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AN INVESTIGATION OF
NEGATIVE ION PRODUCTION

by
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Astronautics on 19 May 1962 in partial fulfillment of
the requirements for the degrees of Engineer and Master
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A"CTRACT

The ionization of nigh electron affinity gases on low
work function surfaces has recently been the subject of
intensive investigation due to its application to electro-
static thrusting devices. The object of this study was to
research the problems involved in negative lon production
and attempt to select a specific combination of low work
function surface and high electron affinity gas for effi-
cient negative ion production. Phosphorus gas on a thor-
iated tungsten filament was chosen. The equations govern-
ing the physics of the problem are included with an ex-
planation of their application. To accomplish the exper-
imental part of the study, a vacuum tube was designed and
constructed. The tube contained a sealed vial of phospho-
rus and a thorlated tungsten filament. It was intended to
break the phosphorus vial after the filament wvas activated
and vary wire temperature and bath temperature to study
thelr effect upon ion production. The filament could not
be activated however, and the experimental part of this
study could not be completed. The main body of this re-
port therefore consists of an account of the theoretical
foundation which governs the production of negative ions
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and the evolution of a vacuum tube design to investigate
this phenomena, In addition, a lengthy discussion of the
various work functions is included with special reference
to their involvement in the Saha-Langmuir equations and
the electron emission equation. . The report also contains
information on the methods of placing white phosphorus in
sealed, evacuated ampules. Finally, suggestions are made
to facilitate further investigation into the experimental
phasc of this report.

Thesis Supervisor: Myron A. Hoffman

Title: Assistant Professor of
Aeronautics and Astronautics
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CHAPTER 1

INTRODUCTION

1,1 Motivation

The primary motivation for our experimentation with
negative ion production stems from the need for neutral-
ization of the expellant of electrostatic thrusting
devices., Electron injection into the exhaust stream is
the method currently used with positive ion engines.
Analyses of power efficiency and neutralizing effecte
iveness of electron injection systems indicate that
there may be a method available which is superior to
that utilizing electrons as the neutralizing agent.1 It
a simple means of producing a stable negative ilon could

be devised, the neutralization problem might be solved

while simultaneously produciﬁg useful thrust through ac-
celeration of the negatlve ions. The results of research
on positive ion thrusting devices can be applied to those
utilizing negative ions. Obtaining the negative ion is

yet another problen.

1.2 Background

A great deal of research has recently been devoted
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to the investigation of negative ion production by sur-~

face ionization.2

When producing a negative lon by this
means, it is necessary to combine a high electron affinity
gaseous substance with a stable low work function surface.
The halogens are very popular as the high electron affinity
gaseous substance, iodine being the foremost choice,

Thoriated tungsten3 and various oxides1+

are among the more
common low work function surfaces.

When the gas and low work function surface are com-
bined to form negative ions, problems arise which cannot
be accurately predicted. An activated thoriated tungsten
surface is highly susceptible to "poisoning" by electro-
negative gases and oxide coatings seem to be susceptible
to attack by various gaseous products. Some types of sur-
faces suffer material failure at temperatures below the
minimum temperature required to fully dissociate the gas

molecules and are therefore unsuitable.2

To our knowledge
no combination of low work function surface and high e-
lectron affinity gas which gives sufficiently high ioni-
zation efficiency to be utilized as a propulsion system
has yet been found, For this reason we have endeavored to
investigate the feasibility of producing negative ions by
bringing phosphorous gas into contact with an activated

thoriated tungsten surface.

1.3 Preparation

Since a suitable apparatus was not available, it was
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necessary to design and construct a vacuum tube which
would satisfy the needs of the expe:iment. The tube which
evolved was patterned after the apparatus used by Langmulr
and Tayior in their investigation of cesium on tungsten.5
Modifications were incorporated in accordance with the
fundamental differences between the two experiments. A
complete description of the apparatus is given in Chapter
3.
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CHAPTER 2

_ THEORETICAL FOUNDATION

2,1 General

The main objective of this investigation was to ascer-
tain whether the combination of phosphorous and thoriated
tungsten could efficlently produce negative lons. To
acconmplish this it was necessary to relate electron cur-
rents and negative lon currents to the temperature of the
low work function surface and the temperature and pressure
of the gas. The vacuum tube apparatus provides a suitable
environment in which to investigate these relationships.
The equations.which describe the experiment are presented
in what follows. In those cases where geometry of the
apparatus is a factor, the equations are specialized to

f£it our apparatus.

2,2 Surface Jonization

The process of converting gas molecules to negative
atomic ions has two distinet steps. The first is the
dissoclation of the molecule into atoms and the second is
ionization of the atoms. The dissociation process is es-

sentlially temperature dependent. For this reason it can

B I - C e s —— Ay ¢
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~ be assumed that above some minimum surface temperature,

the dissociation at the surface will be complete.
Assuning sufficient surface temperature for complete
dissoclation, the atoms on the surface can leave as neg-
ative ions, positive ions, or atoms. The ratios of the
ion and atom currents can be expressed by the following

modified forms of the Saha-Langmuir equations

e B ew @00/ 2.1)
Ta= ¥ (1-T ‘
In wn 1-rn exp (A-g)/kTs (2.2)

where +, -y and n subscripfs denote positive ion, negative

“ion, and atom respectively, I is the current from the, sur-

face, w the statistical weight, A the atomic electron af-
finity, ¢, the atomic ionization potential, @ the true work
function of the surface, k Boltzmann's constant, and T, the
surface or filament temperature.5’6 The quantum mechanical
reflection r, is usually considered zero, Filament temper-
ature was determined from the data compiled by Jones and .
Langmuir.7 .
A brief look at the guantities involved in these equa-
tions indicates what material properties are desirable for
efficient negative ion production. The ratios of statistie
cal weights are typically 4 or 1 and as mentioned, quantum
mechanical reflection is usually neglected. An average

surface temperature might be 1200° K, making kT, approxi-
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mately 0.1 electron volts. Using these values, equation
2.1 shows that to supress positive lon production we need
an atom with a high ionlzation potential and a surface
with a low work function., Similiarly, equation 2.2 shows
that for a high ratio of negative ilons to neutrals leav-
ing the surface, it is necessary to have an atom with a
high electron affinity and a surface with a low work func-~
tion. The tables in Appendix C gilve values for true work
function, electron affinity, and ionization potential for
some common surfaces and atoms.

.The choice of phosphorus, A=%4.03 ev, $3=10.55 ev, and
thoriated tungsten, @=3.0 ev gives the following ratics

I I
ﬁ: _&_ 6-75'5 , —;-: % e+1003 .

Therefore, from this standpoint, phosphorus on a thoriated

tungsten surface should be an efficient negative ion source.

2.3 The Effective Work Function

The term "work function" has been used to describe
many different quantities. As a result, there appears to
be some confusion és to which of these quantities should
be used in the Saha~Langmuir equations presented in the pre-
vious section. Much of this confusion would be eliminated
if all low work function surfaces were perfectly homo-
geneous in nature. However, since most surfaces have micro-
scople variations in their properties, some averaging pro-

cess must be used to obtain a macroscopic description of a
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given surface.

One such averaging process for weighting the micro=-
gcoplc deviations of the true work function of a surface 1s
suggested by the Saha-Langmuir equations. If the total
positive ion curreht, the total atom current, and all other
quantitieé except ¥ were obtained for a large surface area,
an “average“ value of the true work function over the sur-
face could be obtained by applying equation 2.1. This work
function will be called the active work function, $,. This
work function 1s perfectly satisfactory for use in the
Saha-langmulr equations but 1s limited in its application
to other phenomena such as electron emission.

The equation describing electron emission
3 = 120(2,)2 exp(-g/x1) (2.3)

where j.is the emitted electron current density ih amps per
square centimeter and Tg ié the emitter surface temperature,
is another relationship which can be used to obtain a
weighted value of the microscopic distribution of the true
work funetion. This is accomplished by measuring the total
current from a large area of the surface and dividing by
that area to obtain a current density. This value of § 1s
then attributed to some "“average" work function.distributed

over the entire surface. The work function obtained in

" this manner 1is called the effective work function #., and is

not necessarily the same as @,. However, since ff can be

found only by measuring a phenomena we wish to predict and

i - . - e sz PN
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since @o has been shown to be somewhat in agreement with
@a, B¢ can be used in the Saha-langmuir equations for a
rough approximation of expected ionization efficiehcios.z
~ For further discussion of the various work functions, see

Appendix A.

2.4 Space Charge Limited Current

The current density which can exist between two e-
lectrodes is limited by a phenomena known as space charge.
The space charge limited current for singly ionized atoms
or electrons flowing between concentric c¢ylindrical e~

lectrodes has been shown to be

3/2
1=22 ¢ L7 - (2.1)

where m is the mass of the particle, V, the collector volt-
" age, r the collector radius, and i the current per unit
length.8 The ratio of collector cdiameter to filament diam-
eter 1s assumed greater than twenty. .
In designing a vacuum tube such as the one used in this
experiment? consideration must be given to the available
voltage sourceé, the capabilities of current measuring de-
vices, and the physical bulk of the apparatus. Trade off
amohg these parameters as well as considerations discussed in
section 2,6 established the radius of the tube at one centi-

meter,
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2. Maximum Ion Current

If conditions are such that all arriving atoms leave
the filament as negétive ions, and no space charge limita-
tion is encountered, the maximum current between the fila-
ment and the collector can be evaluated in terms of the
properties of the gas. From kinetic theory the number of

gas molecules arriving per unit filament area per second is
In = p/VZrEET, (2.5)

where p is the vapor pressure, m the mass of the molecule,
and T, the temperature of the gas. Assuming that there are

N atoms in each arriving molecule and that all theése atoms

leave as ions, the resulting current density is expressed by.

(I_)max = Neln (206>‘

where e is the electron charge. ‘

A table of the vapor pressure of phosphorus appears in
Appendix C. For temperatures under 800° Kelvin the vapor
consists mainly of Py molecules. Therefore at 403° K, which
was a reasonable temperature for fhe'available ovens, a max-
imum current of .0201 am.ps/cm2 could be expected. The a-
vallable ammeters covered the range from one microampere to
one ampére. Therefore it was decided to select a filament
area and collector combination which would give a current of
approximately one milliampere. The two mil filament with

current collected from the center three centimeters gave a
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predicted maximum current of .962 milliamperes.

2,6 Control of Arrival Rate

To effectively maintain an ion current, it 1s ueces-
sary to establish a constant arrival rate of atoms to the

surface and hence a constant molecular current density

throughout the tube. From equation 2.5 i1t is apparent that
a coﬁstant In requires a constant ratio of p/VT§ . In ad-
dition, it can be shown that if the mean free path of the
gas molecules is large compared to the tube radius, parti- .
cls with wall collislons will dominate and pressure grad-

ients camnot exist in the tube. Further, most elements

have a unique temperature versus vapor pressure relation-

ship_So that for a given temperature of the solid (or

liquid) form of the element, the vapor pressure 1s uniquely

determined. These considerations suggest a means for con-
~ trolling the arrival rate.

fIf a sufficlent amount of the element to be ionized is

introduced into the tube, some of it will remain in the
solid (or liquid) state. Then, if the temperature of all
of the solid (or 1liquid) can be uniquely controlled, the
pressure throughout the tube is determ;ned, providéd the
‘mean free path is large.

To investigate the magnitude of the mean free path, the
expression

utp = 2
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where D is the molecular diameter and n the molecular con-
centration was used.9 The values obtained were then used
to place maximum linits on operating pressures for given
tube dimensions. By trade off between tube size and pres-
sure, tube dimensions were selected and hence an upper
limit on operating pressure established.

~ Control of the temperature of the solid in the tube
was affected by controlling the temperature of the tube

walls. Since the collector electrodes were painted on the

‘tube wall, all places where the solid could accumulate

vere in intimate contact with the tube walls. Hence con-
trol of wall temperature by a bath would effectively de=-
termine the so0lid temperature. |
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CHAPTER 3

DESCRIPTION OF FIRST APPARATUS

The vacuum tube was essentially the same as that used
by Taylor and Léngmuir in their experiments with cesium on
a tungsten wire,? Some simplifications were made due to
the different nature of 6ur experiment. For instance,
since'phosphorus is a non-conductor, it was unnecessary to
put annular folds in the tube for insulation between the
three collector rings. We also found it expedient to e-
liminate the second lead on'each collector ring. This |
proved to be a mistake since it was impossible to check the
continuity of the lead-in connection after the tube was
assembled. The first tube looked like that in Figure 1.

~ The vacuum tubé}was constructed in several steps.
Initially a sffaight, open-ended glass barrel was con-
structed with three tungsteh pins sealed in glasé'presses.
Wires were led from the pins to small strips of platinum
fused to the tube wall, The collector and guard fings
were then painted on the tube wall with platigum paint.
Care was taken to insure good coverage of the platinum
strips. This assembly was then baked (not undef vacuum)

at 350° C to bake the platinum paint on the wall. The
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connections for the vacuum pump and the capsule arm (see

Figure 1) were placed on the main barrel after the fila=-

ment was inserted.

The filament consisted of 30 centimeters of 2 mil
wire. On each end a spring was formed by winding ten
centimeters of the wire around a one millimeter mandril.
This left a center section of straight wire 10 centime-
ters long. The resultant filament was approximately 14
centiﬁeters iong. When mounted, it was stretched %
céntimeter to take up any expansion when heated. The two.
ends of the filament_wefe welded to tungsten lead.pins
which were then seaied in end bells fused to the main

tube barrel. After side arm attachments were made, the

 tube was evacuated to 10~ torr at a temperature of

450° ¢,
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CHAPTER U

EXPERIMENT 1

H

After the tube preparation described in Chapter 3 and
prior to sealing off from the vacuum pump, the filament was
aged at 2800° X for 30 seconds. This caused the sprihgs to
become ineffective, allowing the filament to sag. The |
spring used to keep the filament taut in apparatus é was

more carefully designed to prevent this from occuring again,

‘The tube wés‘then sealed off and the test circuit set up.

Wire activation was attempted by heating the wire to 2100° K

for three minutes. Measured electron emission indicated_

' that the actiVatioh procedures had been unsuccessful. After

several more unsuccessful attempts to activate, it was de-~
:3ded that the vacuum was not sufficient to prevent electro-
negative gases from at*acking the filament surface. Th;s
was latér validated since a small leak was found in the
nickel ampule contalner. Shortly hereafter the sag in the '
filament caused it to come into contact with the tube wall

and the resulting short'circuit destroyed apparatus 1.

PR P N - e e e [ R N Y,




CHAPTER 5

EXPERIMENT 2

5.1 _Test Apparatus 2

The vacuum tube used in experiment two differed from
tube number one in the following ways. Two_leads were at-
tached to each collector ring so that continuity checks
were possible. The filament was suspended with a spring
- made according to’thé procedure recommended by Langmuir

and Blodgett.1o Finally, a molybdenun getter assembly was
" included to help insure a_vacuum sufficient to activate -
‘the filament. It was felt that these modifications would
solve some of the problems encountered in experiment num-

ber one. See Figure 2.

5,2 Experiment Number 2

Upon combletion of apparatus number two, it was e~
vacuated, baked and the filament aged as in experiment one.
The activation procedure was carried out but failed again.
The tube was then placed on a leak detector and a small
leak in the nickel tubing was discovered. The leak was
small enough to be unnoticeable on the vacuum system, but

large enough to be considered the probable cause of the
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activation fallures,

*Because of time limitations, an attempt was made to
seal the leak with red glyptol. The apparatus was then
baked at 150° C and evacuated to 6 x 10~7 torr., While
still on the vacuum system, the filament and getter were
thoroughly outgassed by repeatedly bassing the expected
operating currents through them until no increase in pres-
sure waé noticeable on the ion gauge. The tube was then
sealed off slowly, allowing the pump to remove the gas
evolved dufing seal off.

Activation attemﬁts were again unsuccessful. The
getterAWas.then fired several times putting a coat of .
moiybdenum on the getter wélls each time. Activation was
tried again.but,was still unsuccessfﬁl. The getter was
fired again until it vaporized'completely, but still ac-
tivation was impossible. |

In a final attempt to activate the wire, the phos-
phorus ampule was brokep and activation procedures car-
ried out . using phosphbfus as a getter.' The attempt was a- |
gain unsuccessful.

By thi§ time, it was apparent that either there was
another leak in the tube or the glyptol had not .sealed the
first leak. 1In any event, activation was not going ‘to
occur. Therefore, it was decided to determine the work
function which existed and to see what effect, if any, in-
creased phosphorus vapor pressure would have upon it.

In the process of collecting data at elevated temp-
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eratures, 1t became necessary to pass increasingly large
currents through the filament. With a current of 1.3
amperes passing through thiem, the nickel leads to the
spring vaporized, the filament fell agginst the collect-
or and the resulting short circuit destroyed apparatus

number two, The data collected prior to destruction of

. the apparatus is discussed in the following chapter.




CHAPTER 6

DATA

In this table, Iy and Vy will be filament current and
voltage respectively, I will be emission current, and V,
will be the collector or anode voltage.

After firing the getter, the following data was taken.

Ts(°$) Ir(amps) Ve(volts) I (milliamps) V. (volts)
2090 100 17 1 219
2010 .370 15 .03 219
1920 340 12 .011 219
1820 .305 0 0024 219
1640 .250 8 - 219

The wire had obviously not activated, so the following

Tun was made after firing the getter again. (V,=219 volts)

Ts(°K) Ip(amps)  V.(volts) I_(milliamps)
2100 - L4035 18 .12

2030 .380 16 LO45

1950 .350 13 015

1850 315 11 .003

1740 .280 9 -

Activation had still not occurred. At this point, the

effectiveness of deflecting the electron current by a mag-
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netic field was tested. 25 amperes of current through 30
turns of wire successfully deflected the electron emission
current from the center collector to the outer two guard
rings.

The capsule was now broken in an attempt to use the
getter properties of phosphorus. Some red phosphorus was
permitted to fall onto the wire and vaporize. This turned
the red phosphorus to white phosphorus and hopefully the
white phosphorus gettered the tube atmosphere somewhat.

The following data was taken with the red phosphorus

capsule broken. The tube was at room temperature,

T (°K) Is (amps)Vp(volts) I, (milliamps)
11920 .9 3k .022
1990 .95 38 .08l
2030 1,0 .200
2050 1.2 49.5 .62
2100 1.3 5 3.2

Tre following data was taken with the tube at 57° C.
If(amps) Vf(volts) I, (milliamps) '

.72 2k4,3 .00027
.86 31 .0059
.38 37 +049
.98 .5 o571
1.2 57.0 34

163 (at this current the filament broke)




CHAPTER 7

CONCIUSIOKS

7.1 Data

Since activation of the thoriated tungsten filament was
not accomplished, all data obtained was consldered worthless
as far as application to the behavior of phosphorus on an

activated filament was concerned. , .

7.2 Tube Design

The most significant outcome of the work done prior to
attempted filament activation was the design and conétruc-
tion of the zpparatus. Since a leak can be encountered in
any glass-metal construction, it can not be considered a
fault qf this particular design. The filément suspénsion
system of apparatus 2 was effective from room temperature
to 2800° K. The innovation of painting the electrodes on
the tube wall also appeared to work quite well since only
a negligable resistance, (about two ohms), could be meas-
ured between the two leads on each of the collector rings.
The resistances from collector ring to collector ring were
also measured after the getter had been fired and after the
phosphorus ampule.had been broken. At no time were any of
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the electrodes shorted together. This not only justified
the elimination of the annular folds used by Langmulr, but
also established the fact that the getter would not de-

posit molybdenum vapor in the main tube on the electrodes.

7.3 Filament Activation

During the initial planning of the experiment, fila-

ment activation was considered a simple step towards a
more complicated objective. Such was not the case since
activation of a thoriated tungsten filament is a somewhat
sophisticated process. Should further work be done on this
experiment, it would be advisable to construct the main
‘tube barrel without adding the sidearm for the capsule or
getter tube., Activation procedures could then be run while
still on the vacuum pump. This would allow the experi-
mentor to gain familiarity with the activation process.
.After this is done the pumps could be turned off and the

remainder of the tube assembled. Naturally, activation
_procedures would be rerun after tube assembly, pump down,

and bake out.

7.4 A Problem in Negative Ion Engines

From the studies made during the course of this in- '
vestigation, it has become obvious that there is a basic
problen involved in producing negative ions which might be
extremely difficult to overcome, Most gases of high elec~

tron affinity oceur in molecular form, Before ionization
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can oceur, the molecule must be dissociated. This in-
variably demands a high temperature for the low work
function surface. This causes high electron emissicn
which cannot be tolerated in the optics of the ion en-
gine. In addition, the power consumned by the electron
emission is too high to be tolerated. Thls suggests
finding a nigh electron affinity gas which occurs in a=-

tomic form at moderately low temperatures.




APPENDIX A

THE WORK FUNCTIONS

A.1 The True Work Function

The true work function of a point on a surface is
defined as the energy difference between an electron at
the fermi level of that point and an electron at rest at
infinity, where no potential fieid exists outside the sur-
face, This is the work which must be done to remove an
electron from the surface. The magnitude of the true
work function may vary from point to point due to surface
impurities, different crystal orientation, and temperature
variations. .A complete description of the true work func-
tion for a surface would then require a detailed account
of these surface variations. This is an extremely diffi-
éult, if not impossible expression to obtain. However, if
this description were available, equations 2,1, 2.2. and
2.3 would be fulfilled by the parameters at any point on
the surface within the limitutions previously stated for

these equations.

A.,2 The Effective and Actings Work Functions

'An alternative to the above scheme would be to mea=
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sure a gross effect for a large surface and attribute it
to some average work function. As discussed in section
2.3, the Saha-Langmuir equations or the electron emission
equation can be used to accomplish this. The fallacy of
assuming that @3 the active work function obtained by the
Saha-langmir equations, and ¢, its counterpart obtained
by the electron emission equation are equal was aiso men-
tioned in section 2.3. We will now look into this fur-
ther and attempt to gain some means of comparing @, and
¢e.

Let us assume a surface ccrprised of two sections of
area Ay and A2 with constant true work functions ¢1 and
¢2 respectively. Reflectivity will be considered the
same throughout and Tg will be considered constant over the
surface. This derivation will then account for those var-
iations in the ¢ due to all factors other than reflectivi-
ty and temperature variations.

Considering the electron emission equation first, we
can compute an effective work function ¢, by measuring the
total emisslon current from both A4 and Ap. This can then
be equated to the actual contributions by A, and A,y finally
-defining @o in terms of @¢, ¥, Aq, and A>. In equation

form

A2 = o~ (Be/kTs) = -A%-g o= (#1/KTs)

A .
¥“I;¢§§' o~ (F2/kT3)
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which resolves to

' ]-AJ o~91/XT5 4 As e-ﬂg/kTs ] -1
gy = kT 1n L .V P (A1)
Now, to arrive at a similiar expression for g, the act-
ing work function, we measure the ratio of total positive
ion current to total atom current for the entire surface
and attribute it to @,. This can then be equated to the

sum of the two contributions by A4 and As.

3 ¥n3i=T ) = 1.
an+§1-r+5 = exp(Baff;) /LTy

Aq exp(f4-f5)/kT, + ﬁgﬁexP(¢2'¢;)/kT§_

Aqtap
which reduces to
A, P17KTs o 4, oP2/kTs
g, = kTgln Aq¥A, (4.2)

The difference between ecuations A.1 and A.2 1s ob~-
vious, but to see how this affects the surface it might be
good to place some numbers in a simple example. Let us as-
sume that we originally have a pure surfgce of true work
function kev toroughout and that for some reason, elther
intentionally or unintentially, that surface begins to be
either covered with another material or altered in some way
so that the true work function of the affected area is re-
duced to 3eve The affected arca will be considered A1, the
unaffected area 4. For these circumstances, the following

is a table of @, and ¢, for various proportions of affected
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area to total area. kTs was assumned to be 0.1 ev.

A
I‘JT1+ 0 | 1/2000 | 1/748 | 1/100 | 1/%0 | 1/10 |1/2 |9/10

7} 4.0 3.76 2.5 3.46 | 3.37 [3.23 |3.07(3.01

G 4,0 4.0 4.0 4.0 13.998|3.99 {3.93(3.77

P

e

° .Y /
Al* Ag_

We can see as soon as 44 increases the slightest, @g
is reduced and electron emission is enhanced, whereas <the
ratio of negative ions to neutral atoms still depends
largely upon the original work function. Applying this
to a low work function surface which has been constructed
by surface coverage of a higher work function material,
we see that electron emission is immediately enhanced
whercas the efficient production of negative ions may
still be in doubt. Here-in lies the danger of predicting
ionization capability of a low work function surface from
electron emission data.

It should also be noted that even for surfaces of a
pure work function, this work function varies with temper-
ature. . This complicates the work function problem even

further.,
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L.3  The Richardson Work Function

A fourth "work function" often encountered is the

Richardson work function defined by

2 ;#r/ETs

J = AR TS (A.3)

where j is the emitted electron current density, AR is the
Richardson constant which depends upon the material, T4 is
the surface temperature, k is Boltzmann's constant, and ¢R
is the Richardsor work function for the material. Ay and
gr are obtained by plotting In (j/Tsz) versus 1/Tg from
experimental data. -fp/k 1s the slope and the 1/T,°= 0
intercept is lnAR. The Richardson work function is not
really a work function or even an average work function for
the surface. It is merely a measure of the slope on a
plotted curve of electron emission. Only when AR is set
equal to 120 does the Richardson work function vary with
temperature and approach the meaning of a true work func-
tion. Strictly speaking this would no longer be called the

Richardson work function,




APPEIDIX B

PREPARATION OF VWIITE PIOSPHORJS CAPSULES

One of the first problems encountered in the early
stages of this experiment was that of obtaining smzll am-
pules of phosphorus at a moderate cost. White phosphorus
was the Tirst choice of element but was not available
commercially in a suitable package. Red phosphorus was
available but there was a considerable time lag between
placing the order and delivery of the ampules. Therefore
it was decided to attempt to nake white phosphorus am-
pules, but to order the red phosphorus as a reserve. Vac-
uwuam distillation equipment was not available so another
means of preparation was recessary. The method which e~
volved througn several attempis and which was finally suc-
cessful is described in the followlng paragraphs.

First and of primary importance is the matter of
safety. White phosphorus ignites spontaneously and burns
quite fiercely in air. Therefore one must take adequate
precautions to insure protection against such possibilities
as ampules of melted phosphorus exploding and showering the

-immediate area with burning liquid. The problem was solved

by working in an open area and using asbestos aprons, arm
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guards, and full face masks. On two occaslons during early
attempts, ampules exploded and burned. The safety pre-
cautions were adsquate in both instances.

The method of £illing the capsule is illustrated in
Figure B.1. .It utilizes the inertness of phosphorus under
water and its low melting point (4° C). The procedure is
to form, evacuate, bake and seal off an empty ampule as-
sembly. Then to break off the tip in the melted phosphorus,
let the pressure differential £ill the capsule, and finally
seal it off before removing the tip from the phosphorus.,

If carefully executed, this is a safe and effective method
of producing wnite phosphorus capsules,

Vhen the time came to assemble the vacuum tube, both
red and white phosphorus ampules were available. The red
phosphorus was used for two reasons. The first was that
the empty ampule assemblies for white phosphorus had not
been baked under high Vacuum.' Secondly, it had not been
possible to adequately determine what impurities were pre-
sent in the white phosphorus used to £ill the ampules.
Either of these factors could have destroyed the high vac-
uum of the tube. Therefore, since the commercial supplies
had indicated that these factors would be eliminated from
the red phosphorus ampules, red phosphorus was used. How=-
ever, when pure vhite phosphofus and sufficient time to
prepare the ampule assemblies are available, 1t is felt
that the higher vapor pressures of white phosphorus warrant

its use.
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APPENDIX C - -

4)

GA3 | A &i SURFAE| &
F 3.62]17418 ' Ba .l
P 14.03|10.55 | Ca 2. 24
S 2-07]10.297 Cs 1.81
H |0.754|13.595 La 3.3
c 1.13 [11.264 Pr 2.7
I 3.23 | 10.94 _ v 3.27
Te | 2.38) 9.0) w 4.53
Se. | 1.73] 975 THOR. w| 3.0
- PHOSPHOR VS ()
VAPOR PRESSVRE
TEMP °K | TORR
320 10°%
335 1o~7
355 107
380 T
403 10°*
430 1073
460 o™ )
495 T
§35 i |
580 10
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