 
slightly above the surface of the mercury to allow an an
choring point for the cathode spot. The starting electrode 
also presents a sharp point to the mercury pool to provide 
high field emission during, the starting period of the arc. 
The discharge tube contains two anodes, one approximately 
three inches above the cathode and the second about twelve 
inches above the first. The lower anode is held in place by 
two 40-mil wires sealed through the flask portion of the 
tube at 45° angles. The second’.anode is suspended by a 
single 40-mil wire sealed through the top of the discharge 
tube. The supporting wires are nickel except for the small 
portion which passes through the glass, this portion being 
tungsten. ; These supporting wires double as the electrical 
connections for the anodes. The anodes themselves are both 
hollow cylinders machined from nickel rods. The upper anode 
is one inch in diamet er and hne inch long while the- lower 
electrode is one and one-half inches in diameter and three- 
fourths of an inch long.

Two arms protrude from the upper, neck of the tube, .



one of which connects to the. vacuum pumps and the second to 
the experimental tube.

In designing the discharge tube several factors were 
taken into consideration. First, since both the discharge 
tube and the experimental tube were to be baked out under 
the oven, the over-all dimensions of the tubes had to con
form with those of the oven. Secondly, the tube was rounded 
away from- the cathode pool to prevent charging of the glass, 
by positive ions and a possible discharge between the glass 
and the cathode. Such a discharge could possibly crack the 
tube. A third consideration was that of extending the 
cathode connection above the mercury pool to provide an 
anchoring point for the glow spot. If the spot did not 
anchor it would dance around on the pool and cause the arc 
to be extinguished. The spot might also choose to anchor on 
the cathode at a point, where it would be in contact with the 
glass walls of the container and the intense heat could 
crack.the glass. Finally two anodes were provided, the 
first very near the cathode to enable easy starting of the 
arc and to provide a strong primary discharge, the second 
further from the cathode to give a controlled region of 
positive ions easily accessible to the experimental tube.
Both anodes were machined in the form of cylinders to con
fine the discharge to the central region of the tube and pre
vent ions from reaching the glass walls.

36
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The entire tube rests on the transite bench top with 

the tubing from the cathode region to the reservoir passing 
through the bench top. It is further supported by a ring 
stand at the flask region and by a clamp on the upper neck. 
Power is supplied to the anodes by a d.c. generator through 
current limiting resistors shown in figure 3 .11. A 10,000 
volt spark induction coil provides the necessary starting 
potential.

With all other components completed and in satis
factory working condition, attention was given to the 
construction of the experimental tube itself. It was found 
that a multi-region tube containing two sections-of kovar 
metal alloy, which splices readily with glass due to similar 
coefficients of thermal expansion^ and three sections of 
glass tubing would serve satisfactorily as the foundation 
for this experimental section of the apparatus. The con
struction of the tube is shown in the photograph of figure 
3.18 and illustrated schematically in figure 3.19. The 
first section of one and one-eighth inches diameter glass 
tubing is three and one-half inches long and is sealed into 
the neck of the mercury arc discharge tube. Fused to this 
section of glass is a two-inch length of kovar tubing one 
inch in diameter. This kovar tube is separated from a 
second similar kovar tube by a one-half inch length of glass 
tubing which acts as an insulator. A final eight inch
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section of glass tubing sealed at one end is connected to 
the second section of kovar.

A four-inch length of machined stainless steel 
tubing, subtending two concentric circular collimating slits, 
telescopes into the first kovar tube and extends into the 
discharge region of the mercury arc tube. Stainless steel 
is used since it does not react chemically with mercury.
This tube acts as an accelerator as well as a collimator for 
the positive mercury ions. A high negative potential is 
supplied to the accelerator through the first section of 
kovar by a high voltage d.c. power supply. The second 
section of metal tubing, when placed at a nominal positive 
potential by a set of B batteries, acts as a retarding 
chamber for positive ions. The final section of glass 
tubing surrounds the stainless steel target and collector. 
The electrical contacts to the target and collector also 
serve to support these elements and hold them in the proper 
position. These contacts are similar in construction to 
the wires holding the anodes in the discharge tube. The 
circuit for detection of secondary electrons consists of an 
ammeter in series with a battery connected as shown in 
figure 3•19 = Provisions were made to place the collector at 
any positive or negative potential between zero and twenty- 
five volts. Thus the collector might aid in pulling 
secondary electrons from the target or repel them back to



the target. The potentials on the accelerating and retard
ing electrodes were also controlable by means of potenti
ometers and a switch provided to set the two regions at the 
accelerating potential when desired.

■ The block diagram of figure 3.110 and the photo
graphs of figures 3-11 and 3-HI illustrate the completed 
system. The experimental tube could be cooled by means of a 
styrofoam insulating box filled with crushed dry ice which 
surrounded any desired portion of the tube. The regions 
inside the discharge tube and the experimental tube were 
kept at low vapor pressure by means of a vacuum pumping 
system operating through a system of stopcocks and a main 
cut-off valve. This mercury operated valve provided a means 
to isolate the main system from the pumping system during 
experimental operations. The entire apparatus was completed 
in six months and the time was well spent as the experiment 
functioned satisfactorily on the first trial.
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3.2 Description of the Experiment

Upon the completion of. the construction and mounting 
of the apparatus, the forepump and diffusion pumps were 
started and the entire system checked for pressure leaks. 
After ascertaining that the system was air tight5 and with 
the pumps in operation, the apparatus was baked out for 
twenty-four hours at 450°0. This procedure removed any 
foreign gases and water vapor from the glass walls of the 
system. After allowing an additional twenty-four hours for 
the system to cool, the power supplies, control panel, and a 
sensitive microammeter were mounted on the bench top as 
illustrated in figure 3.111. The necessary electrical 
connections to the kovar tubes were made by one-half inch 
braided wire straps. Connections to the target and 
collector as well as to the discharge tube anodes and cathode 
were made with #16 stranded wire and alligator clips.
Meters were provided to monitor the plasma currents to the 
two anodes of the discharge tube, the accelerating potential, 
and of course the secondary electron current. Other volt
ages throughout the system could be checked-periodically 
during the experiment by a VTtM,

Perhaps one of the most satisfying steps in the 
experiment was touching the spark coil to the starting anode 
and watching the arc discharge tube come to life with a 
strong pale blue glow. With the mercury cathode set to the



proper level; .and the cut-off valve closed, the tube operated 
In an extremely satisfactory manner. The cathode spot

■ ' ' • • ' f • ' ■ . ■danced over the surface of the mercury pool for several 
seconds and then anchored firmly on the metallic point 
provided. The anchoring of this spot is in many cases hard 
to achieve as is a continuous discharge. However the tube 
remained in continuous operation and the spot remained 
anchored for any desired length of time. A fan was provided 
to cool the discharge tube since continuous operation would 
heat the glass walls and the nickel anodes. A darkened 
region in the neck of the discharge tube may be noticed in 
the photographs. This was due to a phenomenon known as 
sputtering in which the mercury ions would knock molecules 
of stainless steel out of the accelerating electrode. These 
molecules would then travel to the glass walls and anchor 
there. No ill effects were observed due to this sputtering 
however.

4l

After thoroughly checking the operation of the mer
cury arc discharge and verifying its satisfactory perform
ance, the appropriate potentials were applied to the several 
points on the experimental tube. The accelerating electrode 
potential was set to -1000 volts, the retarding electrode 
potential to 250 volts, and the collector potential to 10 
volts. All voltages used in the experiment were d.c. poten
tials except for that of the spark coil. Upon applying all
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the voltages and with the discharge operating, it was 
Immediately obvious from reading the ammeter in the target 
circuit that secondary electrons were being ejected from the 
stainless steel target and this current was of an order of 
magnitude of 10-^ ampere. This point in the experiment 
marked a successful and affirmative conclusion to the first 
phase of the research project under study. For at this time 
it was definitely established that neutral mercury atoms 
produced in a mercury arc discharge were capable of ejecting 
electrons from a metallic surface.

With the successful ejection of electrons from the 
target providing a qualitative answer to the topic of this 
thesis, it became desirable to attempt to determine the 
maximum yield of secondary electrons which might be obtained 
from a given primary neutral current. Several parameters 
involved in the experiment were varied to determine their 
effect upon the secondary emission. The pressure in the 
experimental tube was changed by cooling the tube with dry 
ice. The primary positive ion current was increased by 
increasing the current in the discharge tube and increasing 
the accelerating potential. This increase in accelerating 
potential served to draw more ions into the experimental 
tube per second as well as to increase the kinetic energy of 
the individual ions. Provisions were also made to increase 
the kinetic energy of the ions without increasing the ion



current in order to establish the effect of primary neutral 
kinetic energy on the yield of secondary electrons. This 
was accomplished by placing a constant potential on the 
accelerating electrode to provide a constant ion current.
By then using the retarding electrode as an accelerating 
electrode whose now negative potential could be varied over 
a sufficient range, a determination of the effect of neutral 
kinetic energy on the secondary emission was made. Positive 
ions still did not reach the target due to the positive 
potential on the collector surrounding the target. At 
points in the experiment when it was desired to measure the 
positive ion current reaching the target, it was necessary 
to float the entire target circuit at the negative potential 
on the accelerating electrode.

The effects of the aforementioned variations in the 
system parameters are illustrated in the next section in 
which experimental data is tabulated and illustrated graph
ically.
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3.3 Experimental Data
■’ .. . . . y ' •’ , ■'

For the purpose of presenting experimental data, it 
will be necessary to define and explain several parameters 
which will be referred to continually throughout this 
section. These parameters consist of the following:

1. With reference to the discharge tube:
Vg = d.c. source potential 
Va = first anode potential 

= second anode potential
I = current to first anode a = current to second anode

II. With reference to the experimental tube:
V ^ =  potential of accelerating electrode
Vg = potential of retarding electrode
Vo = potential of collector surrounding 
'3 target

V^ = potential of target
4-I = positive ion current
In = secondary electron current 
Is = stray electron current III.

III. The following currents are those registered on 
the ammeter in the target circuit:

II = I r + In + Is 
Ip = I+ + Is

I4. = In + Is

With V^ and Vg at the accelerating potential, and the target
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circuit floating at this potential with more positive 
than the meter in the target circuit will read 
(figure 3.31a). In this case the positive ions escaping 
charge exchange are not retarded hut rather strike the 
target. Electrons ejected from the target also contribute 
to and both this current and the current due to positive 
ions have the same sign which will be taken as positive. If 
the polarity of the target and collector is reversed so 
is more positive than V y  and Vg are at the accelerating 
potential, and the target circuit floats at the accelerating 
potential, then secondary electrons will be prevented from 
leaving the target by the, retarding field produced by and 

In this instance the meter reads 1^ (figure 3 -Sib)•
When Vg is positive so as to prevent positive ions from 
reaching the target, and Vg is negative with respect to 
thus preventing secondary electrons from leaving the target, 
the meter should indicate zero current. However, it does 
show a small current whose sign is opposite to that of the 
positive ion and secondary electron currents (figure 3 -31c). 
This current designated Ig is referred to as a stray 
electron or background current and will be discussed at a 
later time. Finally, with the retarding electrode positive, 
and the collector more positive than the target, the ammeter 
reads 1^ the current due to secondary electrons and the 
background of stray electrons (figure 3.31d). Therefore:



F,g .3.3Icu. I/ =

2̂.___  V3
rF

-/o o o  V F25o V

- |l'l— i— 'I'M
-I—
-/O V

F/q. 3.51c. Z3 -Is

Vz

-/ooo V
4- /0 /

/v<y. 3 .3 Jk. 2~2 = 1 3 ^ z X s

hi g. j.3u . i



46

is read when 
12 is read when 
Ig is read when 

is read when 7^

= V2 = Vg and 7^ <  7g.
= Tg = 7g and 7^ >  7g.
= neg.5 7g = pos.^ and 7^ %> 7g. 
= neg., 7g = pos., and 7^ <  7g.

The following relationship should exist between the various 
currents:

Eq. (3.31) - I2 = I4 - Ig

Thus measuring and %2 provides a check on In . All poten
tials referred to are given with respect to ground.

Table I is a typical set of experimental data and 
tube parameters at low pressure and at a higher pressure.
The pressure varies directly due to the constant volume so 
that lowering the temperature by surrounding the tube with . 
dry ice or liquid nitrogen serves to lower the pressure.

As an extension of the data given in table I values 
of the currents 1^, Ig, Ig, and are presented in table II 
for three different pressures. No means was provided in the 
experiment for measuring the pressure. However the pumping 
system was capable of lowering the pressure to at least

sr
10-Dmm and cooling the tube will reduce the pressure still 
further. The data in table II indicate that an optimum 
pressure is obtained for maximum charge exchange and conse
quently for maximum secondary emission.



Constant Discharge Tube Parameters; Vs = 140v VQ = 13.2v IQ =  2,0a
Vb = 25,4v Ib = 1,5a

Experimental Tuber Temperature "80°C Pressure <■ 10a^mm (Low)
Vb (volts) Vg (volts) Vg (volts) V4 (volts) H 1 a I g  (amps) Ig (anps) I4 (amps)

-1500 -1500 -1500 -1510 5.4 x Ip"8.
-1500 -1500 -1500 -1490 - 3.4 x 10~ 8 «* ‘ - ;

-1500 250 -1500 -1490 - eb ■ -0.16 x 1 0 " 8 -
-1500 250 -1500 -1510 1.7 x lO"8

Experimental Tuber Temperature «  150C Pressure as 10"2mm (Higher)
(volts) Vg (volts) Vg (volts) V4  (volts) IjL (amps) Ig (asps) Ig (amps) I4 (anps)

-1500 -1500 -1500 -1510 1 0 x 1 0 " 9 -
-1500 -1500 -1500 -1490 - 1 . 0 x 1 0 ~ 9 ■

-1500 250 -1500 -1490 e= . - -0 . 6 x 1 0 " 9 m

>1500 250 -1500 -1510 w. > -» 8.4 x 1 0 ” 9

Table I

Typical Experimental Parameters and Data for Mercury Arc and Experimental Tube



Constant Parameters:

Vs = 140v = “1500v I » 2.0a
Va = 13.2v Vg - “1500v or 250v Ij, = 1.5a
Vjj = 25.4v V3 - lOv

Tube very cold •* Pressure low

lie- Tube warming toward room temperature - Pressure higher

■ "v '^1 * e:4 x 1 0 " 8 amps ' , • -
3.6 x 10"® amps

- ; f

13 - -0.22 x 10"s amps ■ y ' '

H  - 2.5 x IQ"8 amps . - -

III, Tube at room temperature - Pressure at valve produced by pumps

11 = 1 ©0 x 10‘=̂  amps

Ig = o.l X 10-8 amps ,

Ig = -0«06 x 10”^ amps
1̂  - =84 x 10"^ amps >

Table IT. Typical Values of Measured Currents for Changing Tube Pressure



During one phase of the experiment, the experimental 
tube pressure was allowed to come to equilibrium at room 
temperature and then slowly lowered by cooling the tube 
until it again came to equilibrium at a lower temperature. 
Finally the coolant was removed and the tube allowed to 
return to room temperature and the original warmer equilib
rium pressure. Figures 3-32 and 3-33 illustrate graphically 
- • ' ■ 'the results of this trial. The currents read oh the meter 
in the target circuit are plotted against time, an independ
ent variable of which the tube pressure is a function. The 
difference - Ig and In, which should be approximately 
equal, are also plotted versus time.

Since the plasma current between the second anode 
and ground regulates the number of positive ions available 
for charge exchange, it is desirable to examine the secondary 
electron current as a function of plasma current. Fig
ure 3-34 shows this variation. 1 ,̂ which is equal to In 
plus a background current Is is plotted against rather 
than In for convenience. Is is nearly a constant and serves 
only to lower the value of In by a constant amount.

Figure 3-35 shows the secondary current as a function 
of accelerating potential. That is, with a fixed number of 
positive ions entering the charge exchange region, the 
accelerating potential was varied from 0 to-2200 volts.
This served to increase the kinetic energy of the individual
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primary neutral atoms. The procedure involved consisted of 
setting to -450 volts and varying Vg from 0 to -2200 
volts. Thus a constant number of positive ions were drawn 
into the charge exchange region and then accelerated by 
different potentials. Positive ions escaping charge ex
change were prevented from reaching the target by floating 
the target circuit at 250 volts. The target collector then 
set up a retarding field with respect to the accelerating 
anode.

Finally the effect of increasing on the secondary 
current is demonstrated in figure 3 .36. That is, with the 
circuit set to read = Vg = neg., V2 p o s a n d  <
Vg),5 the potential on the first electrode, is varied 
from 0 to -2200 volts and the resulting values of 
observed.

The most important single piece of data presented is 
of course the secondary electron current produced at the 
target. The implications of the result and the other data 
presented will be analyzed in the next chapter.
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Analysis of Results

CHAPTER 4

4.1 Implication of Results

' The data presented in the preceding chapter sub
stantiate conclusively. the theory .that neutral mercury 
atoms,, presumably metastable, cause secondary electron 
emission from a metal surface. Moreover, the yield of sec^ 
ondary electrons is by no means negligible when compared to 
the neutral primary current» This becomes obvious when . 
comparing the secondary current with the positive ion 
current. Since the probability, of a neutral particle reach
ing the target is of the order of 0.25 for the accelerating 

; potential and mercury vapor pressure used in the experiment 
(see figure 2,24), the neutral primary current-1 should be of 
the order of 1/3 the positive ion current measured at the 1

1 •The flux of neutral particles striking the target
per second is always difficult to measure precisely as the 
absence of charge deprives the experimenter of sensitive 
electrical devices which might be used to measure ion cur
rents. Since ion currents are measured in amperes, it is 
practical to express a "neutral current" .as ne- the neutral 
flux, n, in particles .per . second times the electronic charge 
in coulombs, as if the particles were singly charged ions. 
There is no danger of confusion either in fact or in inter
pretation from the use of this convention. >
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target. That is if:

I ~ total positive ion current available 
^ for charge exchange
I ' = positive ion current at target after 
P charge exchange,
In = 0.25Ip = primary neutral current

then: I '+ 0.251n = Inp y y

.. ip = ip'/o.75  ̂ -vv;

(Eq. 4.11) In = 0.25Ip ‘/0.75 = Ip’/S

This high yield of secondary electrons suggests a # for the 
reaction (where # is the ratio of secondary current to the 
primary current or In/ln ) of at least 1.0 and probably 
higher.

The results of the experiment further indicate the 
existence of an optimum pressure for the charge exchange re
action at hand as postulated in Chapter 2. As the pressure 
in the charge-exchange region id gradually raised from a 
value corresponding to a low tube temperature<, through an 
intermediate point, to the value at room temperature, the 
secondary electron current, and necessarily the neutral 
primary current, increases to a maximum value and then de
creases again (table II). The same results are observed in 
figures 3.-32 and 3.33• The data for these plots were taken 
in reverse to that in table II. That is, the warm tube was
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gradually cooled and the pressure decreased from the value 
at room temperature through an intermediate point to a 
minimum value. The results of the two trials are the same 
and the maximum secondary current is indicated in the 
figures. As is expected/ the positive ion current reaching 
the target is considerably greater for low tube pressures 
due to the lower elastic scattering cross section. This 
point is illustrated clearly in figure 3»32. The values of 
positive ion current and secondary electron current are 
especially interesting in the region of t = 140 min. At 
this point the pressure has reached an optimum value pro
viding maximum charge exchange with a minimum of elastic 
scattering of the newly formed neutral atoms. Thus a large 
number of positive ions undergo charge exchange and reach 
the target as neutral atoms instead of as positive ions or 
not at all. This of course serves to increase the secondary 
electron current and decrease the positive ion current.

It will be instructive at this point to cite an 
example of the variation of the charge exchange and elastic 
scattering cross sections with tube pressures. Suppose that 
the mercury vapor pressure in the experimental tube is

_q10. mm. The pumps are capable of producing a much lower
pressure but the mercury pool cathode acts as an infinite '' . ■

source of mercury atoms which keeps the pressure in the 
vicinity of 10""̂ mm. It is found that for this pressure, the



elastic-scattering and the charge-exchange mean free paths , 
are 20 cm and 4 cm respectively for an accelerating 
potential of -1000 volts (figure 2.24). The number of ions 
which undergo charge exchange is given by the expression 
I = I0 jl - exp (-x/lc )j and the number Of newly formed neu
trals which are scattered is I = In  n.Q

x and y are the distances traveled by the respective
particles, 1 and 1_ are the respective mean free paths, and9 , P . "'v ■ ■- ■-. .. . x ■ ■ , ,
I and I are the respective initial number of particles.

0Thus about 63^ of the positive ions partake in charge ex
change in the 4-cm charge-exchange chamber, while about 
39^ of the neutrals formed are scattered in the remaining 
10 cm of tube between the charge-exchange chamber and the 
target. . As the pressure is increased the mean free paths 
decrease inversely. Thus at the higher pressures most of 
the positive ions undergo charge exchange, but nearly all 
of the newly formed neutrals are scattered elastically and 
so are prevented from reaching the target. As the pressure 
decreases, the mean free paths increase and relatively few 
positive ions are converted to neutrals.

When the per cent of initial positive ions reaching 
the target as neutrals is plotted versus the tube pressure, 
it is found that for the experiment, the optimum pressure is
1.2 x 10""̂ mm Eg (figure 4.11). This is the pressure which
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1 - exp (-y/l, where
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produces the maximum secondary current for the given param-
•. ■: ■ " ' .■•■■■ . .■■■■■ ■ : reters. The results shown are not quite true since some of 
the scattered neutrals reach the target and some of the 
positive ions undergoing charge exchange form neutrals which 
have velocities in a direction other than that of the target. 
These errors are small however and effect only the number of 
neutrals reaching the target rather than the value of the 
optimum pressure. A look at figure 4.12 reveals the optimum 
values of the mean free paths and the range of mean free 
paths over which the experiment was run. The optimum values 
considered here were considered in the design of the ex- . 
perimental tube. The values of the pressure limits 
indicated were found by considering the variation in 
secondary current given in table II.

Several other experimental parameters were also 
varied in an effort to observe their effects On the 
secondary current. These parameters include the plasma 
current in the mercury arc discharge, the accelerating
potential, and V1 which normally served as the accelerating
■ ' • ' x ■ . / ' , ? / : ... - ,

potential and provided a means of drawing positive ions into 
the charge exchange chamber. From figure 3.34 It is seen 
that as the plasma current is increased for a fixed value
.of V^, the yield of secondary electrons is increased to a 
point and then remains generally constant for a further 
increase in plasma current. This result is certainly
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expected for as more ions become available for charge ex
change, more neutral atoms strike the target. A saturation 
point is reached when the accelerating field produced by 
is pulling as many ions from the plasma as the geometry and 
space-charge considerations merit. This saturation con
dition already exists at low pressure densities for equal 
to -1000 volts*

When is held constant, drawing a constant number 
of positive ions into the charge exchange chamber per second, 
and the actual accelerating potential is varied, the 
resulting change in the secondary current is shown in fig
ure 3-35• The yield remains constant over the low energy 
range and then suddenly increases as the ion energy reaches 
1000 ev. This is explained by observing that the secondary 
emission at the target is primarily a potential energy 
phenomenon assisted by kinetic energy effects at high 
incident particle energies. Thus the metastable neutral is 
perfectly capable of ejecting an electron from the metal 
target at low kinetic energy due to its excited energy 
level. This capability is aided at high kinetic energy by 
the ability of a high speed atom to cause ionization.

A final effect on the secondary current is seen in 
figure 3.36. With an increase in V^, the number of positive 
ions drawn into the charge exchange chamber per second
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increases as does the kinetic energy of the individual ion. 
Thus more neutral atoms with higher kinetic energies per 
particle are available at the target per second. The ex
pected increase in secondary electron current is illustrated 
clearly in the graph.

The dependence of the secondary electron current In5 
and consequently that of Tu upon the various parameters 
discussed above, is summarized in table III, The experi
mental data are in close agreement with the theoretical 
expectations. An approximate value for S is calculated in 
the following manner.

If: I* = positive ion current at target after
r charge exchange
In = secondary electron Current
I„ = primary neutral current at the target

- . . ; n . \ „ '
Pm = fraction of positive ions from plasma 
• reaching the target as neutral atoms

then applying equation 4.11:

(Eg. 4.12) 8 = In = In
In PTi y  (1 - PT)

An approximate value of ^ may be found by applying the 
balance equation (equation 2.29) of Chapter 2. By neg
lecting small and negligible terms in this equation a value 
of PT is determined in terms of the elastic scattering and 
charge exchange cross sections of the mercury gas. Thus the
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probability of a particle entering the correct solid angle 
after charge exchange is nearly unity while the probability 
of a scattered particle entering the solid angle of the 
target is nearly zero. Also negligible scattering is 
assumed in the charge exchange region and negligible charge 
exchange is assumed in the region of the retarding potential. 
With these assumptions the value of n (the number of 
neutrals reaching the target) in terms of nQ (the number of 
positive ions drawn from the plasma per second) is given by 
the expression: ,

(Eq. 4.13)

where:•

n = nQ £ l - exp(-x/lc)J £ exp(-y/lg)J 

PT= [l - exp(-x/l0) exp(-y/ls)

The above expressions state that the neutral current reach
ing the target is a fraction of the initial positive ion 
current, and this fraction depends upon the number of charge 
exchange collisions and the number of scattering collisions. 
That is:

1 - exp(-x/lc) probability of a charge exchange 
collision in a distance x

exp(-y/l ) = probability of reaching y without
, a scattering collision

x = length of charge exchange chamber
y = mean distance from charge exchange 

chamber to target ; .
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Since the values of x and y are known as are the optimum 
values of 1 and 1 (figure 4.12) it.is a simple matter to
calculate Pm. Indeed this value may be found directly from

; 1 ; - ' ■ ■■ ■:' ■. ; ' 'the graph of figure 4.11 to be 0.39° Using the values of
1^ and from table ir we have t \,
' - ■'■■y V ; : .

In = I. -.1, =2.72 x 10"8amps 
= Ig - Ig = 3«82 x 10"‘°amps 

PT = 0.39

. (Eq. 4.14) - H = ; 2.72 x 10~8
' (0.39)(3..82 X 10"8)/(0.6l)

'. ' % = 1.11 ' ,

The approximate value of ^derived above is an indication 
that secondary emission by neutral mercury atoms may play an 
important role in mercury arc devices. The value is high 
and on the order of the ̂  for electron-electron secondary 
emission. ■ < • • •.
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Vi

0
to

1400v
I4 = (1.4 x 10-20)^3.29

Secondary emission depends on 
potential energy of primary 
particle and thus only upon the 
quantity of neutrals not their 
kinetic energy

i.
1400v
to

2 2 0 0v
I4 = (0.9V! - 990) x IF 1 2

Secondary emission depends on 
kinetic energy and potential 
energy of primary particles and 
. thus on the quantity of neutrals 
and their kinetic energy

Vcc

0
to

lOOOv
I4 = constant

Secondary emission is independ
ent of primary particle kinetic 
energy and thus of the* accel
erating potential

lOOOv
to

2 2 0 0v
I4  = (1.66 x 10”13) Ve=

Secondary emission is somewhat 
dependent on kinetic energy of 
the primary particles and thus 
on the accelerating potential

%
increases with until a

saturation valve is reached at 
which point I4 remains constant 
for a further increase of

Increasing 1^ provides more neu
trals at the target and thus 
tends to increase I4

Pres
sure

increases to a maximum valve 
then decreases as the pressure 
is increased from a low valve 
through an optimum valve to a 
high valve

: 3- * Ce~x/ls)

8
Employing a combination of theory and experimental results 
gives a maximum gamma of 1 , 1 1

Table III

Secondary Electron Current as a Function of Various Parameters
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4.2 Experimental Errors.

Since the nature of this experiment is qualitative, 
any attempt to calculate numerical percentages of error 
would be superfluous. However, a discussion of the factors 
which might introduce errors into the experiment is of 
value. In this respect great care in constructing the 
apparatus used in the experiment was taken to insure that 
the charge exchange region of the tube would be free of any 
stray foreign gas molecules. Such particles may include 
dust, gases adsorbed in the walls of the glass tubes, 
impurities in the mercury cathode pool, and organic matter 
from the stopcock grease. Such impurities in the experi- 
mental tube atmosphere could produce neutral atoms of other 
elements than mercury at the target as well as de-excite 
some of the metastable mercury atoms. The bake-out process 
helped eliminate adsorbed gases, and careful cleaning and 
distilling of the mercury removed foreign particles from 
this source of contamination. As has been mentioned, the 
special cut-off valve between the experimental system and 
the pumps helped prevent organic molecules of stopcock 
grease from reaching the charge exchange region.

The current I-, heretofore referred to as stray 
■ ■ • -■ j : ■ : : : : - : ^electron or background current, is a phenomenon that was not

anticipated. This current is a component of all the
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currents recorded .by the ammeter. By reference to fig
ure 3.32, it is seen that generally remains constant with 
a value of about 4 x 10"' amps except at the point thirty 
minutes after the discharge is started. The readings in 
this region provide little information however, since 
initial transient effects cause unusual fluctuations in the 
secondary electron current. Once the system reaches equi
librium, Ig remains constant and generally accounts for the 
difference between (l1 - Ig) and 1^. The source of this 
current is not known, but it is logical to assume that it is 
due to electrons formed between the discharge tube and the 
target which drift into the target with too little energy to 
cause secondary emission. Such collisions with the target 
would produce a current in the opposite direction to the 
secondary electron and positive ion current. It is also 
possible that some positive ions are dislodged from the tar
get or that negative ions strike the target, but such effects 
should be negligible.

The discrepancy in the values of (l^ - Ig) and In 
shown in figure 3-33 is actually small and within the exper
imental error of the experiment. The standard deviation 
itself is enough to account for such errors. The differences 
also may be due in some cases to inaccurate reading of the 
meter. In general the values are very nearly equal and pro
vide a satisfactory comparison of the two values.



CHAPTER 5 

Summary

A device for bombarding a metal target with neutral 
mercury atoms produced in a mercury arc discharge has been 
constructed and successfully operated resulting in a large 
liberation of secondary electrons. The high yield of sec
ondary electrons per primary neutral particle leaves no 
doubt as to the ability of the neutrals' so produced to cause 
secondary emission from a metal surface. It further indi
cates the possibilities of practical applications of the 
experimental results obtained.

It was postulated in Chapter 2 that secondary emis
sion from the anodes of a mercury arc discharge tube is par
tially or totally responsible for "arc-backs". From the re
sults presented in this paper the fact that this secondary 
emission could be due to the neutral.mercury atoms in the 
discharge is verified. Thus a method of .eliminating the un-. 
desirable neutrals which cause secondary emission would be 
profitable. It has not yet been proven but rather assumed 
for the present, that it is metastable neutrals which are 
responsible for secondary, emission. These metastable atoms 
may be produced in a mercury arc rectifier by charge exchange 
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between positive, mercury Ions and neutral ground state mer
cury atoms. These neutrals then cause secondary emission 
from the anodes of the rectifier thus encouraging "arc- 
backs" . Elimination of these metastables should reduce the 
"arc^backs” dr eliminate them entirely depending upon the 
construction of the rectifier tube since other factors also 
influence "arc-backs".

It will be the object of an experiment for a Ph.D, 
thesis to determine if the mercury atoms produced in a mer
cury arc discharge which cause secondary emission are actu
ally metastable and if so a practical means of quenching 
them. Also an, attempt, will be made to determine ; a more 
exact value of gamma for the secondary emission reaction be
tween the mercury neutrals and a metal surface.



APPENDIX A r- k \

The Mechanism of Gaseous Discharges

lonization^P h gas by some means is the dominant ; 
feature of all gaseous discharges. It Is the Intense , 
excitation of the outer electrons of the gas atoms, due to 
electron collisions, that results in radiation at charac
teristic frequencies causing the glow normally associated 
with a certain discharge. Since ions always tend to revert 
to normal atoms, a second important feature of a gaseous 
discharge is the de-ionization process. The different types 
of discharges are characterized and distinguished by the 
types and relative importance of the Ionization and de-Ioni- 
zation processes that take place in them. In particular* 
gaseous discharges may be divided into two.broad classes, 
self-maintaining and nonself-maintaining, depending on
whether a source of ionization external to the discharge is
• ■ . . ]_ .necessary for its continuance..

; Perhaps the simplest example of gaseous conduction 
is the Townsend discharge which occurs if a potential is

Truman S. Grey, Applied Electronics, Wiley & Sons, 
New York, 1939. P- 149.



applied across two separated metal electrodes in a gas (fig
ure A.la). Since a gas is always in a partial state of 
ionization due to ever-present cosmic radiation., a minute 
current appears in the circuit and through the gas with the 
current-voltage.characteristic shown in figure A.lb. As the. 
voltage is increased in the region OA, the current increases 
as more and more ions are drawn to the electrodes before 
they recombine with electrons. The current reaches a limit 
shown in region AB5 when the ions and electrons are drawn to 
the electrodes by the applied electric field as rapidly as 
they are produced in the interelectrode region. Thus the 
current is independent of potential over a considerable 
range. When the voltage across the discharge is sufficient 
to cause the electrons to ionize some of the gas molecules 
upon collision, new electrons are liberated in the discharge, 
region which in turn produces other new electrons by ioniza
tion. Thus an electron produced near the cathode liberates 
new ones in a geometric progression as the original electron 
and the new one's are accelerated toward the anode. This 
cumulative process is known as an electron avalanche. Ulti
mately a voltage is reached in the region BC at which the 
products of one electron avalanphe are able to start a new 
avalanche as large as the first. Under these conditions the 
discharge becomes self-maintaining, for its continuance 
ceases to depend on an external source of ionization. A gas 
is said to break down when the voltage across the Townsend
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discharge is increased until the condition of self-mainte-

pnance is reached.

Since the breakdown voltage depends on the number of 
ions, photons, or other ionization products formed in an 
electron avalanche, and on the effectiveness of these prod
ucts in regenerating the original electron, it is a function 
of the particular gas; the concentration or pressure at a 
particular temperature; and the configuration and material 
of the electrodes. For the parallel plate electrode config
uration of figure A.la the breakdown voltage as a function 
of pressure and electrode separation is shown in figures A.lc 
and A.Id. At high pressure, the mean free path is so small 
and the collisions are so frequent that the electric field 
must be large in order to give the electrons ionizing speed 
in the short distance between collisions. At low pressures, 
the mean free path is large, and an electron does not have 
enough collisions in the distance between electrodes to 
reproduce itself in sufficient quantity for breakdown unless 
the potential is increased sufficiently to increase its 
ionizing ability. At some intermediate pressure, optimum 
conditions for ionization exist and the breakdown occurs
readily.^

2Grey, op. cit., pp. 149-152
3Ibid., p. 153
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If the distance between electrodes is varied while 
the pressure is held constant, a similar variation in break
down voltage occurs. When the spacing is small, only• a few 
positive ions are produced due to the limited number of 
collisions; and, to produce breakdown, the voltage must be 
high in order to give the electrons ionizing energy in a 
short timei As the spacing is increased, the number of 
collisions increases faster than the probability of ioniza
tion is decreased by the decreasing voltage per collision, 
so that the breakdown voltage is decreased. At some optimum 
spacing the breakdown voltage reaches a minimum. At larger 
separations, more mean free paths exist between the elec
trodes, and the potential must be increased to produce the

iifield strength necessary for ionization.

The preceding discussion may be summed up by 
Paschen's law, which states that for parallel plane elec
trodes in a particular gas at a certain temperature the 
breakdown voltage is a function only of the product of the 
pressure and the electrode separation. The typical form of 
the function is shown in figure A.le.^

The glow discharge, which generally occurs immediate 
ly after breakdown takes place is characterized visually by

iiGrey, oj). cit., pp. 153-154.
5Ibid., p. 154.
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a soft luminosity in the gas and electrically by a low 
current density with a voltage drop slightly less than the 
breakdown voltage„ When the current is small the glow does
not cover the entire cathode surface but concentrates on a

. ' . ’ ■ /part of it. As the current is increased the area covered
by the glow increases linearly with the total current so 
the current density remains constant. Under' these condi
tions the discharge is called a normal glow. When the 
cathode becomes covered with glow, the current density can 
no longer remain constant for further increases in total 
current, and the voltage drop and current density of the 
discharge increase with current. The discharge for these 
conditions is called abnormal glow, (figure A.2)°

Increase of the current in a gaseous discharge in 
the abnormal-glow region results in a sudden transition to a 
new type of discharge known as an arc. The transition stage 
shown as an overlap of abnormal glow and arc region is dis
cussed in Chapter 2.

^Grey, ojo. eft., pp. 155-158•
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APPENDIX B 

Electron Escape Prom a Metal

According to the theory.of the behavior of.free 
electrons, the reason for the failure of electrons to escape 
from the surface, of a metal is the potential energy hill or 
barrier at the boundary of the surface as. illustrated in 
figure B.la. Fermi-Dirac statistics show that'electrons 
moving in a field free space have kinetic energies due to 
the velocities associated with their.temperature where the 
distribution, of energies amont the electrons is given by the 
expression;

(Eq. B.l) N(E)dE = S w i E f e M  . T/i*. . dE
- ■ . . ■ • ■

h3 1 + exp E - %
kT -

where; E = kinetic energy of an electron
/ : E. = Fermi level of energy V ; . .

N(E) = no. electrons per unit volume per 
.,unit energy range ^

T ^ absolute temperature of electrons
k = Boltzman’s constant
h = Planck’s constant ' !
me = mass of an electron

; N(E)dE = no. of electrons in a unit volume with 
kinetic energies between E and (E + dE)



The Fermi level of energy' 1 s-defined as the maximum kinetic
energy possessed by any electron at a temperature of abso
lute zero. A plot of the Ferml-Dlrac distribution function 
is shown in figure B.lb for electron temperatures of 0°K and 
15OO K. In applying the Femi-Dirac distribution of ener
gies to a metal the results may be regarded as only an 
approximation to the actual conditions since it is derived 
on the assumption, of constant potential and the potential in 
a metal is known to vary periodically in space because of the 
lattice structure of the crystal. Electrons with energies 
well above-'the tops of the potential energy hills are only 
slightly affected in their motions as they passover the 
peaks and valleys of potential energy. Thus the Femi-Dirac 
theory makes possible a good approximation to the kinetic 
energy distribution of those electrons in a metal that 
occupy the range of energies well above the tops of the po
tential energy peaks. It is these electrons which are of
■ . ' . 2. ■ ,interest in the study of secondary emission phenomena.

In a metal> the number Of electrons capable of pass
ing over the potential energy barrier is indicated by the 
distribution of .energies associated with the component of : 
velocity directed perpendicular tp the boundary of the metal. I

I / ' .. ■Truman S. Grey, Applied Electronics, Wiley & Sons, 
New York, 1939, PP. 68-71.
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That is . t;h,e kinetic energy of an electron associated with 
Its component of velocity perpendicular to the barrier must 
be greater than the potential energy of the barrier to make 
escape from the surface of a metal possible. The wave me
chanical nature of electrons lends a probability that some 
;electrons with less than barrier energy will escape but this 
phenomenon Is not of Interest here. The distribution func
tion for electron energies corresponding to a perpendicular 
velocity component Is given by equation B.2 and shown.In
figure B.lc,

(Eq. B.2) /Hl(Ej„)dEi, = 4 m^kT 1. In exp E^ - El, + 1 IdE-L

h- kT .

The concept of,space distribution of the potential 
energy of ah electron near the surface of a metal may be 
combined with the concept of the _j_ component of kinetic en
ergy. This is done graphically in figure B.2. To make the 
combination a common reference level of energy In the two 
concepts must; be found.. In this connection it is. observed 
that at absolute.zero all the energy levels in the outermost 
atomic shell below a certain level are occupied and all high
er levels are unoccupied. This situation corresponds to the 
Femi-pirac distribution at absolute zero where electrons 
possess all allowable values of kinetic energy below the 
Feral level■but:,non above. Thus figures B.la and B.lc are



aligned so that at absolute zero the Fermi level of the 
Fermi-Dirac distribution coincides with the highest occupied 
level in the band of allowed energies occupied by the outer
most or valence electrons. This alignment specifies the 
correct distribution of energies in the range well above the 
tops of the potential humps where the Fermi-Dirac approxima
tion is valid.^

The exact location of the kinetic energy zero level 
is indefinite since it lies in.the poor approximation range 
of the Fermi-Dirac distribution. Moreover, the kinetic en
ergy zero level cannot be located definitely with reference 
to Since the height of above the zero level depends 
upon the effective concentrations of the electrons and this 
concentration is known only approximately. In figure B.2 
the zero level is placed slightly below the tops of the po
tential energy peaks in order that the band of occupied 
levels above it may correspond to the levels actually occu
pied by the valence electrons. The location of this zero
level is not important in the analysis of secondary emission 
for'this phenomenon depends only on the energy diff erence
between the Ea and E^ levels of energy 3 .

2Grey, op. cit., ,p. 72. 
3Ibid., p. 73.



In order for an electron to escape from a metal sur 
face it must have a perpendicular component of kinetic en
ergy equal to or greater than The amount of energy
E - E. is defined as the work function £ of the metal. At 
a temperature of absolute zero the work function is the 
smallest amount of energy that will enable an electron to 
escape from a metal. At other temperatures the work func
tion is not the minimum energy. However, since § is only 
slightly temperature dependent the work function at room 
temperature (300°K) is nearly that at 0°K and is generally 
taken to be the criterion for escape.

f.-1
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