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THE ACTIVATION ENERGY FOR SURFACE MIGRATION 
CF TUNGSTEN ATOMS ON TUNGSTEN 

I. INTRCDUCTI..N 

hen a crystalline material is heated to a high temperature 

such that the atomic bonds of the more energetic surface atoms are 

partially disrupted, these atoms may migrate to new positions L.n the 

surface under the influence of the tangential gradients of the surface 

forces. This process has been termed surface diffusion or surface 

migration and gives rise to changes in the surface geometry whose 

rates vary with the properties of the material and with the surface 

radius, temperature and electric field. One property controlling the 

rate of surface migration for a solid material is thc ' force acting to 

huid the atoms in the lattice sites on the crystal surface. The energy 

required to overcome this force is measured through a quantity , 

called the activation energy, which may be defined as follows. 

Consider a population tf atoms in equivalent sites ori a 

crystal surface at a temperature T. Under equilibrium conditi&ns 

the number of atoms from the total population which will have, on the 

average, enough energy to partially overcome the atomic bonds and 

be subject to migration is represented by those in the high energy tail 

of the Boltzmann distribution curve and is given by 



¿ 

L) 1 CT . (1) 

This relation has been found experimentally tu describe diffusion 

phenomena. In the equation D is called the diffusion coefficient, 

R is the universal gas constant and T is the absolute temperature; 

C, which is given in units of cal/mole, is the activation energy for 

the diffusion or migration process and is a measure of the energy 

which must be Imparted to an atom to enable It to escape from an 

initial lattice site In the crystal surface structure, i. e., the energy 

necessary to lift the atom from a stable lattice site over a 

neighbering saddle point. 

In the case of the heated field emitter with a tip radius of loss 

than about S x iO cm and with no field applied, the gradient of the 

chemical potential at the surface gives rise to a transport of material 

from the apex toward the shank uf the emitter needle and results in a 

rounding and dulling of thc emitter tip. hen a field Is applied, the 

gradient of the electrostatic forces near the tip may predominate and 

cause a transport of atoms toward the regions of higher field and 

thus cause a "build-up" of material in certain crystallographic 

regions near the tip. This results in a deformation of the surface 

geometry from a smoothly rounded form to a polyhedral forni as 

evidenced by changes in the emission current, changes in the 



electron distribution patterns observed in the field emission 

projection microscope, and by observation of the emitter tip profile 

in a conventional electron microscope before and after build-up. In 

the work described in this thesis an activation energy for the build-up 

process on a tungsten field emission needle has been measured. 

A comment is needed here concerning the nature of the primary 

transport mechanism involved in these measurements. The transport 

could conceivably take place by any of four mechanisms: viscous or 

plastic flow, evaporation and condensation, volume diffusion, and 

surface migration. C. Herring has considered the four mechanisms 

and has given basic relations which are subject to experimental test for 

the rates of transport in each case (17, pp. 301-303). Tests hav& been 

carried out for the conditions prevailing for the heated tungsten field 

emitter and have shown conclusively that surface migration 

predominates for temperatures up to 2800°Kelvin (3, pp. 556-559). 

Until recently there has been surprisingly little known about 

surface migration mechanisms. The understanding and measurement 

of surface migration, either of an adsorbed material on a substrate 

or of the material on its own lattice structure, have achieved notable 

advances by the use of field emission microscope techniques. Two 

basic methods have been applied to quantitative migration studies: 

(1) measurements of the time rate of gross changes in emitter 



geometry and (2) mea6urement of the surface flow rate3 of 

adsorbates whose work functions differ from that of the substrate and 

thu.s contribute to visible pattern changes. Measurements of the 

activation energy for the 3urface migration o tung3ten on its own 

lattice 3tructure have been reported by i. W. M.lier (23, pp. 642- 

665) and J. P. Barbuur, et. al. (2; 12, pp. 156-158) for the heated 

field emission needle when no field is applied, and by Sokolskaya 

(28, pp. 1177-1184) for migration in the presence of a high electric 

field. 

iiller measured the activation energy in tvt. ways. In the 

fIrst of these he measured the time required to change the radiu3 of 

an emitter by a certain amount, then calculated the volume of 

material moved; the time rate of removal of atoms from the tip was 

correlated with temperature by use of relation (1). He obtainod an 

activatiun energy for the process of 106. 5 8. 0 Kcal/mole. From 

the present point of view, the accuracy of this result is open to 

question because (electron micrographs being unavailable at that 

time) of the uncertainty in the radius and shape of the emitter and 

therefore of the amount of migrated material. 

In his second method Mil1cr deposited additional tungcten 

upon the emitter tip from an auxiliary source, noted the changes this 

induced in the emission pattern and measured the time required for 
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various crytal faces to resume their normal pattern, as a function 

of the temperature. In the case of condensed material removed by 

migration from the margins of the (110) surface, the calculated 

activation energy was 80. 0 ± 8. 0 Kcal/mole. These measurements 

were made in the temperature range i200°K to 100°K. Again this 

measurement Is open to quetlon for the above reasons. 

The measurements made by Barbour and co-workers 

employed the same basic method as used by Muller in his first 

rrethod. However, considerable refinements In the experimental 

techniques gave highly accurate measurements of the time rate of 

change of the emitter length and the tip radius. The change in length 

was obtained from direct observation of the dissolution of the (110) 

planes at the needle apex by means of pulsed T-F emission* 

microscopy (29, pp. 1646-1649). RelatIve values ofthe radius were 

obtained through electrical data during the experimental runs and a 

final accurate value was obtained at the end of the experiment from a 

shadow electron micrograph of the emitter. Their measurements, 

which were made in the temperature range of 1800°K to 2700°K, 

yielded the value = 73. 0 Kcal/mole. 

okulskaya obtained the activation energy for tungsten in the 

presence of a high electric field In the temperature range of 1200°K 

* page 10 for definition f T-F emission. 



to 1600°K by applying a reversed field (emitter positive) and 

allowing the tip to build up for a given length of time. he then 

codet1 the tip and observed the current change which had resulted 

from a change In the emitter geometry. She found that an equilibrium 

was reached in a time dependent on the temperature and, by plotting 

the logarithm of the time required to reach equilibrium against the 

reciprocal of the temperature1 obtained a straight line whose slope 

gave a value tif . The mean value for the data given in her paper 

was Z. 36 ± O. ¿ ev/atom or 54. 5 j 4. 6 Kcal/rnole. he also 

obtained a value of = 3. Z ± O. Z ev/atom or 74. 0 4. 6 Kcal/rnole 

from the dulling rate when no field was applied, by measuring the 

time required for the emitter to return to it& original form. 



Lt. TH(IRY 

A. Field and T-F omission 

Field mission has been the subject of several recent review 

articles (l pp. 1-42; 24, pp. 290-360; 14, pp. 176-231; 12, pp. 

89-185) which give considerable detail of field emission theory and 

technology. A brief review of the history and fundamentals is given 

here. 
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The phenomenon f field emission was first reported in detail 

by a. Wood (30, pp. 1-10) in 1897. He described erratic 

discharges in his high voltage discharge tubes which could be 

attributed to some kind of cold electron emission. subsequent work 

gave very confusing and unreliable results and it was many years 

before an empirical relation between the field and current was 

elicited and a satisfactory theory developed. In 1926 R. A. Millikan 

and C. C. Lauritsen (20, pp. 598604) first showed that the 

current-field characteristics could be described by a relation of the 

form 

i=Ae F, (Z) 
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where A and B are constants, such that a plot of log i versus 1/F 

gave a straight line over the experimentally accessible range. 

With the advent of quantum mechanics and Sommerfeld's 

electron theory uf metals, the first clear picture and theory of the 

mechanism of field emission was obtained by R. H. Fowler and 

L. W. Nordheim (13, Pp. 173-181) in 1928. Later refinements by 

Nordhelrn (26, pp. 626-639) gave the final form of the field emission 

equation as it is recognized today. Emission from a cold cathode in 

a strong electric field results from the quantum mechanical tunnel 

effect. If one assumes the Fermi-Dirac statistics for the energy 

distribution of electrons in a metal, and if the product of the number 

of electrons arriving at the surface potential barrier and the proba- 

bility of penetration of this barrier is integrated over all electron 

energies, a formula for the current density, given here with recent 

values of the fundamental constants (11, pp. 691-708), results: 

J = 1. 54 x io6 F exp [6. 83 x 1O 3/2 
Y)l 

F J' 

where F is the field in volts/cm, J is the current density in 

amp/cm2 and 0 is the electronic work function in electron volts; 

f(y) is a dimensionless elliptic function of F and 0 which was 

tabulated by Fowler and Nordheim and was later corrected and 

(3) 



re-tabulated by R. F. Burgess, et. al. (4, p. 515). Tables of J for 

several values of 0 and a wide range of F have been compiled by 

W. Dolan (8, pp. 510-511). These tabular results have been 

reprinted in the review article by V.. P Dyke and W. W. Dolan 

(12, pp. 180-181). 

The above equation is strictly valid only at absolute zero 

where all the electrons in the metal are at or below the Fermi energy 

level. At finite temperatures there is a thermal enhancement of field 

emission arising from the fact that there arc electrons above the 

Fermi level Incident on the barrier which have a higher probability 

of penetration because of the increase in transmission coefficient 

with electron energy. For temperatures up to about 1000°K the 

emission Is only slightly enhanced over the emissien at zero 

temperature, but at higher temperatures the character of the 

omissiun changes and a considerable contribution tu the current 

comes from electrons above the Fermi level. The high temperature 

limit is the Schottky emission level in which the current conaists 

mainly of electrons which have initial thermal energies above the 

peak of the barrier. The intermediate condition in which appreciable 

amounts of therrnionic emission and thermal enhancement of field 

emission as well as pure field emission are present has been termed 
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"thermal and field" emission (T-F emission) by '. '. Dyke and 

co-workers (9, pp. 327-333). 

It is difficult to obtain analytical solutions for the fundamental 

field emission equations, especially at high temperature, and 

numerical integration methods must be used. Dyke and Dolan 

(12, p. 182) have given a partial tabulation of current for various 

fields, temperatures and work functions. Moro recently t. L. 

Murphy and R. H. Good (25, pp. 1454-1473) and P. H. Cutler and 

R. H. GuOd (7, p. 308) have considered higher order terms in the 

expansion of the fundamental equations and have found analytic 

expressions for the correspondingly higher order corrections to the 

current formula for temperatures above zero. Their result5 are 

similar to those of Dyke and Dolan. 

The development of the hemispherical field emission 

projection microscope by M&Ller (22, pp. 541-550) in 1937 provided 

perhaps the most important single to0l for field emission studies. 

This simple device consists of a microscopic field emission cathode 

in the form of a small needle placed opposite a fluorescent screen at 

anode potential. The electrons which are drawn off by the high field 

at the needle tip are crojected almost radially onto the screen, giving 

a greatly enlarged representation of the cathode surface. The 

distributions in current density in the observed patterns caused by 
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surface irregularities and variations in work function allow the study 

of surface phenomena with almost atomic resolution. Crystal 

structure, adsorption and desorption of surface contaminants, 

surface migration and many other properties may be observed. The 

close correspondence between the field emission pattern and the 

crystal structure is illustrated in Figure 1 for a "clean" tungsten 

ti1). 

B. 3urface Migration on the Tungsten Field mission Needle 

1. Mechanism of surface migration 

Considerable detail of the process of surface migration and 

evaporation, treated from a microscopic viewpoint, may be found in 

a paper by O. Knacke and L N. transki (18, pp. 181-23Es) who 

propose the stepwise mechanism for evaporation illustrated in 

Figure 2 and represented by the following series of steps: 

Half-crystal position -ø Lattice step - surface - Vapor. 

Thc atoms are considered to b most tightly bound in the hall-crystal 

anu lattice step positions. As each atom is removed from a half- 

crystal position, the next atom along that lattice step is in a 
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half-crystal position. iLach step of the process is considered to have 

its own activation energy, the final step to the vapor phase probably 

having the largest. For surface migration, the final step to the 

vapor phase does not occur but rather the atom returns to a half- 

crystal position. The :ocess is represented thus: 

Hali- crystal. position 1 - Lattice step 1 - surface 

Lattice step 2 Half-crystal position 2. 

By repetition of such a mechanism large quantities of material may 

be transferred from one location to another. The rate-determining 

activation energy would be the largest activation energy corresponding 

to any step of this step-wise mechanism. 

In the case of experiments using the field emitter, we deal 

with many different crystal planes all represented on the curved 

emitting surface. It is apparent from geometrical factors alone that 

the value of the activation energy will vary from tène crystal plane 

to another since it depends on the number and strength of the physical 

or chemical bonds at a given lattice site in or on the crystal surface. 

This is evident from a marble model of a field emission tip (12, 

p. 135). The model shown in Figure 1-a is for the body-centered 

cubic lattice structure of tungsten. Inspection will show the large 

variations in the density and roughness of the lattice structure over 
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the surface. For the transport of atoms from one region to another, 

the rate limiting mechanism would depend on 1) the depth of the 

potential energy wells forming "traps" for the atoms on the surface 

and 2) the density of these "trap sites" in any region. Thus one 

would expect that an atom could move about more readily on the more 

closely packed low index planes such as the (100) or the (110) regions 

than in say the (611) region. However, the experimentally measured 

value of activation energy would correspond to an average over a 

large number of crystal planes. 

Z. The general theory of surface migration as applied to the 
tungsten needle 

:tarting with the theory of dilute solutiuns* and with the rmo- 

dynamical consideration .f the free energy within the volume and at 

th.3 surface of a crystal, C. Herring (15, pp. 146-150) has shown 

tbat the diffusive flux J (atoms flowing across a unit length per unit 

time) is expressible in the form 

J D atQms 
kTA0 cmsec (4) 

* In the analogy between dilute solutions and a crystalline solid the 
atoms in the crystal lattice correspond to the solvent and the empty 
lattice altes correspond to the dilute solute. 
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where D is the sell diffusion coefficient in cm2/oec. A is the 

atomic arca in cm2/atorn, k is Boltzmann' conctant in ergs per 

atom degree and T is the temperature in degrees Kelvin; V is the 

gradient of the chemical potential in ergs/atom-cm. Herring also 

ha shown (15, pp. 151-154; 16, p. 39), from an analysis of the 

free-energy changes involved in the transfer of material from one 

point to another In the region just beneath or on the surface of the 

crystal, that the condition for surface-volume equilibrium is: 

(5) 

where is the chemical potential just beneath an arbitrary point of 

a curved surface; I.L0 the value of beneath a flat surface and 

with O; '1 Is the local surface tension; R1 and are the 

principal radii of curvature of the surface; the derivatives with 

respect to n and n. measure changes in '1 with changes in 

orientation of the surface normal ' in the directions of the two 

principal curvatures, respectively; is an externally applied 

stress, positive when tensile, n&.rmal to the surface; .fL the 

atomic volume in cm3/atom. The second derivatives of '3' may be 

neglected since the tungsten crystal is not n-iarkodly aniscitropic. 

vhen an electric field is applied to the emitter, electrostatic forces 
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produce a stress normal to the surface. Then P F2/8ir and we 

can write for the appromation to the chemical potential at a point M 

on the surface 

FMI 
= oM 

-F 

+-J - 8 
(6) 

ir o 
M 

As was discussed in the introduction, the variation of the 

surface diffusion with temperature is given by 

D = D0 e 

D0 will be called here the diffuslv-ity constant for surface migration 

and has the same units as D. We now have for the relation for the 

flux of material due to surface migration at a point M, when both the 

surface tension and the field forces are effective, 

e v[' 
RZM 

F:] 
. (7) 

Although in a strict sense the constants such as D0, '1 

-- vary with crystallographic direction in the crystalline field 

emitters, the departures from Isotropy for tungsten are large only at 
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small plane facets 'iuch a (110) and (211) regions. Over most of its 

area the emitter behaves like an isotrotic material and equation (7) 

will satisfactorily describe the migration pror,erties for small 

departures from equilibrium. For a non-isotropic treatment1 a 

tensor form of the equation wculd be required. 

3. 3urface migration with and without an aplied field 

When the emitter is heated and no field Is applied, equation (7) 

reduces to the form: 

DIL7 
o o 

Y 
. (8) 

A kT e 
R I 

o i 21vJ 

The flow of material is therefore proportional to the gradient of the 

radius of curvature and is directed from the emitter apex toward the 

shank. Thus the emitter dulls In the absence of an electric field and 

Its length decreases with time. This is illustrated in Figure 3, which 

shows the evolution ûf the geometry of a heated emitter. The etch 

form ! 13 normally very sharp and when the emitter Is heated the 

surface tension forces almost immediately lead to the formation of a 

bulbous tip with a pronounced constriction. As the surface migration 
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proceeds, the tip recedes and the constriction gradually fills in, 

leading to the form c. 

The rate of reces slon of the emitter tip may be measured 

quite accurately by using low duty cycle, microsecond pulse 

techniques for observing in a field emission projection microscope 

the rate of dissolution of single atomic layers at the emitter tip 

(29, pp. 1646-1649). The functional dependence of recession rate on 

tenmerature and emitter radius has been confirmed experimentally 

(12, p. 156), and the experimental data used to determine the 

activation energy for surface migration under these conditions. The 

value of 73. 0 Kcal/mole quoted previously was obtained in this 

way. 

hen an electric field is applied to the heated emitter, 

electrostatic forces produce a stress normal to the surface and the 

relation for the flux of material takes the form given in equation (7). 

xperimenta1 re8UltS (12, pp. 159-160) show that as the applied 

field is increased from zero the recession rate decreases and 

becomes zero at a value of field F0 given by 

F2 
1(+j4.f) 

8ir 
o =0 
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which is approximately independent of tem;erature in the range of 

the experiments (1700°K to Z200°K). This last observation indicates 

that the surface tension I is approximately constant In this 

temperature range. Its value for tungsten was determined by- the 

above method (12, p. 160) and was found to be 

I = 2500 700 dynes/cm. 

A recent determination of the surface tension for tungsten at the 

melting temperature (3640°K) by A. Calverley (, pp. 1040.1044) 

gives T = 2300 S0 dy-ties/cm and supports the belief that 1 does 

not vary appreciably- with temperature. 

Typical tungsten field emitters have radii in the range of 

3 x 10 to 8 X 10 cm, corresponding to values of F In the 

range of 1 x to 2 x volts/cm. This field for which the 

recession rate is zero Is about a factor of 3 less than the fields at 

which appreciable field emission is obtained and, since the 

effective stress goes as the square of the field, the effects of the 

electric field forces when field emission current is drawn are about 

nine times those due to the surface tension forces and are predomi-. 

nant. Since the field is largest near the apex of the tip, i. e. in the 

region of greatest curvature, the gradient of the field forces Is such 

* robab1e error estimated from data given in article. 
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that the flux of material will be from the shank of the emitter toward 

the apex, resulting in a "build-up" of material on the emitter tip. 

Substantial elongation of the tip is not to be expected, however, 

because of the difficulty of nucleating new (110) crystallographic 

planes (16, P. 51) which are almost always found at the tip of 

emitters fabricated from drawn tungsten wire. ixperimental 

observation, as will be seen in later sections of this thesis, 

substantiates this prediction and indicates that the migrated material 

accumulates at the edges of the pre-existing (110), (211) and (100) 

plane facets, leading to the built-up geometry illustrated In Figure 4. 

It will be recognized from the marble model shown In 

Figure 1 that these low index plane facets do exist on an atomic scale 

for even the most smoothly rounded emitter points. The Initial 

stages of the build-up process are believed to proceed as illustrated 

In Figure 5. Here we see that since the local fields are largest in 

the regloni of greatest curvature, i. e. , between the low Index planes, 

the migration of material will be toward those regions. This is 

probably accompanied by some transport of material from the 

emitter shank toward the tie, resulting in the final built-up form. 
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C. Application of the Herring Theory to the Determination of the 
Activation ¿nergy for Build-up 

As discussed previously, the effects of surface tension forces 

are much smaller than those of the electrostatic field forces for the 

usual conditions of operation of the field emission point and therefore 

may be neglected in quation (7). The equation then takes the form 

'n. --- I ¿ 
o i RT I 

kTÀ0 e 
Bw 

(9) 

The field gradient can be estimated from the electric field distri- 

butions, calculated for average emitter shapes. Figure 6 (12, p. 101), 

shows the variation of the field with angle from the apex of the tip for 

two representative emitter geometries. From these curves an 

estimate of the field gradient equal to F2! 16 i, r has been obtained 

(Ref. 2). One can then write 

Df1F2 
o o M RT atoms 

M 16ikT A0 r4 
e 

cm sec 

for the final functional relationship for the flux of atoms per unit 

length at a given region on the surface for the condition in which the 

electric field forces are large compared to surface tension forces. 
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I.ulUplyiug by fl.0, we have a relation for the fluz in terms of the 

volume of material flowing acros a unit length on the surface in a 

unit time1 or: 

2 2 

J' 
DfL FM - cm3 

M 16rkTA0 r e cm ec (10) 

It remain5 now to relate this equation to what is observed 

experimentally. hen buiLt-up takes place, the changes in the 

surface geometry of the field emission needle give rise to local 

Increases in the field and hence to an increase In the total emission 

current. These changes in current are also reflected In the changes 

In the emIssion pattern and a close correspondence is observed 

between the two. Repetition of the process with a given emitter tip 

at different temperatures, with the field and radius held essentially 

constant, gives an almost identical sequence of current and pattern 

changes, and one can choose similar points, on each curve of the 

family of current versus time curves, which represent the same 

degree of build-up. This is illustrated in Figure 20-a where the 

points marked k, k, ---, k correspond to the same degree of build-up 

In each case. 

It is assumed that a given degree of build-up corresponds to 

a given shape and therefore to the transport of a given volume V of 



material. Using formula (10), it follows that the time required to 

reach this degree of build-up can be expressed in the form 

Q 
V cm/cm T t= =C' e 

3 2 
J cm /cm ec F 

42 

sec (11) 

where C' is a constant which involves the previous physical 

constants (k, A0 Lt. D) and also depends on the degree of build-up 

selected for the measurements. Taking the natural logarithm of 

this, one obtains 

In 4 = C F - (12) 

where F2 has been absorbed into the constant C. It will be noted 

that a plot of in (t/T) versus lIT Is eiected to yield a straight line 

of slope Q1R, thus providing a direct experimental measurement of 

the activation energy Q for build-up by surface migration. 

The question arises as te the adequacy of equation (11) for 

the measurement of the activation energy since Is not a very 

sensitive function of time. Taking the natural logarithm of this 

equation we have 



or 

t 
CT RT T 

TdT -T dT o o dtdT 
2 T -;j;- 

r 

(1r\drr dt 
T0 Q - T) 'r T3T 

Anticipating the results of this work, let C 56 Kcal/znole and 

T0 Q/R = 28000°K. Then for ternperaturs of 1700°K, 1900°K 

and 2100°K we have respectively, 

0.937 0.063 .! , 1700°K 
Q T t 

0.930 LT 

*- 0.922 

0.070 _±. 1900°K 
t 

0.078 _:! 2l0O°K 

23 

lrorn these we see that 1 is sensitive to changes in temperature but 

relatively insensitive to changea in time. A l4, change in t would 

give i change in (; and therefore even a moderately accrate 

measurement of t will yield a very accurate determination of the 

activatiou energy. 
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III. EXPERIMENTAL APARATUS 

A. Experimental Field Emission Tubes 

Two types of experimental tubes were used in this work: 

1) a field emission projection microscope tube made of Pyrex glass 

and containing a metal backed phosphor anode placed oDposite the 

field emission cathode for viewing the emission electron distribution 

pattern and 2) a high density glass tube (Corning No. 1720 glass, 

Appendix D, item 1) containing a deep, cup shaped tungsten anode. 

The projection microscope tube, which is illustrated in 

Figure 7 and for which the details of construction are given in 

Appendix B, was used through the early stages of the experimental 

work since the ability to view the emission pattern and thereby 

follow the cnges in the emitter geometry was invaluable in the 

interpretation of the results and the establishment of current-geometry 

relationship. However, it was recognized that in this type of tube the 

inability to completely outgas the metal and glass surfaces on which 

the electrons impinged could lead to liberation of surface gases and 

to ion bombardment and contamination of the emitter during operation. 

It was felt that this bombardment might have some effect on the 

migration rate, both through contamination and through excitation of 
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the surface atom;. After experience was gained through extensive 

operation, it was found that the build-up process could be followed 

through monitoring the emission current alone. This allowed the 

substitution of a tungsten anode, which could be thoroughly outgassed 

during the evacuation, in place of the phosphor anode. This tungsten 

anode was constructed so as to surround the emitter tip almost 

completely and thereby effectively trap the primary and secondary 

electrons, keeping them from bombarding the poorly outgassed 

portions uf the tube where they could liberate possible contaminants. 

The opening at the back end of the cup and a 2mm aperture (see 

Figure 8) just back of the emitter point (required for measuring the 

emitter temperature) allowed a small percentage of the secondary 

electrons t escape. Hiwevor, the situation was vastly improved 

over the phosphor anode tube and it is felt the effect from the small 

per cent (estimated l) of secondary electrons which could escape 

was small. As another precaution the tungsten anode tubes were made 

of Corning No. 1720 glass, which is relatively Impervious to the 

infusion of helium from the atmosphere. It has been shown recently 

(19; 21, pp. 9O96) that helium, which will readily diffuse through 

Pyrex glass, can collect in the tube in quantities large enough to 

seriously affect the operation of the field emitter in only a few days 

after a yrex tube is sealed off from the vacuum system. Field 
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emission tubes using a tungsten anode similar to that described above 

and with 1720 glass envelopes have been operated cold at a stable 

current level for thousands uf hours, demonstrating the extremely 

good vacuum conditions in this type of tube (Ref. 19). The tungsten 

anode tube used in this work is illustrated in Figure 8. The details 

of construction are given in Appendix B. 

The fabrication of the tungsten field erthssion points used in 

this work was almost identical for both types of tubes, the only 

difference being in the position of the support filament bead and the 

glass used for it (see Appendix A and Figure 9 for details). 

B. Experimental Circuits 

A schematic diagram of the electrical circuits used in 

carrying out the migration experiments is presented in Figure 10. 

Figure 11 depicts the arrangement of the apparatus. As shown, the 

emitter filament current was regulated by a sola constant voltage 

transformer T (Appendix D, item 2); the current setting was 

controlled by the two variac (Appendix L), item 3) and filament 

transformer (Appendix D, item 4) arrangement which allowed fine 

adjustment of the current value. The filament current was measured 

with a precision ammeter (Appendix D, Item 5). The high voltage 
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for operating the field emission tube was obtained from a war 

surplus RA-38 power supply (not shown) which was capable of 

supplying 0. 5 ampere at F kilovolts. The high voltage was applied 

to the field emission tube through tap-offs from a series bank of 

one hundred OB-2 V. R. tubes. This arrangement gave a well 

regulated voltage supply with voltage steps of approximately 110 volts 

from O to 11,000 volts. Tests showed the variation in voltage from 

a given tap was less than l over periods of many hours of operation. 

The applied voltage was monitored by a precision voltmeter 

arrangement consisting of a 20 megohni resistor (Appendix D, 

item 6) in series with a microammeter M (Appendix D, item 7). 

The field emission current was detected and amplified by a Keithley 

rnicro-microammeter M3 (Appendix D, Item 8) whose output was fed 

to a chart recorder M (Appendix D, item 9) which gave a continuous 

record of the current. The micro-microammeter was carefully 

calibrated and the sensitivity of the chart recorder adjusted so that 

the readings of the two instruments agreed on all scales. The 

current measuring and recording setup was accurate to within 

approximately 3° . This was more than adequate for this work since 

exact knowledge of the emission current was not required. 
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IV. EXPERIMENTAL PROCEDURE 

A. Calibration of Emitter Temperature 

It was important In this work that the temperature be measured 

with high precision since as seen from equations 9 and 10 the value of 

) is sensitively dependent on the accuracy of T. In order to be able to 

set the emitter temperature to a given value quickly and accurately 

during the course of the experimental runs, each emitter was calibrated 

in terms of the filament current over the range from about 1300°K to 

2700°K by means of a micro-optical pyrometer (Appendix D, item 10). 

The calibration of the pyrometer is believed to be good to within 10°K 

for any setting as obtained from information supplied by the 

manufacturer. No check of the calibration was made since the 

instrument was recently purchased and had been used very little 

previous to this work. '.. indows were provided in the sides of the 

field emission tubes, giving a broadside view of the emitter and 

filament assembly and of such diameter that the pyrometer lens was 

completely illuminated. In two cases special flat windows were 

provided in the tubes to test whether the slightly irregular and 

curved surfaces of the tube bulbs were causing errors in the 

temperature measurements. Such did not appear to be the case. 
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The only advantage of the flat window was that since the image seen 

in the optical pyrometer was sharper, one could obtain good measure- 

ments nearer to the end of the microscopic point. However, this was 

not a °igniflcant advantage since experience with the flat windows and 

theoretical calculations showed that one could correct if necessary for 

any difference in temperature along the tip. In all cases, even at the 

highest temperatures (about ZlOO°K) at which accurate values were 

required, the correction was less than 1O°K. This Is within the 

calibration accuracy of the instrument and, a indicated below, within 

the experimental error as determined by the scatter of the measured 

.oints. Typical curves obtained for temperature versus current are 

shown in Figure 12. Statistical analysis of these curves gave a 

probable deviation of ¿O°K in the worst case and i. 1O°K for the 

best curve. An overall experimental error in the measurement of 

temperature of t 2O°K (approximately 1-) is claimed. No check was 

made in the personal error in the reading of the pyrometer. 

p. Operation of the Field Emission Tubes 

In the early stages of the work approximately 20 field 

emitters were operated at different values of field and temperature 

in trying to establish the pattern of their behavior under the heated, 
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direct current condition and to learn what conditions uf operation 

might lead to useful numerical resu.Its. Most of these early emitters 

were lost through vacuum arc* after only a short life. As experience 

was gained, some of the emitters were operated repeatedly over 

periods of hours and even days without destruction. 

The migration experiments were carried out in the temper- 

ature rango of 1700°K to 2100°K. Below 1700°K the build-up 

process tended to be rather erratic and not reproducible, and the 

rate of build-up was very slow, a few hours of operation being 

required for a run. Above 2l00°K the rate of build-up was so rapid 

that good observations and data were hard to obtain; 

this temperature the background thermionic emission from the 

emitter needle and the filament tended to mask the field emission 

current even at the higher fields. Thermionic emission was present 

of course in all cases, but it was assumed to be constant during a run 

and would not affect the changes in the measured field current. For a 

typical emitter and filament the thermionic current ranged from 

6 x 10 amp at 1700°K to 9 x l0 amp at 2lOO°K. 

Limitations on the applied field were of somewhat the same 

nature. If the field was too low no build-up occurred, or If It did occur 

* For a study of the causes and effects of vacuum arc in the field 
ernlsslontube, see reference 12, pp. 122-128. 
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the process was so slow and gradual that well defined changes in the 

current Curve3 were not evident. If the field was too high the emitter 

was liable to be destroyed through resistive heating and vacuum arc 

or through ion bombardment. 

In obtaining the data for the measurement of the activation 

energy, the procedure finally arrived at was as follows: 

1. The emitter was flashed to 2700°K for apprwdmately- ¿O 

seconds, with no field applied, to assure a smooth, round 

and clean surface. 

Z. The emitter was cooled to room temperature and data taken 

for a plot of log i versus 1/V (hereafter called a Fowler- 

Nordheim, or F-N, plot). As discussed below, this infor- 

rnation enables one to calculate the radius and the field at 

the apex of the emitter tip. A picture uf the cold emission 

pattern was usually taken at this time; the appearance of 

this pattern indicated whether or not the tip was clean and 

mocth. 

3. The emitter was heated to the desired temperature for a 

run by setting the proper filament current, came being 

taken to aLlow the point to come to equilibrium temperature 

before the run was started. 
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4. The voltage was applied and a picture of the emission pattern 

taken immediately. The progress of the pattern changes was 

closely observed and pictures taken intermittently as 

significant changes occurred. Since the emission current 

usually varied over two or three decades during the course 

of the build-up, the recorder was watched and the scale 

range changed when necessary. The run was continued 

until the desired amount of build-up was obtained or, as 

was unfortunately quite frequently the case, the point was 

destroyed by vacuum arc. 

5. If a run was terminated before destruction of the emitter, the 

emitter was again flashed to 2700°K to re-round and re-smooth 

the tip -- ready for the next run at a different temperature or 

potential. 

C. Use of the Fowler-Nordheim Plot 

The Fowler-Nordheim relation (Equation 3) gives the current 

density J as a function f the field F and, for not too high values of 

field (i. e. less than approximately x iO7 volts/cm), a graph of 

log J versus 1/F will give a straight line. In practice it is more 

convenient to measure the total current I in amperes and the applied 
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potential V in volts. These variables are related to J and F by 

= f 
JdA (13) 

where .A is the emitting area, and 

F 
F 

(14) 

where is a geometrical factor in cm which depends on the 

cathode-anode geometry (12, pp. 98-102; 14, Pp. 192-194, p. 203). 

For the range of current and voltage accessible to direct 

current measurement in practice, a graph of log I versus 1/V also 

gives a straight line (see Figure 13) and the information obtained 

from this graph can be used to get a good approximation of ¡3 and 

the emitter radius as discussed In the next paragraph. 

Consider the F-N equation 

J = 1.54x106 F2 exp 
_ 

6.83 x C3/.f(Y)1 

A graph of the elliptic function f (y) shows that it may be approx- 

Imated by the linear function 
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f(y) = 0.932 - 1.4 x IO7 .L (15) 

for the range .jf field (2 x lO7 v/cm (F <8 x lO7 v/cm) uuai1y 

encountered. substituting Lquation (F) in (3) and as6uming 

0 = 4. 5 ev (average value for 0 for tungEten) yields 

6. 08 x io8 

J = 3.05 x iO F2e F (16) 

Taking the logarithm we have 

and 

Now 

. = - 6. 08 x io8 
F 

d (in j) - 2F - 6. 08 io8 d (1/F) 

d-=d_L= ti !L 
F 104p 

and for all practical purposes 

d (in J) d (In I) 
d(1/F) - d(1/F) 

* For convenience 104/V is usually plotted instead of i/V. 
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and 

1ml 
d (InI) Z '\T 

6.08x104 -1 
2V cm 

ImI- 
lo 

6.08 x 

35 

(17) 

where m is the absolute value of the slope of the experimental 

F-N plot. The correction term 2V/iO4, which is uften calculated 

from that value csf V corresponding to 10 microamperes of total 

emission current, is small compared to tml and a large error in 

V will give a relatively smaU error in i. The value of obtained 

from nkjuation 17 is used in Squation 14 to obtain the field. 

The effective radius of the emitter tip can next be calculated 

il an analytical expression i known for the cathode-anode geometry. 

The parabolic approximation 

F 2 -1 
,-.-v= Zi 

cm 
r In 

or the hyperbolic approximation 
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F 2 -i 
, -. cm 

4R 
r in 

where r is the emitter radius and R is emitter-anode spacing, are 

often used (24, p. 299) as these come close to fitting the usual 

experimental conditions. An empirical relation (6, p. 7) which has 

given goud agreement with radii measured in an electron microscope 

and used in this work is 

1.8 -1 
= 85 15 33 cm , (18) 

r d 

where d Is the cathode-anode distance and e Is the half angle of the 

emitter cone near the tip. 5ince is obtained from the F-N plot, 

this equation may be solved for the emitter radius. 

The absolute values of the field and the emitter radius are not 

required in this work; only the relative values are needed and the 

information obtained from the F-N plot Is used to assure that the 

emitter radius, and therefore the effective initial field, for a given 

applied voltage, does not change appreciably during a set of 

experimental runs. Representative are the F-N plots of Figure 13 

which correspond to the values of given for emitter No. . 2A415 in 

Table III. Approximate emitter radii and half cone angles are given 

in Appendix A. 
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V. EXPERIMENTAL RESULTS 

A. i.xperlmental ividence of Build-up 

The general course of events during build-up appears to 

follow two main paths, the difference in the two being most pronounced 

during the middle and final stages of the process. 

1) The first path followed is illustrated in the series of 

emission patterns shown in Figure 14 and the curve of Figure 15. 

In the emission patterns we seo first the general growth in size of 

the dark areas which occur in the (110). (211) and (100) crystal 

planes and a very pronounced increase in intensity of the (310) region. 

Alter this period of rather rapid changes In both the emission pattern 

and the current, there occurs a period (starting with pattern c of 

Figuro 14 and point A of the corresponding current curve, Figure 15) 

during which the pattern and current change very little. Finally, 

commencing at about the time of pattern g and point B of the current 

curve, there occurs in rapid sequence a successive brightening of the 

(211) regions accompanied by an increase in the emission current as 

each (211) region fills In. This type of build-up will be referred to 

hereafter as "211 build-up" since the (211) regions are completely 

filled in by the extension of the (100) and (110) planes to form an edge 

of the resulting polyhedral form. 



38 

'4icrographs of the emitter tip profile after such a build-up 

sequence are shown in Figure 16. These profiles correspond to the 

emission pattern of Figure 14-I, oriented as shown. In this pattern 

it is evident that only (110) and (100) faces remain on the crystal 

surface. The bright areas corrcspond to the edges where these 

planes meet, and are represented on profile B by the flats at 

approximately 55° to the horizontal plane f the (110) crystal face at 

the tip of the needle. The polyhedral angles of the profiles may be 

compared with those given in Table I calculated for the different 

crystal planes of the cubic crystal structure corresponding to that of 

tungsten. A very close agreement is found. 

TABLE I 

Angles between Crystal Planes for the Cubic Crystal structure. 
(Miller indices correspond to those given in orthographic projection 
of Figure 1-c. Data are given for only 2nd quadrant.) 

lanes Angle 

a) (011), (012) 18°26' 
(011), (013) 26°34' 
(Oli), (001) 45°00' 
(011), (101) 60°O0' 
(011), (112) 30°O0' 
(011), (lii) 35°16' 
(011), (211) 54044* 

b) Angle between line of intersection of (110) and (101) planes 
and the (01 1) plane = 54°44'. 

Angle between line of intersection of (110) and (101) p1ane 
andthe (011) plane = 25l4' 
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2) The second general course of events in the build-up process, 

and the one which by far the greater number of tips followed, is 

illustrated with the patterns of Figure 17 and the curve of Figure 18. 

The first stages of the current and pattern changes are similar to 

those discussed above. The noticeable departure begins with the 

shrinking of the (100) dark areas and the pronounced dip In the 

current curve. Finally the (100) areas fill in completely and 

become very bright on the screen. This is accompanied by a sudden 

large increase in current of one or two orders of magnitude. The 

current then levels off to a somewhat unstable value and continues at 

this level with no large changes. This course of events will be 

referred to hereafter as " 100 build-up". It is estimated that under 

this condition mure than 90 of the current cornes from the (100) 

regions representing less than one hundredth of the initial emitting 

area. If this is true, the local current density would be very high and 

probably give rise to resistive heating and subsequent destruction of 

the tip through vacuum arc as evidenced by' such an occurrence li the 

tip is aLlowed to run for an appreciable time after build-up. Again 

the electron micrograph profiles of the emitter, taken after build-up, 

show the polyhedral form and the angles agree very closely with the 

calculated ones for the corresponding crystal face8 as illustrated in 

the profiles of Figure 19. The angles are to be compared with the 

values given in Table 1. 
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If, after build-up, the emitter is flashed to a high temperature 

(about 2700°K) for a short period to re-smooth and re-round the tip 

surface, the build-up cari be repeated at the same or a different 

temperature than before and an almost identical sequence of pattern 

and current changes is observed, the rate of build-up being highly 

dependent on the temperature. This Is especially true for the initial 

period of the build-up process and Is the basis for the method of 

obtaining the activation energy as described in the next section. 

A given emitter, during successive runs and In spite of thorough 

smoothing between runs, always follows the same type of build-up 

(100 or 211) so that even though the exact cause is not yet identified, 

the type of build-up is not random but clearly defined by the initial 

characteristics of the emitter. Factors which appear most likely to 

have some effect on the course of build-up are emitter geometry 

(i. e. , radius of the emitter tip and cone angle of the emitter needle 

near the tip), previous treatment of the emitter material, and 

contamination. Examination of the data available cUd not show any 

correlation with these factors. 
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B. Consideration of the Current Graphs and the Measurement of 
Activation :L;nergy 

From the discussion given in the last section and that given in 

the final paragraph of ectlon I-D it is evident that there exists a very 

close correspondence between the changes in the emission patterns 

and the changes In the emission current during build-up, and, that 

similar points on each curve of a family of current curves for which 

temperature is the variable parameter can be identified as corres- 

ponding to the same degree of build-up. The temperature dependence 

of the rate of build-up is thus obtained and the activation energy 

derived through the use of quation 11. 

To Illustrate the method, consider the points labelled k, k, 

---a k In Figure 20-a. These points represent the same stage of the 

build-up process for each temperature and the corresponding values 

of temperature and time are used to obtain a graph of log t/T vs lIT 

such as shown in Figure 24. The value of Q is obtained from the 

slope of the straight line best fitting the plotted points; the slope is 

equal to Q/R as evident from Equation 10. 

The four emitters listed in Table II yielded sufficient data to 

obtain reliable average values of the activation energy. iepresentatìve 

current traces from which the data for this table are taken are 

presented in Figures 20 to 23; the corresponding plots of 
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TABLE II 

Data for Determination of Activation nergy 

Emitter Applied 
No. Potential 

(volte) 

Curve Temp - T 
Reference(° Kelvin) 

Letter 

Time - t 
(sec) 

t 
log 

Activation 
Lnergy 

Kfl (cal/mole) 

W2A415 6100 K 1700 150 -2.43 
1800 56 -3.47 
1900 27 -4. 25 8. O 

2000 13 -5.04 

B 1700 330 -1.64 
1800 195 -2.23 
1900 102 -2.93 41.1 
2000 - - 

6300 K 1700 120 .2.65 
1800 60 -3.41 
1900 29 -4.18 53.6 
2000 13 -E.04 

6520 K 1700 114 -2.70 
1800 57 -3.46 
1900 28 -4.22 
¿000 14. 5 -4. 93 

B 1700 165 -2. 33 
1800 110 -2.80 
1900 50 -3.64 
2000 

6730 A 1700 78 -3.08 
1800 31 -3.97 2 
1900 16 -4.78 
2000 9.5 -5.35 

K 1700 128 -2.59 
1800 52 -3. 55 55. 2 
1900 25 -4. 33 
2000 13 -5.04 
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.Emitter Applied Curve Temp - T Time - t t Activation 
No. Eotential ï(eference (° Kelvin) (sec) log 1nergy 

(volts) Letter K(cal/mole) 

C 1700 185 -2. 22 
1800 93 -2.97 
1900 48 

/ 

-3.68 
ZOOC 27 -4. 30 

696O r. 1700 83 2.96 
1800 36 -3.92 

55. Z 1900 18 -4.66 
2000 8 -5.53 

K 1700 110 -2.74 
1800 48 -3.63 

51.6 
1900 25 -4. 33 

2000 13 -5.04 

C 17GO - - 

1800 95 -2.95 
1900 43 

52. 2 

2000 24 -4. 42 

7180 A 1700 30 -3.06 
1800 1 -4.07 
1900 14 -4.91 

61.8 

2000 5.6 -5.88 

K 1700 108 -2.76 
1800 44 -3.72 

56. 0 1900 22 -4.46 
2000 9.5 -5. 3 

C 1700 200 -2. x4 
1800 83 -3.02 
1900 40 -3.86 D6.4 

2000 19 -4.66 

W2A418 6100 K 1700 157 -2.38 
1800 76 -3.17 
1900 37 -3.94 48.7 
2000 22 -4. 31 
2100 12 -5. 17 
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Lmitter Applied Curve Temp - T Time - t Activation 
No. Potential ieference(° Kelvin) (sec) log inergy 

(volts) Letter KQ(cal/rnole) 

6300 K 1700 175 -2.27 
1800 70 -3.24 
1900 45 -3.74 54.2 
2000 18 -4.71 
¿100 9.5 -5.40 

6520 K 1700 155 -2.40 
1800 68 -3.28 
1900 31 -4.12 4.0 
2000 18 -4.81 
2100 9.2 -5.43 

6730 K 1700 140 -2. 50 
1800 62 -3.37 
1900 27 54. 0 -4. 25 
2000 15 -4.89 

7190 K 1700 108 -2.76 
1800 45 -3.69 
1900 21 3. O -4.51 
2000 12 -5. 12 

'.2A642 4780 A 1700 260 -1.88 
1800 120 -2.71 
1900 60 -3.46 54.6 
2000 28 -4. ¿7 
2100 1 -4.94 

K 1700 340 -1.61 
1800 160 -2.42 
1900 78 -3. 19 54. 6 
¿000 38 -3.96 
2100 19 -4.71 

C 1700 420 -1.40 
1800 175 -2.34 
1900 96 -2.99 51.4 
¿000 - - 
¿100 - - 



4 

Emitter Applied Curve Temp - T Time - t Activation 

No. otential Reference (° Kelvin) (eec) log . .nergy 
(volte) Letter KQ (cal/mole) 

5210 A 1700 210 -2.09 
1800 82 -3.09 

1900 37 -3.94 58.8 

2000 18 -4.71 

2100 9 -5.45 

K 1700 270 -1.84 

1800 105 -2.85 

1900 47 -3.70 58.4 

2000 23 -4.46 

2100 12 -5. 17 

5640 A 1700 13 -4.88 

1800 9 -5.30 

1900 5 .5.95 42.9 
2000 3 -6. 50 

2100 2 -7.04 

B 1700 50 -3. 53 

1800 19 -4.56 

1900 10 -5.25 51.6 

2000 5.6 -5.88 
2100 3 -6. 55 

C 1700 110 -2.74 

1800 37 -3.89 
1900 21 -4.51 52.0 

2000 11.5 -5. 16 

2100 6 -.86 

K 1700 170 -2.30 

1800 65 -3.33 

1900 30 -4.15 57.0 

2000 15 -4.89 
2100 8 -5.57 

E 1700 480 -1.27 

1800 16s -2.39 

1900 80 -3.17 55.4 

2000 45 -379 
2100 22 -4. 56 
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Emitter Applied Curvo Temp - T Time - t Activation 
No. Potential i<eferencc(° Kelvin) (sec) log-f Energy 

(volts) Letter Kc'(cal/mole) 

6090 A 1700 31 -4.01 
1800 12.5 -4.97 
1900 7.9 -5.48 43.7 
2000 5.2 -5.95 
2100 2.7 -6.66 

.3 1700 74 -3. 14 
1800 36 -3.92 
1900 13 -4.84 55.2 
2000 8.3 -5.48 
¿100 4 -6. 26 

K 1700 115 -2.70 
1800 53 -3.53 
1900 21 -4.51 57.0 
2000 11.5 -5. 16 
2100 5.9 -5.88 

D 1700 390 -1.47 
1800 150 -2.49 
1900 71 -3.29 61.0 
2000 31 -4. 17 
2100 15 -4.94 

'ZA643 4120 A 1700 260 -1.88 
1800 98 -2.92 
1900 42 -3.81 55.4 
2000 24 -4. 42 
2100 13.5 -5.05 

K 1700 340 -1.61 
1300 150 -2.54 
1900 62 -3. 32 55.8 
2000 34 -4.07 
2100 18.5 -4.74 

4550 A 1700 160 -2.36 
1800 62 -3.37 
1900 31 -4.12 54.2 
2000 16. 5 -4. 80 
¿100 8. 25 -5. 54 
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¿mitter Applied Curve Temp - T Time - t Activation 
No. Potential Refcronce(° Kelvin) (ec) 1og Energy 

(volts) Letter KQ(cal/mole) 

K 1700 210 -2.09 
1800 96 -2.94 
1900 44 -3.77 53.6 

2000 23 -4.46 
2100 12 -5. 16 

C 1700 480 -1.27 
1800 ¿10 -2. 15 
1900 100 -2.94 53.0 
2000 52 -3.65 
2100 29 -4. ¿8 

4780 A 1700 150 -2.43 
1800 57 -3.46 
1900 25 4.33 56.8 
2000 13 -5.04 
2100 7.5 5.64 

K 1700 200 -2. 14 
1800 8 -3.06 
100 36 -3.97 58.0 
2000 18 -4.71 
¿100 9.5 -s.40 

C 1700 510 -1.21 
1800 210 -2. 15 

1900 85 3. 11 57.0 
2000 44 -3.82 
2100 ¿5 -4.42 

log tíT vs l/T for emitter tV2A413 are given in Figure ¿4. In 

most cases more than one set of similar points (e. g. the sets 

a, a, ---, a; b, b, ---, b; etc. of Figure 20-a) could be identified 

on each family of current traces. Thus values of the activation 
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energy for several stages In the build-up process could be obtained. 

This enabled the study of the variation of Q with degree of build-up. 

No significant variation was observed. 

The values obtained from the sets of points labelled k, k, ---, 

k in each figure were selected in preference to other sets for 

obtaining the final experimental value of activation energy for surface 

migration for the following reasons: 

i. A glance at the curves of Figures 21 to 24 will show that in 

almost all cases the most prominent identifiable feature Is the 

knee of the curve where it levels off after the first large increase 

in current. 

ii. The prominent knees correspond to the emission patterns of 

Figure 14-c and Figure 17-d. They occur fairly early in the 

build-up process and do not represent a large departure from the 

initial rounded form of the emitter tip. Therefore condition3 are 

more likely to be the same for each repetition of the process than 

at some later time. At earlier times a weil defined break or 

inflection in the curve is often lacking. 

iii. Although the spread in the values of . obtained from other 

sets of points such as a, a, ---, a; b, b, ---, b; etc. is 

greater, no conclusive evidence for a general trend of increase 

or decrease of with the amount of build-up is observed. 
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It is to be noted that for each emitter a family of build-up 

currcnt traces was obtained for each of several vaiu of applied 

potential. 

C. Summary of xperlmental IData 

The accepted experimental values of for the four emitters 

discussed above arc listed again in Table Ui along with the 

corresponding values of applied potential, factor and field. Also 

given are values obtained from each of three other emitters. These 

last three emitters are listed in order to give a complete record of 

the experimental values obtained but are not used in the final analysis 

for the following reasons: 

i. Emitter W2A296 was one of the earlier emitters operated in 

this study and the first one for which it was recognized that the 

activation energy could be calculated from the family of build-up 

current curves. The tip was inadvertently destroyed before more 

than two families of curves were obtained. At that early stage in 

the work the temperature and the applied potential were not well 

controlled, leaving the experimental data somewhat in doubt. 
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ii. Emitters J ¿A419 and W2A610 were both destroyed by 

vacuum arc after only one family of curves was obtained from 

each emitter. 

In view of the spread in the values of activation energy obtained from 

other emitters, this does not give sufficient data to establish good 

experimental values for these three emitters. 

The emitters listed In Table III have also been grouped 

according to the typo of anode and envelope used in their operation. 

As discussed in Section fl-A, the possibility exists that ion 

bombardment In the projection microscope type of tubc may contribute 

to a lowering of the measured values of the activation energy through 

excitation of the surface atoms. To test for this effect and to reduce 

it if it existed, the enclosed tungsten anode tubes with 1720 glass 

envelopes were used in the latter part of the work. The mean values 

of obtained from the selected data are given in Table IV. The 

probable errors given were obtained from statistical analysis of the 

data. 

The difference in the values of . as obtained from the two 

types of tubes is significant since a calculation of C1, the standard 

deviation of the difference between the two values gives 

d 
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TABLE lU 

Summary of e1ected Experimental Data 

Emitter No. 
Applied 
l'otential 
(vùlt) 

: 

' 

(cn 1) 
Field 

(v/cm) (Kcal/mole) 

Type of 
Anode and 
Enveloe 

vaA4E lOO 4.74 x ¿.89 x 58.0 Phosphor 
6300 4.66 2.94 53.6 Anode, 
62O 4. 56 2. 97 49. 7 Pyrex 
6730 4. 44 2. 99 55. 2 Envelope 
6960 4.34 3.02 51.6 
7180 4.26 3.06 56.0 

12A418 6100 4.62x103 2.82x107 48.7 i?hsphor 
6300 4.46 2.81 54.2 Anode, 
6520 4. 45 2. 50 54. 0 Pyrex 
6750 4. 42 2. 98 54. 0 Envelope 
7180 4.40 3.16 53.0 

\ 2A642 4780 6. 20 x io z. 96 x i7 54. 6 Tungsten 
5210 5. 82 3. 03 58. 4 Anode, 
5640 5.71 3.Z 57.0 1120 glass 
6090 5. 62 3.42 57. 0 Envelope 

W2A643 4120 7.00 x io 2. 88 x 55.8 Tungsten 
4550 6. 82 3. 10 53. 6 Anode, 
4780 6.55 3. 13 58.0 1720 glass 

Envelope 

»2A296 55.0 Phosphor 
Anode, 
Pyrex 
Envelope 

.2A419 62.0 Phosphor 
Ano de 
P yr ex 
Envelope 

2.A6i0 54.0 Phosphor 
Anode, 
yrex 

L nve lop e 
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TABLE IV 

Mean \Tlues of Activation Energy 

C) Kcal/mole 

52 

Mean for each 
emitter 

Mean for tyke 
of anode 

W2A4l) 54.0 ± 1.9 hosphor Anode 
W 2A4 18) 52.8 ± 1.4 53.5 ± 1.8 

W2A642) 56.8 ± 0.9 
i2A643) Tungsten Anode 558 ± 1.3 56.3 ± 1.2 

The difference between the two values of C) is 

2.93O. 

As has been suggested previously, the larger value of O 

obtained in the tungsten anode type of tube is believed due to the 

better environmental conditions which alleviate ion bombardment and 

the resulting excitation of the surface atoms of the emitter tip during 

operation. For this reason the larger value of 

Q = 56.3 ± 1.ZKcal/mole 

is believed to be the more acceptable value. 
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D. Comparison with Other ' ork 

A resurn of the reu1t of other investigators has been given 

in the introduction. Their quoted valuez for the activation energy for 

surface migration are repeated here for convenience. 

TABLE V 

Summary of Published Data for C 

Author Date Activation Direction Temper- Reference 
Energy of ature 

c Migration Range 

M1ler 1949 106. 5 Dulling 1ZOO°K to ¿1 
Group t 8.0 (nofield) 1500°K 

Miller 1949 80. 0 Dulling l200°K to 21 
i 8. 0 (no field) 1SOO°K 

Barbour 1956 73.0 Dulling l8000Kto 2,11 
et al. (no field) 2700°K 

Sokolskaya 1956 74.0 Dulling 1200°Kto 25 
4. 6 (no field) 1600°K 

G 
okolskaya 1956 54.5 Build-up 1200°Kto 25 

t 4. 6 (field applied) 1600°K 
Bettler 1958 56. 3 Build-up 1700°K to 

t 1. 2 (field applied) 2100°K 

The pioneering work of Mi.11er is. as was discussed previously, 

open to question from the present viewpoint and will not be considered 

further. The other values, along with the value obtained in the work 

presented here, fall into two groups as indicated. The values of 
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Group I were obtained for the condition of emitter dulling vihen no 

field was applied. Group U represents the condition of build-up 

under an applied field. The difference of about 3O in the two sets 

of values needs to be explained, and two pos sibl mechanisms are 

presented here. 

The first mechanism concerns the possible paths of migration 

in the two cases. v hen the emitter is heated with no applied field, 

the migration is directed from the emitter apex toward the conical 

shank. The emitter dulls and its length decreases with time. In the 

transport toward the shank the atoms must flow over the numerous 

crystal planes of the rounded emitter surface. As is apparent in the 

marble model of Figure 1, a large per cent of the surface consists 

of relatively rough, high index plane regions; the rate of migration, 

and therefore the effective activation energy, is controlled by the 

density and depth of the potential wells in these regions. Thus one 

would expect the activation energy to be higher than would be the case 

il a larger number of the migrating atoms moved across relatively 

smooth, low index plane regions. 

The build-up which occurs under the action of a high applied 

field may result from a :Iow of material from the shank (i. e. , the 

rever3e of dulling, in which case the same activation energy should 

be obtained) or may result from local rearrangement and migration 
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of atoms from the center to the edges of the planes (110, 211, 100) 

which are observed to enlarge In the build-up process. In the latter 

case one would expect to measure a lower value. The difference 

observed experimentally constitutes fairly strong evidence that the 

latter process is predominant. 

The second mechanism which may account for the difference 

In activation energy for the dulling and build-up processes is the 

effect of the electric field. Inspection of the data of Table HI does 

not give evidence of a change of Q with field. However, because of 

the small range of field accessible to the experiment, any variation 

may be masked by the spread in the experimental values of Q. It is 

felt that the evidence is not conclusive. Further consideration of the 

problem has given the following analy3is. 

L:. Field Effect on the Activation Energy 

The time required for build-up to proceed to a given point as 

given in equation (11), 

T RT tC-e 
F2 

(il) 
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involves the field explicitly only as an inverse square factor In front 

of the exponential. This relation was derived from fundamental 

conside rations and appears to be functionally correct. The possibility 

remains that Q itself is a function f field. The effect of a field is to 

induce a dipole In a surface atom and result in an additional binding 

energy F given by 

_l Z 
F 

where a is a polarizability constant (27, pp. 625-627; 10, p. 49). 

If we assume the surface to be macroscopically smooth but atomically 

rough, then the fields at the surface may be reprecented somewhat as 

shown in Figure 27 where F is the field for a plane surface. Let 

Ft kt F be the field which exists at a stable atom position 

(a potential and field trough) and F5 = k F be the field which 

exists at a saddle position. It is obvious that 1c < i and k9 > 1. 

It follows that the activation energy for surface migration, which is 

the difference between the saddle and trough binding energies, is 

reduced by an amount 
4 e (F82 - Ft2) 4 (k32 - kt2) F2 . On 

the basic of these assumptions 

F 
a (k2 kt2) F2 



or 

- AF2 
F p 

where A 
= 4 

a (k52 - kt2) and F and Ql are the activation 

energies with and without field respectively. Lquation (11) now 

takes the form 

-AF 2 
i p 

¿ t=C e 
F 

o 

(19) 

\Vc now use Equation (17) to calculate the variation of build-up 

time t with the applied field F. Taking the natural logarithm, 

Q -AF 2 
i j) lnt=C'-2lnF0-i RT 

The differential of this gives 

where 

= - 2 

2 A F 
dF = - n - 

t F RT 

AF02 Q1-Q 
n=2+2 ___ F 

RT RT 



Rearranging we have 

1 F = (. 
- i) RT , (20) 

and since n may be determined experimentally the correction of Q 

for field effect may be calculated. 

Experimental values of n were obtained for emitters v' 2A642 

and W 2A643 by observing the build-up time as a function of field at 

constant temperature. A typical set of time versus current curves 

for this test Is given in Figure 25, and the corresponding graph of 

in t versus In F is given in Figure 26. The experimental values for 

n obtained with the tungsten anode tubes are given in Table VI. 

Inspection of Table VI indicates that the experimentally 

derived values for the slope do not show significant variation with 

temperature over the range 1800°K to Z0000K. However, the 

relation (2) involves the temperature explicitly and it is not certain 

how to treat the resulting correction term for the activation energy 

given by' Q1 0F The following procedure has been used and is 

believed to be satisfactory. 

A correction term was calculated for each value of n using 

the corresponding value of temperature. The average value - LF 

and the probable error were calculated by statistical methods. The 

results are given in the final column of Table VI. 
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TABLE VI 

Data for Correction for Field Effect 

Kcal Emitter No. Temp. °K n - 'F mole 

W2A642 1800 7. 1 9. 13 
2000 7.7 11.03 

W2.A643 1800 8.0 10.74 
1800 7.2 9.31 
2000 7. 1 9. 87 
2000 7.8 11.22 

=7.510.24 (QrC)= 10.210.6 

Using the experimental value of obtained in this work, we 

have finally 

Li = (56.3 1 1.2) + (10.2 ± 0.6) 

66. 5 1 1. 3 
Kcal 
mole 

for the activation energy for build-up after correction has been made 

for field effect. 



F. Discussion of Results and Conclusions 

The diffusion theory developed by Herring has been utilized to 

obtain an experimental value of the activation energy o. 3urface 

migration for build-up on the heateu tungsten field emission tip. The 

work has yielded a value = 56. 3 1 i. Z Kcal/mole), calculated 

from the experimental data, which is considerably lower than that 

obtained by other workers from the dulling rate of a smoothly 

rounded heated emitter when no field is applied (c = 73. 0 Kcal/mole). 

Considerations of possible field effects on the migration rate and of 

the atomic structure of the tungsten crystal. and observation uf the 

build-up process in the field emission microscope have led to 

proposal of the following mechanisms tt. explain the difference. 

The high electrostatic field acting at the crystal surface 

during build-up causes, through induced polarization of the surface 

atoms, a reduction of the potential hill which an atom must surmount 

in order to migrate from one stable site to another. one should 

therefore expect a variation of with applied field however, in 

this experiment the range of fields which could be used was insufficient 

to disclose any such variatiün. If present it was masked by the 

experimental errors. An auxiliary experiment has yielded a 

correction term for the field effect which leads to an adjusted 



value of 66. 5 ± 1. 3 Kcallmole for the activation energy of the 

build-up process. 

This value of Q Is directly comparable to the value 

= 73. 0 Kcal/mole found for the dulling process. The difference is 

statistically significant and cannot be ascribed to field effects. An 

explanation f this difference is proposed, based on the study of the 

physical processes inv.ilved and supported by experimental evidence. 

Observations of the growth in size f the dark (100), (110) and (ZU) 

areas of the tungsten field emission pattern during the early stages 

of build-up have suggested that the predominant change in the emitter 

during this period results from tite migration of atoms outward from 

the center area of these regions, producing an extension of these low 

index pianes and a deposition of atoms at the regions between. The 

consideration of the local action of the fields at the emitter tip and 

the study of electron micrograph profiles of the emitter tip after 

build-up have further supported and corroborated this view. 

It is difficult to give a detailed evaluation on an atomic scale 

of the energy required to achieve migration at all specific surface 

lattice sites. However, because of the relative smoLthness and 

apparent lack of deep potential traps on the (100) and (110) planes, 

and to a certain extent on the (211) planes, compared to other 

regions of the emitter tip surface, it Is reasonable to assume that the 
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migration over these regions can proceed more easily and yields a 

relatively low value of activation energy. On the other hand, the 

activation energy as measured for the emitter dulling process 

involves a gross transport of atoms from the apex of the emitter 

toward the shank. The migration takes place to a large extent over 

a rougher surface and a correspondingly greater value of activation 

energy is to be expected. It is concluded, therefore, that the 

activation energy for build-up, as measured in this work and corrected 

for field effect, corresponds closely to an average value for the 

surface migration ver the (100), (110) and (211) planes. 
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Figure 1. (a) Marbles-for-atoms model of a portion of a hemis- 
pherical field emission tip. The radius of the surface 
is 50 atoms, about one twentieth of a typical emitter 
radius. (b) Typical field emission pattern for a smooth 
and clean hemispherical tungsten emitter. The corres- 
pondence between the pattern and the crystal structure 
of the surface is readily apparent. (c) Orthographic 
projection of a hemispherical tungsten cathode surface 
(cubic crystal structure). 
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Figure 2. Lattice positions on the (110) crystal plane for the 
body centered cubic structure: (a) half-crystal position, 
(b) lattice step position, (c) surface position, and 
(d) vapor phase. 
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a b c 

Figure 3. Changes in the form of the emitter tip when heated with 
no applied field: (a) before heating, (b) heated to 
Z2800°K for5 seconds, (c) heated to 28OO°K for 
xi minute. 

Figure 4. Change of the emitter tip when build-up occurs: 
(a) original form, (b) built-up form. 
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Figure 5. Suggested mechanism of migration in the build-up 
process. Atoms from the low index planes are deposited 
in intermediate regions. Motion is toward the regions 
of higher fields, i. e. , greater curvature. 
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Figure 6. Graph showing dependence of ratio of 3Ií (i.e., F/F0) 
on polar angle e for emitter profiles A and B respec- 
tively. o corresponds to field at the apex. (3 = Fly, 
see page 33, equation 14) 
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L 

WLLEMITE 

Figure 7. Photograph and schematic of the projection microscope 
tube. A - anode and C - field emission cathode. 
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Figure 8. Photograph and schematic of tungsten anode field 
emission tube. A - anode, C - field emission cathode, 
E - support filament, F - heating filament, C - getter, 
M - tungsten anode cylinder, N - anode cap, and 
W - window. 
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Figure 9. Emitter and filament assembly and rnicrographs of 
emitter tip. (a) bent hairpin loop, (b) portion of loop 
etched to S mil diameter, (c) emitter blank spot-welded 
to filament loop, (d) emitter point etched on blank, 
(e) electron rnicrograph (5000X), (f) optical micro- 
graph (l25X). 
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Figure 11. Arrangement of experimental apparatus. 
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Figure 12. Typical calibration curves for emitter temperature. -i 
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Figure 13. Typical Fowler-Nordheim plots for emitter W2A415. 
These correspond to the data taken before each set 
of runs at a fixed value of potential, i. e. , before the 
run at 1700°K in each case. The plots for higher 
temperature runs lie between these. Data for line (a) 
taken before 6730 volt run, line (b) taken before 6960 
volt run, etc. (See Table II) 
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Figure 14. Typical sequence of emission patterns for "211" 
build-up. Emitter WZA1Z7, T 1800°K, r 4x105cm, 
V = 8000 volts. 
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Figure 15. Typical emission current change with time for "211" 
build-up. Emitter W2A127. 
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Figure 16. Electron micrograph profiles of emitter W2A127 
before and after "211" build-up. 
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a - O seconds 
DE 

b 20 seconds 

IO... I... 

d - 3. 1 minutes 

I. 
I. 

g - 8. 6 minutes 

e 8. 1 minutes 

C - 1. 1 minutes 

f - 8. 3 minutes 

h - 10 minutes i - 31 minutes 

Figure 17 Typical sequence of emission patterns for " 100" 
build-up. Emitter WZA15O, T = 1800°K, 
r = 4. 1 x io cm, V = 8070 volts. Dark areas 
in (100) regions of last three patterns (i. e., 
patterns g, h, and i) caused by intense electron 
current heating phosphor and destroying fluorescent 
property. 
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Figure 18. Typical emission current change with time for "100" 
build-up. Emitter WZA15O. 
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Figure 19. Electron micrograph profiles of emitter WZA15O 
before and after "1OO build-up. 
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Figure 20-a. Typical family of build-up current curves. 
Emitter W2A415, 6730 volts. 
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Figure 20-b. Typical family of build-up current curves. 
Emitter W2A415, 6960 volts. 
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Figure 21-a. Typical family of build-up current curves. 
Emitter W2A418, 6100 volts. 



u, 
V 
V 

E 

. i- 

z 
Lii 

a: 
a: 

ç) 

z 
o 
u) 
u) 

Lii 

I O- 

I 
IO lOO 1000 

TIME (seconds) 

Figure 21-b. Typical family of build-up current curves. 
Emitter WZA4I8, 6730 volts. 
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Figure 22. Typical family of build-up current curves. 
Emitter WZA642, 5210 volts. 
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Figure 23. Typical family of build-up current curves. 
Emitter W2A643, 4120 volts. 
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Figure 24. Plots of Log vs 4- for data taken from graphs of 

Figures 20-a and 20-b. Slope of line equals QIR. 



u, 
V 

E 
o 

z 
w 

o 

z o 
(I) 

(f) 

w 

Io lOO 000 

TIME (seconds) 

Figure 25. Typical family of current curves for test of variation 
of Q with field. 
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Figure 26. Plot of data taken from Figure 25. Slope of line used in 
Equation 20 to obtain correction term for field effect. 
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Figure 27. Schematic representation of field at a metal surface. 
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Figure 28. Schematic of virtual cathode method for etching small 
hole in tungsten sheet. 
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APPENDIX A 

Fabrication of the Emitter Needles and the Support Filaments 

The fabrication of the emitter and filament assemblies was 

almost identical for both types of tubes used in this work, the only 

difference being in the pos iticn and material of the glass bead used to 

strengthen the filai-nent structure. c- ictures of the emitter and 

filament assemblies are shown in Figure 9. A blank tf 5 mii tungsten 

vire (Appendix D, item 11) approximately 8 mm long is spotwelded to 

a hairpin tungsten filament prepared in the following way. An 8 cm, 

straightened length of i S mil tungsten wire (Appendix D, item i Z) is 

bent double at the center with as sharp a bend as possible without 

breaking or splitting the wire. For those emitters to be used in the 

phosphor anode tubes a Pyrex glass bead about S mm long and with a 

finished diameter of less than 3 mm is fired on the filament about 

1. 5cm from the open end so that the two ends are held ¿mm apart. 

For the tungsten anode tube the bead is made of Corning 1720 glass 

and is positioned about i cm from the open end of the filament loop. 

The filament is now suspended in a suitable clamp over an electrolytic 

cell containing a solution of 5N NaCki, the hairpin loop being 

immersed to a depth of about 3 mm below the surface of the liquid, 
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and a constricted regiun as shown in Figure 9-b Is etched in the 

filament by applying a 5 volt potential intermittently. i second on and 

8 seconds off, until a final diameter of 5 mils (the diameter of the 

emitter blank) is reached. By this method a very uniform diameter 

along the reduced section is obtained. This Is explained by the fact 

that during the short "on" time an oxide layer is formed which 

dissolves during the "off" period. If the etching process were 

continuous, convection currents would be set up in the electrolyte 

because of the down-streaming cf the reaction products, causing 

uneven removal of materIal. The "off" time is made long enough to 

allow the sclution to come to equilibrium before the cycle is repeated. 

The filament and the emitter blank are assembled by mounting 

in micromanipulators and spot welding together, using small tungsten 

electrodes and a high current discharge from a condenser bank. Thic 

assembly is given a very short etch to remove any sharp points or 

other irregularities which frequently result during the spotwelding. 

The assembly is suzpended over an electrolyte of i N NaGH 

with the blank vertically downward and immersed just short of the 

filament loop. A positive direct current potential of 4 volts is applied 

to the emitter blank through the filament. The point is formed by a 

non-uniform rate of metal dissolution along the blank. This is effected 

by the convection current which is set up by the downward streaming 
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tungstate Ion produced in the anodic dis.olution process. The blank 

necks down near the surface and ultimately the lower portion drops 

away, leaving a sharp point attached to the filament. Removal of the 

lower portion of the blank causes considerable reduction in the 

reaction area and hence a discontinuous reduction in cell current. By 

visual observation of the drop-off or by mon.itoring the ceU current, 

the process can be stopped at the Instant of drop-off. The point i- 

removed from the solution and thoroughly rinsed with water. All of 

the emitter points are examined in an electron microscope and only 

those with the desired size and shape are selected for use. The 

emitters for which data arc given in Table III had the following 

approximate radii and half cone angles: 

TABLE VU 

Radii and Hall Cone Angles of Emitters 

1mitter No. Tip radius (cm) Half angle c 

w2AZ96 Z.8x105 4° 

WZA41S 3.7 x lO 

\V2A418 3. 6 x 1Q 6° 

\ÌZA4l9 4.OxlO'5 5° 

.ZA6lO 5.0 X io- 6° 

w1A642 3.2x105 
W2A643 3.0 x lO 4° 



APPENDIX B 

Fabrication -f the Field Emission Tubes 

1. Projection Microscope Tube. The spherical field emission 

tube consists of a 500 ml spherical Pyrex flask (Appendix D, item 13) 

into which an exhaust tube of about 12mm (.. D. Pyrex, and a "button 

seal" are sealed (Figure 7). A good electrical connection Is made at 

the button seal to the inside of the tube by brushing "liquid platinum" 

in a narrow band around the tube interior (Appendix D, item 14) 

(see Figure 7). After it has dried, the tube is baked in air at 550° to 

600°C for 30 minutes, during which time the platinum salts are 

reduced to metallic platinum which becomes fused into the glass. As 

many as three coats and corresponding periods of baking may be 

required to produce a metal film which is a sufficiently good conductor. 

It has been found from experience that a good criterion for proper 

electrical conduction Is that the film be opaque to visible light. 

3ecause of a reaction between the platinum and a layer of 

aluminum to be laid down later, which reaction may cause electrical 

discontinuity, a coat of "liquid gold" (Appendix D, item 15) is painted 

over the platinum and baked for 15 minutes at 500°C. Gold Is not used 

fcer the first few layers as it does nüt fuse readily into the glass. 
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As the platinum des not form a reliable bond right at a 

tungsten - glass junction, such regions must be given special treat- 

ment. The tungsten lead at the button seal is electrolytically etched 

clean by means of a few drops of ¡ normal NaGH dropped into the 

inside of the button seal. A nickel wire probe and the tungsten lead 

are used as electrodes. After the solution is removed and the tube is 

clean and dry, silver paint (Appendix D, item 16) i8 brushed into the 

button seal region to make contact between the platinum and gold band 

and the tungsten lead. A band of the silver paint over the gold and 

platinum ring helps provide a lower resistance path to the button seal 

and gives further assurance that a good contact is made between the 

inseal and the layer of aluminum which is later applied to the inside of 

the tube. The silver paint is baked in air at 500°C for 15 minutes 

after which the inside of the tube is thoroughly- washed in an ordinary 

household detergent and given a final washing in the alkaline-free 

detergent Alconox (Appendix D, Item 17). The latter is used because 

of chemical reactions between aluminum and certain alkalies, which 

could damage the aluminum anode over long periods of time in the 

event that rinsing is not thorough. After draining and drying, the 

tube is ready for the application of the phosphor. 

Forty grams of the powdered phosphor, willerthte (Appendix D, 

item 18) are mixed with 75 cc of aniyl acetate. The mixture is then 



poured into a one quart balimill and ground for four hours to break up 

aggregates of phosphor particles. The bailmill consists of a 1 quart 

porcelain jar filled with about 3/4 inch well rounded agates (rocks). 

The mill turns the jar about its axis at approximately 15 rpm. After 

milling, some of the amyl acetate must be removed so the suspension 

is poured into a container, the mill is rinsed with 25 cc more of amyl 

acetate, which is also poured into the same container, and the 

phosphor particles are allowed to settle out. 7 hen the phosphor has 

settled, 50 cc of the 100 cc of amyl acetate are poured off and 25 cc 

of \rarniton (Appendix D, item 19) are added to and thoroughly mixed 

with the amyl acetate and phosphor. The mixture is then ready to be 

applied to the tube. About 5 cc (the proper amuunt of mixture to be 

used must be determined from experience) is poured into the 

spherical tube which is then immediately rotated about the axis of the 

neck of the flask in such a manner that the mixture flows out uniformly 

over the area of the tube which it is desired to cover and often over 

much of the rest of the tube as well. As soon as the desired area is 

covered, the tube is placed in such a position that the wet phosphor is 

concave downward and the tube is then continuously rotated at one or 

two revolutions per second while a gentle stream of air is blown into 

the tube through the neck. The air stream should be adjusted to make 
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the drying time not less than 10 minutes, otherwise the binder may 

crack, causing discontinuities in the screen. 

hen the screen is dry, the tube is given a 10 minute air bake 

in an oven at 500°C to remove the Varniton. After the tube is baked, 

the phosphor can easily be wiped from areas where it is not needed, 

including the band of platinum and gold, after which the tube should be 

rinsed several times with distilled water to remove loose phosphor 

particles. No additional binding material is needed to make the 

phosphor adhere to the glass. 

A thin collodion coating is next applied to the phosphor to 

serve as a backing for the evaporated aluminum anode. The purpose 

of this coating is to partially fill in the irregularities in the phosphor 

layer so that the surface onto which the aluminum is evaporated is 

somewhat smooth. It has been found that by using this technique the 

amount of aluminum needed to form a continuous film is reduced by a 

factor of about three. The coating is applied by partially filling the 

tube with a 10 acetone and 90 distilled water mixture. A drop of 

collodion solution consisting of i part collodion (Appendix D, item 20), 

I part amyl acetate (Appendix D, item ¿1) and S parts ethyl acetate 

(Appendix E, item 22) is placed on the surface of the liquid in the tube. 

After the film of collodion solution has been allowed to ?artlally 

harden for about 10 to 15 seconds on the liquid surface, the tube Is 
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very carefully tilted to drain the liquid from under the film through a 

piece of glass tubing drawn down to 3 mm diameter and attached to 

the exhaust stem by a piece of rubber hose. The small diameter 

tubing cauces the draining process to proceed at a more uniform rate. 

The tilting should be done by a mechanical tilt table, in the case of 

spherical field emission tubes, because the motion must be even and 

very slow if the thin film of metal carrier is to remain unbroken. The 

tube should be tilted In such a manner that a constant water head is 

maintained above the point where the exhaust 3tem is joined to the 

flask. It is necessary to decrease the rate of tilting near the end of 

the process, otherwise the film will tear or be stretched too thin near 

the exhaust stem. The total time for draining the tube should be about 

3 minutes, but the screen should be allowed to dry overnight before the 

metal is applied. The drying time may oe shortened by even heating to 

a;proximately 100°C. 

The aluminum anode is vacuum evaporated onto the inner 

surface of the glass of the field emission tube. A small slug uf 

aluminum wire (Appendix D, item 23) is crimped at the vee bend of a 

tungsten filament which is mounted on insulated leads through a metal 

table on a vacuum system and the tube is placed over the filament and 

onto the vacuum system table, the seal between the neck of the tube 

and the table being made by a latex rubber washer. Before mounting 
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on the leads, the filament and aluminum slug are first given a short 

electrolytic etch in 1 normal NaCH to remove the aluminum oxide 

from the slug. If this step is not performed, the aluminum must 

break through the sack-like enclosure of aluminum oxide surrounding 

it before evaporation occurs. Removal of the oxide makes the 

evaporated aluminum layer more uniform and also assures that 

particles of aluminum xide do not land on the screen. The leads 

with the filament extend up to about the center of the bulb of the tube. 

A tubular shield is also provided around the filament and leads to keep 

the aluminum from being deposited too far down toward the neck of 

the tube. Usually the distance between the edge of the aluminum 

coating and the neck is about one inch. The vacuum system, consisting 

of a forepump and a mercury diffusion pump with liquid air traps, is 

then started and allowed to run until the pressure inside the tube is 

about io mm Hg before the evaporation is begun. The layer of 

aluminum, which constitutes the anode of the field emission tube, 

makes electrical contact with the outside of the tube through the 

utton seal and the platinum-gold band previously baked into the glass. 

After the tube is aluminized, the metal carrier is removed by 

baking the tube in air starting at room temperature and coming up to 

about 350°C, the rate of temperature increase being approximately 
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100°C/hr. Baking is then continued at 350°C for 30 minutes. The 

construction f the field emission tube envelope is now completed. 

A getter tube, consisting of a spherical yrex bulb approxi- 

mately 6 cm in diameter and having two side arms, is constructed 

(Figure 8). ne arm i3 the exhaust stem and is of the same diameter 

Pyrex tubing as the exhaust stem of the spherical field emitter tube. 

The other is of sufficiently large diameter and length to take a two 

wire ins eal like the one on which the field emitter and filament 

structure is mounted. The source of getter material is in the form of 

a spiral filament 1/8 inch in diameter and 3/4 inch long, consisting 

of six turns of 10 mii tantalum wire (Appendix D, item 24), which is 

then spot-welded directly to the 50 mii tungsten of the inseal leads. 

To complete the tube assembly, the getter tube is first sealed 

onto the spherical field emitter tube. The inseal on which is mounted 

the field emitter and filament assembly is then sealed into the tube 

after the lip on the neck of the flask has been removed (by a hot wire 

glass "cutter"). The lip should not be removed before evaporation of 

the aluminum onto the screen as it is needed in making a good vacuum 

seal during that operation. 

2. Tungsten Anode Tube. The envelope of the tungsten anode 

tube is made of Corning No. 1720 high density glass. This glass is 

considerably more difficult to work than Pyrex glass and should not be 
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attempted except by a glassblower who is already skilled in the 

working of other glasses. A glass lathe Is almost a necessity. 

Cleanliness of the part3 Is Important since even fingerprints will 

lead to bubbles in the glass. Viashing with an alkaline free detergent 

such as Alconox (Appendix D, item 17) followed by a rinse with 95í, 

reagent grade, ethyl alcohol is recommended. The glass, which has 

an annealing temperature of 712°C and a working temperature of 

1300°C to 1400°C, should be worked with a hydrogen-oxygen 

reducing flame. xtra long inseals should be used to avoid cracking 

when sealing onto the body of the tube. L..xtra care should be used in 

annealing. Lead-ins ûhou.ld be made of molybdenum and after the 

initial bead has been fired onto the molybdenum wire, the lead should 

be nickel plated to avoid oxidation in later working. The 1720 glass 

bulbs used for the field emission tubes were obtained from Corning 

(Appendix D, item 25). These are tubulated for the exhaust port and 

the anode and cathode Inseals shown in Figure 9. The lead-in wires 

are of 50 mii molybdenum (Appendix D, item 26) prepared as 

discussed above. 

The anode cup is a 1/4 inch outside diameter cylinder 3/4 

inch long, made of 5 mii tungsten sheet (Appendix D, Item 27), 

capped by a small tungsten cup 114 inch Inside diameter and 1/16 

inch deep, formed from 5 mil tungsten sheet with a steel die. In the 
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forming process it is necessary to heat the die to about 200°C. The 

cylinder is formed cold by pressing the tungsten sheet, cut to the 

proper length and width (leave enough material to give a small overlap 

at the seam of the finished cylinder), into a thick, stiff rubber pad 

with a cylindrical arbor slightly smaller than the desired diameter of 

the final cylinder. The overlapping edges of the cylinder, the cap and 

a yoke of 30 mii tungsten wire are spotwelded in place to give the 

final anode assembly. Some practice may be required to learn the 

proper spotwelding techniques. Thin pieces of molybdenum may be 

used between the tungsten parts as a flux. 

A ¿mm diameter aperture about 114 inch from the capped 

end is next etched in the side of the cylinder to provide a window for 

measuring the temperature of the emitter during operation. The 

aperture is etched by the virtual cathode technique in which a small 

capillary opening in a glass tube localizes the etching current in the 

electrolyte at the desired point. A schematic of the etching arrange- 

ment is shown in Figure 28. The virtual cathode tube is made by 

drawing down a larger glass tube to a 40 mii diameter hole. The 

drawn down portion should be as short as possible to reduce the 

resistance. A solution of SN NaLFI and a potential of 15 volts pulsed 

i second on and 8 seconds off is used. The pulse technique is 

desirable to get better symmetry of the hole since if it were not used 
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the downward streaming of the reaction products would set up 

convection currents and cause irregularities in the etching action. 

Also by this process the action is slow enough that careful control of 

the size can be maintained. Holes of almost any size down to about 

one mil in diameter may be produced. 

The fabrication of the emitter structure has been described in 

Appendix A. This is mounted on a two wire press ins eal by spot- 

welding directly to the molybdenum leads and this assembly sealed 

into one end of the tube envelope. The anode structure is mounted on 

one lead of a three wire press inseal. A spiral filament consisting of 

two turns of 10 mil tungsten wire (Appendix D, Item 28) is mounted 

to the other two leads. This filament surrounds the anode and is used 

during the evacuation and cutgassing of the tube for heating the 

tungsten anode by electron bombardment. The anode assembly is 

sealed into the envelope care being taken to exactly center the 

emitter in the anode and to space the emitter point so that it is 

slightly ahead of the window aperture as shown in the figure. 

A getter bulb is sealed directly in the exhaust line. The getter 

material in this case is titanium. The getter filament consists of a 

4 turn spiral of 10 mii tungsten and 5 mil titanium wire (Appendix D, 

item 29) twisted together and mounted on lead-in wires. The tube is 

now ready for evacuation. 
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APPENDIX C 

:vactjon of the Field Emission Tubes 

For field emission work pressures of less than 1O mm of Hg 

are required. Therefore ultra high vacuum techniques are employed, 

and an all glass system with a mercury diffusion pump and with 

liquid air traps in both the high-vacuum line and the forepump line 

are used. An oil diffusion pump is to be avoided because of the 

tendency for carbon contamination of the tungsten emitter point. The 

system is provided with ovens so that the entire high-vacuum side, 

including the high trap, can be baked out during the processing of the 

tubes. All joints on the high-vacuum side are blown glass seals. 

The evacuation of the projection microscope tubes takes about 

15 hours and consists of the following steps: 

1. The whole system is pumped down for about an hour oy 

means of the forepump only. At the end of this time, a 

Dewar flask containing liquid air is raised around the 

trap on the forepump side (low trap) and the diffusion 

pump is then turned on. 
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2. All glass jarts on the high vacuum side of the diffusion 

pump (including the liquid air trap) are baked in the 

ovens at 500°C for 45 minutes. 

3. The oven surrounding the liquid air trap on the high 

vacuum side of the diffusion pump (high trap) is turned 

off and allowed to cool until its temperature drops to 

200°C. The oven is then removed from the high trap 

and a flask of liquid air is brought up around it far 

enough to half cover the trap. After 15 minutes of 

baking with liquid air on the high trap, the oven 

surrounding the field emission tubes is turned off. 

4. \V hen the temperature on the inside of the tube oven 

falls below 200°C, the oven is removed. 

5. The metal parts inside the tubes are then heated to 

2200°C (uncorrected for emissivity), or as near to 

that temperature as is possible, while the glass 

remains unheated. During this step, getter is laid 

down in the getter tube for a period of 30 minutes. 

The temperature at which getter is laid is not critical 

but should be high enough in order to evaporate a 

reasonable layer during the 30 minutes. Getter 

current as well as getter temperature should be 



measured at the start of this time since the color 

temperature, determined by an uptical pyrometer, 

is incorrect when read through an appreciable layer 

of getter material. 

6. The procedure of step ¿ is repeated except that the 

liquid air is left on the high trap which is not heated 

as was the case before. The tube oven is held at 

500°C for 30 minutes. 

7. Repeat step 4. 

8. The metal parts are heated again as in step 5 and 

more getter is laid down. In addition, the glass 

constriction, where final seal-off of the tube Is to 

be made, is heated with a gas torch to a temperature 

which is sufficiently high that the constriction 

collapses slightly but not so high that the tube is 

sealed off. 

9. The procedures of step 6 are repeated, the baking 

temperature being 500°C and the time 30 minutes. 

10. Repeat step 4. 

11. Repeat step 5. 
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12. The pressure at this time should be less than 

5 x 10_10 mm Hg and the tube may be sealed 

off from the system or may be operated while 

still on the pumps. 

13. After the tube is sealed off from the vacuum 

system, more getter may be laid down to help 

clean up residual gases. In this way pressures 

lower than i0 mm Hg may be obtained. 

The procedure in the evacuation of the tungsten anode tube is 

very similar to that described above. However, since the tungsten 

anode must be thoroughly outgassed to avoid subsequent evolution of 

gas during the operation of the tube, It is heated by electron bombard- 

ment from the auxiliary filament during the outgassing periods 

between bakeouts to temperatures of approdmately 2200°K to 2400°K. 

Because of the large quantities of gas evolved during this treatment, 

it Is almost always necessary to heat the anode for 5 to 10 hours 

during each outgasslng period and to repeat the bakeout cycle 6 or 8 

times. It usually takes from four days to a week to process these 

tubes. Only when the pressure in the tube remains less than iO9 mm 

Hg with the anode at about 2200°K Is it deemed satisfactory. 
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APPENDIX D 

List of Materials 

1. Corning Glass No. 1720: Corning Glass Works, Corning, N. Y. 

2. Constant voltage transformer: Sola Standard CV, type 3, 
500 volt-amperes, 115 volts. Sola Electric Company, 
4633 W. 16th St., Chicago, Illinois. 

3. Variac: Type W5, 0-135 volts, 6 amperes. General Radio Co., 
Cambridge, Massachusetts. 

4. Filament transformer: 6 volt - 5 ampere secondary, No. 948L. 
George 'turley, ortland 9, Oregon. 

5. Ammeter: 0-10 amperes ac, 0. 25', type P-3, model 8A?3AA 7. 
General Electric Co., Schenectady, New York. 

6. Resistors: 20 - 1 megohm resistors, wire wound, O. 1-, type 
BX3OE, Shalicross Manufacturing Co. , CollingdaIe, Pa. 

7. Microamrneter: l5O/5OO/10O microarnpere dc, model 134313, 
i 0. 5' . hysicB Research Laboratories, Inc. , Hempstead, 
New York. 

8. Micro-zuicroammeter: Model 410, 10 -io13 amperes uii 
scale. Keithley Instruments, Inc. , Cleveland, Ghio. 

9. Chart recorder: Model G-10, 10 millivolt full scale sensitivity. 
Varian Associates, Palo Alto, California. 

1 0 . Optical pyrometer: Pyro- micro- optical pyrometer. The 
'yrometer Instrument Co. , Inc. , Bergenfield, New Jersey. 

i I . Tungsten emitter wire: Type RCA (99. 9. pure). Elmet Divisiun, 
North American Philips Co. , Inc. , Lewiston, Maine. 
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12. Tungsten filament wire: 0.015" by 6" straIghtened tungsten wire. 
General Electric Co. Cleveland ire plant, 1331 Chardon 

oad, Cleveland 17, Ohio. 

13. Pyrex flask: 500 ml, Corning glass No. 7740. Corning Glass 
Work3, Corning, New York. 

14. Liquid platinum: Hanovia liquid bright platinum No. 05. 
Hanovia Chemical and Manufacturing Co., Newark, N. J. 

15. Liquid gold: Hanovia liquid bright gold No. 261. Hanovia 
Chemical and Manufacturing Co., Newark, N. J. 

16. Silver paint: Dupont No. 4760. E. I. duPont de Nemours and Co., 
Wilmington, Delaware. 

17. Mconox Alconox, Inc., Jersey City, New Jersey. 

18. Willemite phosphor: Sylvania No. 2281 standard green. The 
y1vania Electric Products, Inc. Towanda, Ta. 

19. Varniton: Label varnish No. V-21. The Varniton Company, 
416 N. Varney t. , Burbank, California. 

20. Collodion: Flexible, No. 1-9204. J. T. Baker Chemical 
Company, hillipsburg, New Jersey. 

21. Amyl acetate: Reagent grade No. 1-9094. J. T. Baker Chemical 
Company, Pbilhipsburg, New Jersey. 

22. Ethyl acetate: Reagent grade No. 1-9280. J. T. Baker Chemical 
Company, :-hiilipsburg, New Jersey. 

23. Aluminum wire: No. V 9500, 14 ga. , Scientific Glass Apparatus 
Company, Bloornfield, New Jersey. 

24. Tantalum wire: 0. 010" wire, General Electric Company, 
Cleveland V Ire Vorks, Cleveland, Ohio. 

25. No. 1720 glass bulbs: bulb type TZOPS, Corning Glass Works, 
Corning, New York. 

26. Molybdenum leads: 0.050" x 1-1/2", 3" braid, Kulite Tungsten 
Co. , Ridgefield, New Jersey. 
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27. Tungsten sheet: 0. 005" sheet tungsten, Kulite Tungsten Co., 
iUdgefield, New Jersey. 

¿8. Tungsten wire: 0. 010" tungsten wire, General Áectric Co., 
Cleveland Wtire \orks, Cleveland, chio. 

29. TItanium wire: 0. 010", type R C-70, National standard Co., 
Nues, Michigan. 


