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• ABSTRACT 

June 1966 

The thermal emission of electrons, and cesium atoms and ions 

2 . 
from two large c~ l. 5 em ) ' flat' monocrysta,lline' tungsten. surfaces 

ori~nted in the [100] and [110] crystaliographic directions was in-

vestigated. 

All experi:nental results WE(_re obta~ned by measuring the current

voltage-time characteristics of two diodes, each having bne of the 

tungsten single crystals for the cathode (emitter:). A guard rinc in 

the plane of the· collector insured accuracy of the cur:t:Emt measurements. 

The work function ¢ of each crystal surface, .determined from 
0 

measurements of the field-free thermionic emission in vacuum in the 

temperature range 1400 to 2200°K was: 

¢ '(100) = 4.65 ± 0.02 eV, and¢ (110) = 5.33 ± 0.04 eV. 
0 0 

. * The desorption energies ¢io and ¢ao of cesium ions and atoms, 

respectively, evaporat~ng from the (essentially) bare crystal surfaces, 

determined from measurements of.the evaporation rates of these particles 

in the temperature range 1000 to.l500°K, were: 

¢io (160) = 2.05 ± 0.05 eV, and·¢:
0 

(100) = 2.77 ± 0.05 eV, 

. * ~ 
¢io (no) = 2.06 eV, and ¢a

0
· (no) = 3.28 eV. 

The change in the 1-rorl-: function of each crystal surface due to 



adsorption of cesiu.'ll was evaluated from measurements of both the field-

free electron and cesium-ion emissions in the surface-temperatu:re range 

850 to l450°K and the cesium~reservoir temperature range 0 to l00°C. 

Excellent agreement was found betw-een these two independent determinations. 

Vruch of the data obtained from the (110) crystal exposed to cesiQm 

could not be confidently related to the vacuum data because the crystal 

surface was believed to have become .contaminated. 

As part of this study, the flux of cesium vapor in equilibrium w·ith 

its condensed phase was measured in the temperature range 0 to l20°C. 
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I. INTRODUCTION 

Since the original work of. Langmuir and Kingdon, the adsorption of 

alkali atoms on metal surfaces was known to decrease their work func

tion. 56 New· theories to describe this effect have been introduced in 

conjunction with the recent development of the thermionic energy-con-

. f' ld 24,3l,35,76,l6 Alth h th th . h b J. verslon le • oug ese eorles ave een app _led 

with considerable success to polycrystalline surfaces, they are strictly 

valid only for surfaces with uniform work functions. Studies of ther-

mionic emission and surface ionization of alkali vapors from single 

crystals which have been done since the thirties have shown that the 

. work function of a polycrystalline surface is not uniform. 

The first experiments were done on single-crystal wires operating 

in vacuum or in an alkali vapor; by azimuthal scan around the wire, the 

work function of refractory metal surfaces was demonstrated to depend 

th . t ll h' . t t' 45, 6S,S2 ,Sl Add't' l 'd on · elr crys a ograp lC arlen a lon. l lana evl ence 

for the dependence of the work function ·on the crystallographic orienta-

tion came from field~emission, thermionic-emission, and surface-ioniza

tion experiments on hemispherical and point crystals.6 l,9 ,9B' 8 ' 66 ,96 

of these studies can be considered only qualitative, because of the un-

certainties in the actual area of current emission. More recently, 

better quantitative results were obtained from flat single-crystal 

Most 

rl.bbo· ns ·a· r etched w·l· res. 13 ,So ' 42 ,B7' 77 It t t 'l ·· · t tJ · was no un l qul e recen y, 

' 2 
as this work was in progress, that large (l em ) monbcrystalline elec-

trades were incorporated in cesium-plasma diodes for the study of thermionic 

. 73 12 52 69 70 energy converslon. ' ·' ' ' 

The object of this dissertation was to study experimentally the 

change in the work function of planar monocrystalline-tungsten surfaces 
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exposed·to a cesium vapor, and to·systematically measure the physical 

properties needed to.describe this phenomenon. According to the theo-

. 15 .. 76·- . . 
retical work of Carabateas, and·Hasor,and Warner, . the work function 

depression t:.>¢ of a metal surface that is at temperature TE and is exposed 

. ' 
to a· cesium'vapor in thermodynamic equilibrium with its liquid or solid 

phase at temperatu:r:e TCs. should be a unique function of the ratio T.g/Tcs . 

. involving the~'ba;e~ w~;k function <P of 'the metal, the heats of evapora-
.. 0 .. 

· tion </>. and¢; · of ~esium ions and atoms .for.; the oare metal surface, 
· .. lO . ao ... _·· .. _. . :·: . . . .. : . . 

the change,· in the enthalpy h oLcesium. going to the vapor phase, and the 

fir~·t ionization potential V. of cesium~ All of these quantities but 
,. ., ... _l 

. ,. the iast were measured 'in this investigation: 

These mea~urem€mts were done by observing the current-voltage-time 

· . ·: .. characteristics of cesium.;plasma ·diodes having planar monocrystalline

.... tungste'n emitters . oriented inthe [110] and [100] crystallographic 

..... directions.· Chronologically the (110) crystal tvas studied· first, but the 
'. "· . 

. : ': .. results obtained -for· bbth crystals were analyzed together and the· de-
•. r ~-·; '.• . . . ' ' 

. ' 

: velopment of this paper will follow the chronological order_in which the 

.various surface properties were measured • 

... -; · The .·diodes· were fi~st operated in vacuum and- the bare ~ork ·functions .. ·. 

were evaluated from field-free electron emission data. .Then cesium was 

introduced into the diodes, and the desorption energies of cesium ions · 

· ~nd atoms were. determined from measurements of the evaporation rates of 
. . 

very dilute films of cesium adsorbed on the crystal surfac-es .. The detailed 

·_ analysis of these. expe.rimental .results led to the suggestion of a technique 

for studying the sputtering of alkali metal surfaces under qombardmcnt 1JY 

ions of their own vapor. Finally, the current -voltage clnractcrictics 

of the diode op~rating in cesium vapor were measured. From the ced.um-ion 



' .. ,· 

.. ·' 

-3-

current data, the vapor flux of cesium and the threshold temperatures for 

lOo% ionization on the crystal· surfaces were measured as a function of 

the cesium-reservoir temperature. The effective work functions of the 

cesiated (having adsorbed cesium) emitters were evaluated from field-free 

cesium-ion emission-data_by means of the Saha-Langmuir equation, and from 

field-free electron-emission data by means of the Richardson equation • 
. 
All of our results were compared wherever possible with theoretical pre-

. , 
dictions and also with earlier experimental data for single-crystal and 

polycrystalline tungsten. The results obtained from the (100) .crystal 

' . . were quite consistent and were-sufficiently complete to make such a • 
·comparison. However, most of the data· obtained from the (110) .crystaJ. 

exposed to cesium co~ld not be'confidently related.to the vacuum data 

because the_ c'rystal surface wa's. believed to have become contaminated. 
, . 

An at~einpt was_ made to evaluate the· work-function uniformity of the 

crystal surfaces from the over-all results. of this study. This effort re-
. ' 

· sulted ·in part .. in. the development. of a. s~mple and sensitive way of measuring 

the bare work-function distribution on electrode surfaces. 
; ~ . 

A list of the· symbols used in this report is contained in the nomen

clature'; The appendices, which contain a detailed description of the 

diode and associated equipment, "inciude also' circuit diagrams, an experi

mental ar'l.d theore'ti~al analysis of . the. radial temperature distribution : . 
. ··.. . . . . ., ' ·. ' . . ' 

.. of. the emitter, the detailed presentation of var~ous ·argum~nts int~oduced 

in the main body' of the thesis, and tabulations of: most of "the data ob- · 
I 

tained in.the· e:Xper~ments. . . ' 

·> 1 • 

.' ,·.' 

.. -. ,, . .., ... .I 
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II. DESCRIPTION OF DIODE 

A general description of the diode is given here, but the reader rray 

.,,, . ,;., 

refer to Appendices A.through K'for more details~ 

All experimental results were obtained by measuring the current-

voltage-time characteristics, of a diode that had a planar emitter and 
.· . ' 

collector, and. was 'capable. of operating in vacuum or in a cesium vapor. 
i- I 

. ~ . . . 
The diode was·contained within the·cylindrical.metal-and-ceramic body 

. :· 
' 
/• 

The emitter (E) was a flat monocrystalline disk of tungsten0.524 
' ~ ' 

· ih diameter a~d 0·.18 in •. thick, oriented with either the [110] or [100] 

in. 

crystallographic directions normal to the surface. The crystal, molybdenum 

'•: brazed at 2700°C to' a t'antalum support. (J), was heated in the diode' by 
... ·. 

'electron· bombardment from a spirally w~tind tungsten. filament (F)~ The 
. • ' .t . 

. . . . . . . 

. emitter temperature :was measured by sighting an .optical pyra'!peter through 

one of two sapphire wind~ws (D) (calibrated for . light, absorption) onto a 

small hole, 0.1 in~ deep and0.015:in. in diameter, drilled into the side 

of the tungsten· disk. ·.The emitter ·and .the hotto~ of the collector assembly 

. -:were surrounded by a mo~bde~um h.eat:shield (H) •. A 'separate the~mal mock-... ' 
·, ·' .·. 

:up~·. incorporatihg .the actual emitt~r assembly of the .diode, was constructed 

' ,: •. to. determine the radial temperature distributior1 on the. surface of the 
,.\ 

' .. '· .·. ' 0 . '• . ',' ' ' 

emitter. Up to 1950 .c. the emitter temperature was uniform within the pre-

cision of the pyrometer (±2°C). 

' 
The collector assembly was mounted on· a bellows(~) and consisted of 

a copper rod collector (C) ·electrically insulated from a surrounding, con-
' .. 

centric, copper cylinder (G) which served as a guard ring. The din.metcl~ 

of the face of the collector'was 0.370 in. and the.Hidth of the annular 

gap betHeen collector and guard ring Has 0.004 in. The effective area of 

'. 
' .·. 
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Fig. II. 1 
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Fig. II. 3 
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the collector was·taken to·be the area of its face plus half the gap area 

and was 0.71 cm2 (approximately half of the emitter area). The temperatures 

of the faces of the collector and guard"-ring were. individu~lly monitored· 

by means of thermocouples.. The difference in these temperatures was main

tained at all times at les's than 10° C by external heating or cooling. 

Spacing and parallelism between the emitter and the collector assembly 

. . 

were continuously adjustable and were observed by sighting through the 

windows with a cathetometer havinga precision of about 0.1 mil. Data 

·were normally taken at a spacing .of .0.010 to 0.015 in. 

. ' 

The~ top of the side appen.dage. to the diode contained a Pyrex-glass 

ampoule (A):_'of va~U:~-distilled .ceslwn, (F.ig. II.3).. After the vacuum· 

.data were obtained, the capsule was crushed and the cesium transferred by 

evaporation and subsequent condensation to the bottom of the appendage (K). 
. . . ~ 

This part of the appendage was held tightly in a copper jacket whose tern-
. . . . . . . . r . 

·perature was: maintained by a combination of heating and 'cooi'ing,. at: a 

desired value in orderthat the flux of.cesiwn vapor in the diode body could 

be'adjusted. Heating wires, wrapped around the diode body, inCluding the 
-

top of the appendage, maintained its temperature at all poj.nts well' above 

· .· that ·of .the cesiwn. condensed in the reservoi:r: • 

The diode was .outgassed.for a period ranging from 30 to 60 hours, with 

.the emitte;r·operating at 1750°C and thebc:i¢i.y at about 600°C. during ~uch of 

this period, until the st.atic pressure in the diode under these conditions 
. -8 . 

dropped to between 10 · and 10-7 torr. When cold, the diode was sealed off 

at a pr.essure of about·:, 2xlo-9 tor; . 

The single-crystal disks were cut from a bulk crystal (Lind'e Comp.:'lny), 

with a spark cutter used to minimize surface.deformations, and were lapped, 

electropolished, and x-rayed for orientation. Figures II. 4 and II. 5 shovr 

.. '.··· 
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Fig. II. 4 
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Fig. II. 5 
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the Laue patterns of·the_(liO).and(lOO).emitters respectively, taken 

normal to the emi tt.er surfaces. just prior to their insertion in the 

diodes. In both.cases the surfac~ normals lie withinl
0 

of the desired 

lattice orientation.· This ·does not necessarily mean that either the (110) 

or (100) planes were ever exposed to the surface •. Laue patterns taken at 

. different points on the surface sometimes gave close-groupe.d double-spot 

'patt~rns as shmm in Fig:· II.6. This pattern indicates that the crystals 

·actually 'co'flsisted of many small crystals all. oriented within a fraction 

of a degree of each other. 

After the crystals were brazed to their tantalum support, they were 
I. 

again electropolished and subsequently heated in vac~1um to 2000°C to in-

sure a clean surface-prior to their installation in the diode . 

. During operation the diode,. suspended from a flange, was either ex

posed to air. as shown iri Fig. II~ 7 or inserted in an e.nvir.onm(mtal :_chamber 
' . ) 

·. '·.'that ·could be evacuated or filled with o:xygen-free hel'ium .or argon~ 
. . . . ·~ 

::.: .. The··:ge·neral operating.~cb.a".ra.cteristics of the .diode were as' follows: 
' . ' -~ 

·, ~ ', ' ~ ' I ~ ·,, .· ~ .. 
. :· ·' . 

.. :'·:. :- :) / . · ~.: : Emi t~·er :temperature· . ·: _.: ': .. ~.";'~:·· . ~· ... 
'"' .. ·_._.,_ 

..-~-

I :: •• '_':f ' .'_ .• • :·· • ' , ' 

· · · · . Collector temperature . · · . 
' ' 'I ' I•' 

·,·. 
-: .. '··-~. ·: ' .... ' 

- :- ... . .._ ·_ .:~ .. ·: •. . . 
· .. ·· / 

. 0. . . :.· . 

500 C maximum · :.:.Body temperature .. '.·' ·" ,· 
; ' . 

,', r 

. .'·' 
'Electron-g~. fii~emtpower ···_'· .· : ,:. :' · ::-.· .:_8 :v· at ll amperes 

··.J 
I 

... :. ··· .. .- · .. '_:; · .:>Electron-gu-n bombarding ·power···::-··-: :. _. 500-.Vat g50· mA to :heat 
...... .. ·.··. ·:-o .. :;. .·-_···.--·emitter to l900°C.; · 

-:·',,; 

. ) ·. ''· ' . . ·. '.' ',. ' . 
. •. :- ~:. ' .. 

. . . t .· .-: .. : •.. ,· ' 
·.' .·/ . :- . ·; .. 

. ·'' 
., . 

-··. ':, . . 
. . . 

: ~:: . ,· . ,. . . .. ~ . 

... 

. •' 

. : .. . .• J··. 
.. · ..... _ 

· .... 

r ··, •• ·., 

'·. '.· ... 

·'' "' ... 

..... 

· ... · ·< .. 

· .. 

':' 

.., .. 
··,. .. ·:'' 

\···· 
,.· ~ . . ' ' · .... · ·,· .• ,•. 

.... 
,. 

·, ...... . ·' 
I 'o t' 

: .. ; .. '·:. ~ ~ 
;._,.·.: .. 

-. 
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III. BARE WORK FUNCTION· OF. (110) AND (100) TUNGSTEN CRYSTALS. 

A~ Theory of Thermionic Emission 

·. The process of thermionic emission from metals involves the relative 

positions of three electronic energy levels, namely, according to the 

· Sommerfeld model, the bottom of the conduction band; the Fermi level, 

and free space. The bottom of the conduction band E is defined as the c 

lowest ·.energy that a free electron can have in the metal. Let W be the 

height of the potential energy barrier at the surface of the rretal. Or, 

in other,words, W. is the energy.difference· between E and the energy level 
. ;. . ' . ·. c 

' ~. ' ' . ' . •. ,' i ... ' .. ·• ·. ' . 

of an electron at rest in field-free space. The Fermi ~evel Ef is defined 
• . .. • • • • • . . • . ;· t' .. • . • ' ~ ' ' • ' . " • . • • ' 

as the e~ergy state, in the metal having :a 500/o probability of occupancy. 
( ~ . i 

· · The work f)mctiori ¢ associated with a metal and its interface with free 
\ ·•• •• ; ':.· ! • ,:· '·.. ... i 

·.space. is defin.ed as . the change in energy that an. electron experienc'es in 

... going from 'the Fermi level .in the metal to a position at· rest in field- ·. 
. ·. :··: 

free·,;~pace; an infinite distance from the surface; th~S energy ·difference is 
;. ·. .' • L' . . . • '• 

, ..... 
.. ' .. '\ :.·· 

(III.,l) ·.'"·:·· .. · ... · ........ ;\;·. ¢ =. w .: ·. 
,'.' 

.' ... 

::.-.' 

1 ........ . ·, ,• .. :·.:." : ~· ' 

' ' 
• ," 1 .. " 

.· In the case .of: crystalline solids, W and Ef. are functions .of the 

.· crystallographic orientation;' SO: in. order'to' define .the Work functi:on, 
,· . . ' ·'· ' . ' . ' ' . . 

·one· must · sp~~ify the.· crystallographic orientation of the surface through . 

· .-;· which the el~ct:t:onpasses. In addition; the 1v()rk f'un~tion is· influenced 

strongly by.the presence <?f adso~bed leyers of foreign :atoms _'on the' sur-
.. •. 

· · . .' face, so the extent of sur.face contamination must be described also:~. .. · ....... The 

'': .·.·. ·· .... ·· ·theoretical· evaluation of the ,work function of metals' and its dependence 

on crystallographic orientation has been the object of several :lnvestit;n

tions;97,6,83 the. results of these studies have been contradictory· and 

not very successful. Part of. the problem of this evaluation lies in the 

. ' ' . . --: . 
. '· . . . ~ . 

·:·.· ··, .. 
·.-.·: ' . ,' ' : ~ 
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· determination of the spatial variation of the Fermi level near the surface, 

. . ·arid in the scarcity of reliable experimental data on single crystals . 
.•. . .... 

. The m~i~um (saturation) :~lectron-current-density J that can be 
::. 

·.· .. 

:, 

.. , ·. 

.. . so 
. •;' ·. 

·emitted in field-free space. from a metal surfa~e at temperature TE and 

, .. ·. characterized by a woz:~ functi~n </J is given by the Ricpardson-Dushman 

' •' ~ . . 
equation 

':.·.· .. 
.·· . 

. · .. .. '·, 

.where 
~· ' 

... 

' . ~ 

.·.\ ·.·_·;. 

' 1'. t. is. the quantum mechani~al' transmission coefficient of the escaping elec

trons'(usuaiJ.;: assumed to be u:nity), k ~nd h are the Boltzmann and Planck 
.. 

constants, and~, and e are the electro~'s mass and charge.· The derivation 
r 

of this equation '·can be found in most text books on solid-state physics 

·and in several review articles~90,B,39, 27,71 The same applies for most of 

the following remarks •. Equation (III.2) is the result of summing all the 

) . ' 

free'electrons. that a.re in a metal characterized by a.square-well potential 

.. of height w, and whose·: (the electron r's). cOmponent of kinetic ene~gi normal' 

·to the sur:('ace is greater than. w, as determined from Fermi-Dirac statistics. 

. ·: · ',:· 0:. This equation is 'strictly· applicable· only t6 ·surfaces h·aving .;. uniform '"ork 
. .· . ' . . ' ' .. . ···. ;':. 

, .. : .... 'function,: although it is also_. commonly used to describe the emission from 

' .polycrystalline surfa.ces •. In, the nUmerical. evalu~tion·: of A in Eq. ( III.3), 

the effective m~~s· ·of' the ~iectroris in the. 11Etal ·i~ assumed to be identical 

to the rest mass in free space. According .to this model, A' is a universal 

·constant.·· 

. '.\ .. 
, .',I ''·, :'-·', •' _.·.: .. ·· ' 

·:··.·· ,• . . : ·. ~ . 
. '.·.··· .. ,• 
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The work function rjJ represents the barrier that an average electron 

· has to overcome to ·escape through the surface. Equation (III. 2) can be 

applied to th~, case in which this barri~r is increased by the application 

of a retardingpotentia_l vd (< o) for electrons at the emitting surface. 
' ' ~ . 

The electron cu'rrent.;_density J that can pass over this additional potential 

. will be 
. , r 

.J. = ~t Ti exp (- ¢-eVd . . ) = J so eX?. ( =~dE .). 
, .. . .kTE 

(III.4) 

We ca~· deduce fro~ Eq.··.(III.4) the ideal, not space-charge limited,' current

. voltage characte~ist'ics ~f-~a vacuUm thermionic diode having a hot emitter 

· ... with a unir'o~ ~ork .functi()n ¢, and a cold (nonemitting) collector with 

.. ·· uniform work. function rpc .·.·This is shown in Fig. III.l(a). ·. The motive 
: . 

··'.'diagrams in:Fig.III.i(b)a~e schematicrepresentations of the changes 
' . . ·. 

·in the potential._.energy of' an electron as it leaves its starting position 
. . . . . 

·at. the emitter's Fermi level and ~rrives at the collector Fermi level. · 

Ea~h ~otive.d:i.agram ha·s been drawn for the corresponding region of 

for the. case rjJ :::S rjJ •. :It is evident that· 
. . ,' c ' 

.the· diode produces power 'in the regions' ( 1) and (3); because the p~tential 

,, .·.· 
energy of an electron at the collector's Fermi level is higher tha~ at its. 

,I· ..... 

. . . 

· · starting position in the emitter. The applied ,;oltage V 
9 

at the krtee of 

. the I-V curve is. ··equ~l to :the diff~renc~ per electron in c'ollector and 
.. : 

emitter work ~nctions.~ ?Ommonly cailed the contact potential, i.e., 

... . . , 

.. .... 
. ·.·· . ' 1 

.v = - ( rjJ .. ¢) • 
0 e c ( III..5) 

From the measUrement of v0 , the work function of one of the elect

rodes can be determined if that of the other electrode is known. Also, 

if the work function of one of the electrodes can be maintained constant 

. ,, 
; : .· 
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during a series of experiments, changes in V
0 

provide a direct measure-

ment of the changes in the work function of the other electrode. 

The application of an electric field e attractive for electrons at 

the emitter surface lowers the work function of the emitter according 

to the Schottky effect, as follows, 

¢(2) = ¢(0)- e~. ( III.6) 

This effect is a consequence of the algebraic addition of the image;..charge 

potential of the electron as it leaves the metal surface and tne potential 

due to the applied field. ·.The saturation electron current-density JS in 

the presence of the attractive field becomes 

' ' 

where € is in v~lt/m and TE is in 
0· K. This equation is valid for fields 

8 
under 10 V /tn .. At stronger fields, electrons are capable of tunnelling 

through the potential barrier at the surface and.the saturation current 

is no longer given by Eq. (III.?). In practice, J is obtained by so 

plotting the ·.£n of the current J , observed in a diode, versus the square 
s 

root of the interelctrode potential (V - V )
1

/ 2 and extrapolating the c 0 

best straight line through the data to zero potential. Very careful 

measurements of the Schottky effect have demonstrated that deviations 

from a straight-line relationship exist and' can be attributed to change-s 

in the quantum-mechanical-transmission coefficient t at the surface, and 
. . . 

t f ... ·f •t• 46,47,23 th b t• •t . o sur ace nonunJ. ormJ. J.es. · From ese o serva J.ons, l. J.s 

possible to deduce information leading to the determination of the actual 

shape of the work-function barrier. 
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The work function of the emitter in a thermionic diode is determined 

·.· .· 
as follows: I-V characteristics of the diodeare measured at different 

emitter. temperatures. The value of J (TE. ) is obtained from the Schottky so 
' 2 . . . 

plots. A plot of in Js
0

(TE)/TE versus 1/TE (hereafter referred to.as a 

Richardson plot) is made, ·and a straight line is fitted to the data. If 

:• .. the emitter work function is uniform and independent of temperature, then 

:the slope and intercept of the line are from Eq. (III. 2) ... ¢/k and in A 

·(assuming t::: 1) respectively. Obviously a straight line would fit :the 

data even if ¢ is a linear function of TE •. · That is, if . 

··.·, 

'· · .. \ 

' . . . •' 
~·. :· .. 

. (IIL8) 
·,·' 

. ·' 

··the· slope of the line is . -¢ /k and the intercept is £n A" = in A -; T!/k. 
r 

Shelton demonstrated that A can be determined independently, 'from 

the r~tarding !egion .of the r'-V curves, if the collector w~rk function 
r . . 

(p i~ uni.form and can be· maintained constant while TE is vatied. 8~ i He c ' . . . . .· . 

·determined A by' making a Richardson plot' of the currents obtained at a 
. . ' 

constant.value .of .the applied voltage to the collector V ,·where. 
. . ' ' . '. . .. . . . . c... . . 

. eV < (¢ - ¢) .··. From Fig. III.l(b)(l). arid. 'Eq. (nr.4:) we see that .the 
" . c c. . 

. . . .. . ' ' . . 

· · current· collected ·for a retarding'interelectrode pote.ritial V = 
,d. 

+ V is·': .... c·.. . . 
. ' ~- . ' .. ' ' . . 

'. . . .• : . .. ..· . , ... 

~¢ e : 

. · .. ·: .. _;· ( '·< · .. ,. 
I ' ' ,:.' '. ' .. '' ' ~ ' 

. ... · .. .·-.·. 

< ' .. ::,' ~(V c;TE).: k~. ~xp (eV c k;E¢c .·· ... 
!' ••• . \ ) 

.... ,' . 
' . . .· (III~9) .'. 

... ·. ',·,· . '· .. ' 
' ' .~ .. -. ; . · .. :: : .. ' 

'• ... 
·· .. '; 

... ' 

. , (. ·· ... Note ·.that this. cU:rrerit is independent. of the emitter work functiort ¢. 
·.;•·,1 

~ ·:· ,' · .. 

. The slope··and inten'cept of the .Richardson plot of this eqtktion are 

(~Vc -¢c)/k and P.n.A. These are the true, temperature-independent,' 

.thermionic const~nts, provided that ¢c I f(TE) • 

' :· 

. . 
. ··.··. ···'· 

•". '\ 

' '• : "• 

•. 1 

• •. ~ -,: ~:. ·i'. ,.,,,J~ •• ·~ ,· ,. • .. •·• ~· '·.· 
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· Since Vc'·is known, .·~c c~~ ·,be calculated from the slope and (/)(TE) 

can .be determ'i~e'd by' di~e.ct sub~titution of A. into Eq. (III.).). A ;self

consistent check .'on the• evaluatiori :~f 4)'. • ¢(TE) is. obtained from t:he . c . 

·observed contact potential V
0

(TE). From Eq. (III.9) we see that for a 

constant value of TE t~e slope of a 2nJ(Vc,TE) versus Vc curve in the 

. retarding region should·be e/kTE .. The success of the above method for 

determining A depends on this experirriental observation. Deviations from 

· the true. e/kTE 'slope ar·e caused by many factors such a·s space charge, 
. . : 

·• non-uniform work. function of either electrode, and geometric effects 
. . . ~ 

· (such as the lack of proper guard rings}. All of· these, factors t:end to 
.. . . 

make the ·slope shallower, or the calculated electron temperature T : 
. , . . . . . . . . . . . . . . e 

·· .. :··.· .. ·(determined from the. slope) g~eater than .the true emitter temperature TE~ 
' . 

The non-uniformity· of the work function. of the electrodes can be 
.. ' •',· 

'evaluated 'quantitativeiy· fr~~ the variations ·iri the s'iope of 'the reta~din'g 
·i/.'·.. .. r 

. '', •·: 

.. . . . . 

·~In summary, let us briefly reeapitulate' step by step the way to 

... ::::..·obtain the 'true. Richardso~ constant A, ~nd the true emitter· and collector 

•: :<work functions¢ and·¢ ·(a~suming 'they ar·e u~iform). ·(a) A. set of I-V 
·.:. . ' . . . c . . ' . . . . . . . 

· · ;_.:··:curves·for diff~~ent: TE is. obtained, 'while ¢c. rema.ins constant (if possible) •. 

>· · · <tb) The. s~tur~tion .currents ~s0(TE) are. obtained from the. extrapolation 

.... ·.·.of ·Schottky plots 2n.~J8 versus (ve;·;..,. V
0

)
1/ 2

, to zeropotenti~L (c) The 
·: ·, . 
. : · currents J(V c' TE) at constant ·.~pplied voltage V c in the retarding pot en-

··.·'·. 

tial region are obtained from the I-V curves. , (d) A Richardson plot of 
. . .. . ':~ .~·-~ . . . 

' ' · ·· ... : ·. fn J(Vc' T~)/Ti versus l/TE· yields the true A and· ( eV c - ¢c), an~ th~refore 
.. ~· 

· ¢c al¢o. (e) ¢(TE) is obtained by inserting this A and Js
0

(TE) into the 

Richardson equation (!II.))..· (f) The value of. ¢c - ¢(TE) is compared with 

:·. 
. .. · .. 

: ,1• '. 

. ' . ' 
·~· ' ' .. 

. I 

.. ;.' 
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the contact potential' v0 ( TE). (g)· If <t>(TE) ~ <t>r + T)TE' the Richardson 

plot of the saturation current~, in Js
0

(TE)/Ti versus 1/TE gives <t>r and 

A' = A exp ( - ~ ) • Obviously if·., '1:::: · 0, the true values of ¢ and A are 

obtained in this way also. 

The 'main parameters of a vacuum or collisionless plasma diode are the 

collector and emitter work functions and the emitter temperature. For 

visual clarification we have included Fig. III.2, which demonstrates the 

effects of indiVidual variations of ¢, <t>c' and TE on the ideal log J 

versus V curves. 
c 

~ 

. In conclusion, note that the above remarks apply only if the e·lectrode 

work functions are uniform. UsuaJ;ly.tneY,'.are·not~·:al)d·theref'ore\·in: :h1 

general the observed A and ¢ will both be temperature depentent; .further-
. . . . I ; 

, : . more, the observed ¢ will be some average value of the emitter :vork f'unc-

tion and will also be affected by the non-uniformity in the collector work 
. . . . r 

function. Hence, in this case, the observed <I> and A may not be mor.e than 

parameters to fit the data and thus may not .. have the implied physical : 

' significance. These considerations have been extensively discussect in 

the l ·t·· t . 8,39,27, 71,85,19,26 
J. era ure. . 

B. Experimental Procedure 

The current-voltage characteristics of both the (110) and (100) diodes 

were measured point by point, by means of the circuits shown in Figs. III.3(a) 

and (b), respectively. The voltage on the guard ring was ·maintained at all 

times within a fraction of a mV of the collector voltage. For the ,(110) 

diode this was done by manually adju~~ing at each data point th~~ voltage 

divider in series with the guard ring. This maneuver was performed auto-

matically in the (100) diode circuit (Fig. III.3(b) ) by replacing the 
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voltage divider with an operational amplifier having an input impedance 

of about 200 Mn. The performance characteristics and circuit diae;ro.m of 

the amplifier, which was built for this circuit, are described in Appendix 

L. The heat shield, which was.electrically isolated, was normally kept 

free to assume its own potential. Shorting it to either the grounded 

emitter or the guard ring had no measurable effect on the collector 

current, thereby demonstrating the effectiveness of the guard ring. The 

necessity·of using a properly designed guard ring in these experiments is 

clearly demonstrated in Fig. III.4, which shows typical collector and 

guard-ring current-voltage curves that were obtained by using the heat 

s~ield as a guard,. operating at. the same applied voltage as that of both 

collector and guard ring. The current in the top curve should have been 

about·twice that in the bottom if the heat shield had been an effective 

guard, because the area of the faces of both collector and guard ring 

were each essentially equal to half the-emitter area. But in fact the. 

saturation current collected by the guard-ring and the collector was 

about 25 times that reaching the collector only. Some additional remar}{S 

on the guard~ring effectiveness are presented in Appendix M. The collector.:. 

to-guard-ring voltage. di.f,ference ·was:.monitored with a digital voltmeter having 

floating inputs, a 2-Mn input impedance; and a sensitivity of 0.1 mV. The 

collector current was very insensitive .to this voltage difference except 

when cesium was introduced to the.diode; then the resistance of the ceramic 

insulators in the diode decreased considerably due to surface adsorption 

of cesium, and appreciable current leakage could occur between collector 

and gua!-'d·ring. Because the collector and guard rings were made o11t or 

the same material, polycrystalline copper, it was presumed th:1t the average 

contact potential between either of these electrodes and the emitter hurl 
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·the same value. From all. experimental evidence it appear~ that thi~ was 

a reasonable assumption. 

The applied voltage V across the diode was measured with an electrometer 
c 

having a '10-:ii:.('r input impedance,. and.~ linearity of O.l')b. The current pass-

ing through the collectorwas determined by measuring the voltage drop across 

the calibrated resistor R , which could be varied in steps of 10 from 0.1 . c 
. . . 6 

to 10. n. The calibration of the resistors was better than 0.5%. The 

. . . voltage across Rc was measured with a digital voltmeter having floating 
. 4 . . 

inputs, a 10 -Mn input impedance, and an accuracy of ± 1 digit)± lMV on 

'the 0 to~9.999V scale)., The. value. of R .was selected so as to maintain 
. . c • 

. -. , .. ·· 

. the current signal between 50 and 500 mV, whenever possible, ·SO. that the 

.accur~cy·of.the.current measurement·was better than 'C{o. Necessary precau~ 

.·" 

tions were taken to exclude voltage drops through lead wires and contact 

· · "·resistances from the voltage measUrements made across the ·~rious· com-
. r 

:: ponents o{ the diode circuit. 

rbe power suppiy in the diode. circuit.·was voltage regulated to;± 20 mV. 
. . . ' . . ( . . 

· · :_.· · The power. supply of the filament was voltage regulated to ± 4 'mv. It could 
:- .. 

:.' .· 
also be made current regulated; .how~ver, since the stability of the: emitter 

·.· .. 
temperatur~ seemed to be independent ~:of the mode of operation, the power . 

. : · .. · supply· ,..;as. operated by regulating the voltage, in order to protect the 
. . 

· .. filame~t· from ac~~derital burn-out. ·.The bombardi~g power supply for the 

.. electron gun was not regulated for load· changes. It was· usually quite 

' . ' . 
. stable so_that the emitter temperature could be maintained constant:within 

' · .. the precision of ·the opt.ical pyrometer(± 2°C).: HCMever,.the. output of 
... 

0 :·" . 

.. the supply >oi-ould occasionally drift, resulting in a· ±5 C change 'in emitter 

temperature • 

. ·, ... 
':' '. 

.. :.· 
. . 

.. 

. .· ''• .. , . 

• '• \'I:_ 
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A complete set of vacuum current-voltage characteristics for the 

diodes was obtained in the following manner. The emitter temperature 

. ·was. in~reased slowly until a me~surable electron current (; 10-9 amperes.). 

flowed to. the .collector. About half an hour was allowed for the diode 

to reach thermal equilibrium.During this time the temperature of the 
' . 

emitter was monitored with the optical pyrometer as a check on the tern- , 

:Oerature stability. Then, as fast as possible, an I-V curve was measured 

· · point by point · in the ·minimum range of -20 to +20V on the collector' 

·usually up ·to +.lOOV and sometimes up to + 300V •. This took about 5 minutes. 

The initial current reading was always repeated as a check.on temperature . . . .. 
drift, and .the temperature. was also measured again •. If an appreciable 

·(more than· ~°C) change in emitter temperature had occurred, the I-V curve 
··· .. · 

" · was remeasured. :The emitter temperature was .then increased .·to a new 

_·value and. the above procedure was repeated •. In this. w~y, the emitter 

· · temperature .was raised to a maximum value. 
' . . . . 

r 
Then the emitter'was cooled. 

. ·.·.·in the same manner:~ ·.The inc~emental c_hange in emitter temperature varied. 

from 20 to 100° C. · Takirig such a set of data' took from 12 to 18 hou~s. No 
· .. ·._-.·. 

attempt was made'to maintain a constant interelectrode· spacing during these· 

experiments because that was not necessary,_ but the spacing was adjusted 

· periodically to keep. it· in the :.range o{ 10 to 15 mils. Because the: diodes . . . . 

at thi~ stage had not yet:bee~.wrapped with h~ating w:i,,res, except f~r the 
. . . ... . . . : 

· · ·:top of the collector' stem,· the "temperatures of the ce>llector and guard ring 

could not be held constant. · They increased as the e~itter. temperatJre in

·creased, in the range of 50 to 200°C, depending on the minimum and maximum· 
·:: 

emitter temperatures. It was 'possible though, to maintain at ail times, 

the difference in the surface temperature of the collector and that of 

the ,guard ring below l0°C. 

.. 
,, ·I l.; . . . . . ~ 

,· ... '; ';. 
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Besides the I-V curve, the following data were generally recorded 

at each emitter temperature:· The time," the temperatures of the collector 

.and guard ring, the interelectrode spacing, and the filament and bombard-

ment currents and voltages • · 

C. Discussion of Results for (110) Crystal 

Five 'sets of vacuum current-voltage curves were obtained for. the (110) 

diode·. In addition a sixth set of data was obtained after the cesiUm cap-

sule had been broke·n and the cesium transferred to the bottoin of the 

.· . reservoi~ which was kept immersed in liquid nitrogen. Each set of data 
' . ·, 

normally consisted of I-V curves taken as the emitter temperature was 
. . •., 

raised to a maximum value, plus another series of I-V curves as the' 
. . 

· 'emitter was again cooled. The only exception was the fourth set of: data, 

which was aborted soon after the emitter temperature had bE!en decreased 
. . ' 

from its m~ximum value because the electron-gun filament broke. 
' . 

. ' ~:. · For. illustration we include here the. log I-V curves in the retarding 

potential. region of s.et N~~ 4 .(emitter temperature .increasing) in Fig. III.5 · 

and similar c~rves for ·set No. 5 in Fig. ·III.6 (temperature increasing) and 
. ' .·' 

• t, ' 

·.Fig. III. 7 (temperature decreasing)'; Figure III.5 .is representative of· 

the data of s·ets 1 to 4. The saturation-current lines (horizontal) i in 
. : : · .. _- ·... ' . 

· these figures are .the extrapolation to zero interelect~ode potential of 

the corresponding Schottky plots. : · · 
' .. 

· Several features of these I-V curves will now be discussed in turn. 

:: They are the deviations' of the data points .. from the lines drawn in the . 
retarding potential region, the slope of these l:tnes, the sharpness;or 

'. 
the.transition (the knee) between the saturation and retarding potential 

regions, and the shift in the position of t.he contact potential which 

occurs at a certain temperature. · 

·'· 

·_ .. _,. . ' 
.,'.' 
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Fig. III. 5 
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The first three items' are descriptive of the nonuniformity of one or 

both electrode surfaces. Some of these factors were mentioned in Sec. III.A 

. and are P,iscussed further in Sec. VII. "Space-charge limitations can be 

ruled out because the currents and the intere~ectrode spacing (about 0.010 

in.) were too small. The deviations of the data in the retarding potential 

region indicate that the. work function of the emitter, the collector, or· 

'Doth 'we~e not· unif·orm. · .This 'observation was. 'expected since the coliector 

was. m~de· .of .polycrystalline copper.: In general, a truly exponential de-

'' ., :--. crease in current with voltage will not ·occur in a diode having patchy 

electrod~s until all portions of the emitter 'surface are operating in the 
• \1 • 

·.retarding :potential region (Fig. III.l(b)(l) ); this condition can: be 

< obtained· by applying a sU:fficiently high retarding voltage on the collectot, . ~ •.' . . . . . . . . 
.. r, ·,_. 

•': 
because physically the work 'function distributions on patchy surfaces have 

. . . . . ·finite lower and· upper· bounds. 
. . ' . 

For this reason we have usually draWn the 
,·. 

·r· 
. .• 

sloping lines ·in. Fig's. ·III. 5 through III. 7 throUgh the low-cUrrent data . . 
::·--... 
'<' .,,:··points,. far· from. the. knee of each curve.· Unfortunately the· exper iinental . 

·-.-.: .. _ .. _·_:_· 

, . ··.-.·uncertainty of .the data: was .greatest in the region of low·currents, partly· 

,.. . .'<:. • because.our· \!~rent· ;esolut.io.nwas 10-9 ampere and partly because the I-V 

':. 

. · .. . .•,. . . ' 
,•. ,•. 

. . . 
curves had· to be corrected .for reverse currents. In sets 1 through :4, the. 

····•. I 

:. . . . .. ':' . ··.. .. ·.·: ...... . ·.. . . . . . . ~8 . : 
.. . . reverse current was due to a low-level· de noise of about 10 amper~. In 

.: ·set 5 the' reverse current inc;eased ~ith emitte~ :temperat~re from lo-8 to 
·:· .• ' .. ;:.:. -6 .. ' 

.' '.I :•. ( '.10 .ampere. This increase was due either. to ce'sium-ion emis~:;ion fron:~ the 

. ,-·. 

.. '··· · e~:Ltter an~/~r·· to ph,otoei'ectron emission from the collector whose work func-

.:. ~:·.: ·_tion had decreased 1. volt.· below it.s value in the preceding data· sets. The 

' 'changes in the current-vo'ltage ·cha~acteristi~s of the diode. aft~~ 'the 

fourth data. set ar:e tlie .result of. having. to: replace. the electron gun, as 

will be.discussed later ih this section. 

:- .•· · ... ·' . ·: . · ... :' ~ ::. 
.. . ~. · ·', , .. 

··:.:·,. ' ..... : 

~ ., . . ·.·· ', 

'··. 

'.',": 
J .• 

· . ·' 
. '· . 
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The temperatures T listed: by each sloping line are the electron tern-
. . e 

·· peratures calculated from the slope of the lines. The observed_ pyrometric 

temperatures TE are listed next to the corresponding saturation-current 

line. The .·electron t'emperatures exceed the measured temperatures by 50 

0 . 

. to 300 K. We believe that this temperature difference is greater than any 

reasonable systematic error in the absolute value of the temperature mea~ 

~urements or in ·the measurements of currents and voltage; Therefore it 

must be due to the nonuniformity of the collector work function and perhaps 

that of the emitter also. Hence, as discussed in Sec. III.A, we ·.were · ... 

not able to.obtain.very meaningful results from a RicharQ.son plot of'the 

currents at: constant voltage in the retarding potential region.·· This means 

. that we_ can rely only on the saturation current's to calculate the. emitter 

· ·. ·work· function· and the·· Richardson constant A. 

·,:·. 
··..: 

·:·: 

·It is evident. from the I-V curves of Figs • · III~5 through .III. 7, that 
r 

. there is_ an abrupt shift in the posi~ion of the contact potential as a 

certain emitter t'emperature is reached, and that' this shift is not accom-

panied by the expected change in the saturation current. The dependence of 

· · . the saturation current .on t-emperature is further illustrated in Fig. III.8, 

.whi~h is. a Schottky. pl~t, log·I·versus (V- V ) 1/ 2, for set No.5, with 
. . . . c 0 

_temperature increasing. This figure shows that the saturation .current did 

.not change as the .emitt'er temperature was· increased from 1963 'to 2004°K. 

........ 
The behavior. of both the saturation current and tqe contact potential in-

. . 

':····; 
,_· .. dicate. that the 'emitter w~rk function incre~se~ as the temperature is 

.... ·, 
':-.• 

·,. 

. . . 

increased through the. "transition" region.·· This effect is demon.~trated 

again in Fig. III.9, _which shows the RiChardson plots of the field-free,· 

·saturation-current densities, log Js
0
/Ti versus_l/TE' for all sets of 

data. The bottom line in Fig. III.9 is a Richardson plot of the current 

~ .· . . 
'· .. 

' ... ''. . .. . . 
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densities of set No. 4 (Fig. III. 5) in the retarding potential region, 
I ••·•• ·, -_.· 

.. :'.' ' ' 

obtained for a constant collector voltage of -2 .OV. · As described in Sec. 

III.A, this latter plot is indicative of the 'collector work function. But. 

·.in view of the discrepancy in the calculated versus measured temperatures 

discussed above,- we cannot attach much confidence to the quantitative 

analysis of· such a plOt;. it was included only to illustrate that the 

·· · .. change in collector work function through the transition region was' con-

sider'ably less than that of th'e emitter. 

It was observed that the transition temperatur-e decreased from about 

· ... _: 1900 to l800°K with each succeeding set of data through the fourth (Fig. 
I. 

,.·. 

·: . : III. 9) . We believe that this phenomenon is due to the desorption of some 

·· ···: ·gaseous. impurity from the emitter surface at some critical. temperature, 
·,. 

that depends· in part on the residual gas pressure in the diode; and'that 
. _.'· 

gradually the residual gas·was removed by gettering or.by read.sorption on. 

·. :"" 

. . .. · ·-:. . . · .. ·. . . . . . . . - . . . . .r . i .. -. 

.. .. a cold part of the diode,. thereby lowering the temperature at which; the. 

.concentration of the gaseous impurity on the emitter surface becomes 

negligible. · The adsorbed :impurity here was not o:xygen, ··as it is well 

'·· ·. ·-· 

'.known that its ~esorption would have lowered the· emitter work function, 

contraty to our. 'observation. Perhaps it was nitrogen, which could have 

b.een gettered ·by. the tantalum cup. supporting the. crystal· emitter. · ~ · 

•I,', 

. - .. :'·' 
':'.'' 

·. Y'ith .. t.he fifth data set,· the transition. temperature increasec:t .17gain . 

... ', ,• .·to nearly 2000°~, As.inentioned·earlier, the filament broke after the fourth 

.. ::·> .. ·set andnea:dy a month elapsedluntil it could be replaced. It was ~eplaced 

' .. ··.· without. opening the diode· chamber containing the electrodes; but the electron-
:::: 

gun chamber, confined by the tantalum cup, had to be opened to the atmos-

phere, of course, and. then re-evacuated. This evacuation l-ras done '\otithout 
' . . . 

benefit of another.high~temperature bake out, .and the diode chamber un

doubtedly beb~me reconta.IJlinated again, possibly by diffusion of air :through 
' ':- . , ·. .: ; ". :. , ' .. ;. ',: . ': ·: .. , .. ··~ ·. .: ' ' : . . ' . ' .. ' . . . ' . . : 

:. ' .' . .'• ··, l 
, •. ,u". ,.J -~ ': _"n •. '", 0: . ·.! / , ': ~ ··: r :, 
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the thin w~ll 'of 'the tantalum cup. The large decrease to l800°K in the 

·transition temperature of the sixth data set, as shown in Fig" IIL9, in

·dicates that cesium, which was introduc'€d into the di~de between sets 5 

and 6, may have been effective in the removal of this contaminant.· 

Acomparison of the log I-V curves· of sets 4 and 5 shown in Figs.III.5 

through II:t.7 shows that the collector work function decreased by one.vo.lt 

~fter the diode was reprocessed. The fact that the curvature of the knees 

in Figs. III. 6 and III. 7 is. much b:r:oaderthan that of knees in Fig. III. 5 · 

indicate's that the spread in the work-function distribution of the collec- ·. 

tor was ~reater in set 5 than in the earlier sets. We believe that these 

:effects are due' to changes in the collector rather than in the 'emitter, 

.because had.they occurred in the emitter we would have observed a signifi-
~ . . . ~ . . 

·.cant· difference between· the Richardson plots of sets 4 and 5 above. and 

• their respective transition temperatures. The effecti ;,.e w~rk funct:i on of 
r 

_the collector in· set· 5 was ~bout 2. 4 eV, as we will see late!r •.. Such a· low 

work function can be explained only if an appreciable fraction of a' mono-

atomic layer of cesium (which has a work fUnction of 1.8 eV) was adsorbed 
. . . 

on the collector. This possibility 1'-las substantiated by the observation of 

a small but significantreverse current through the diode when the applied 

.·.voltage ·on the collector was large (>>!V
0

j) and negative. It is not known 

:· · how cesium cculd have been introduced to the diode between sets 4 ~nd 5 · 

even in this minute amount1 because presumably the cesium capsule had not 

.. yet been.broken •. Perhaps _it had cracked slightly in handling. A small 

. concentration of cesium in the diode would have large effects on the .... rork 
•, . 

.-. 
function of the cold (less than 200° C) collector but would not :dffect the 

emitter in the temperature range in which it was operating; this is:anothcr 

reason why we feel that the differences in the I-V characteristics of net3 

·.! • ·, •'' ·'." 

• • ~-· •• \·.: ./ j. 

'' ') :,: I I ' \ I''' 
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4 and 5 were primarily caused by changes occurring in the collector. 

The field-free saturation-current densities J needed for the Richardso 
'2 

son plot shown in Fig. III.9 were evaluated from the intercept at zero 

interelectrode potential of Schottky plots similar to those shown in 

Fig. III.8. The simple Schottky theory fits the data very well except for 

currents below 10-
6 ampere, where monotonic deviations begin to appear at 

liigh.voltages~ The deviations cannot be completely accounted for by 

·• ··.:assuming a small leakage current proportional to ·the applied voltage, and 

... · ·remain unexplained. The bare work function ¢ (the subscript o' denot'es a 
0 

clean sutface, · free of cesium) of the ( 110) crystal emitter and the 
• 

· : . .Richardson constant A were determined from the slope and intercept of 

. Richardson piots f'or ·each data set ... These quanti ties were computer· evalu- · 
. . ~ . . ' . . 

. / '~ . ·, 

· .. ~' ·. '' . a ted,·. by the method. ·Qf least squares, usirig only the data measured above 

,::;:. the transition temperature. of each particular set. 
, 

The results are-tabu-
I 

· ·: ; ·: .. latedin Table: III.I, which includes iri addition the results"of·Richardson · 

. ~ •. 

·. : .. · 

· .. _:·plots for currents at three constant ·voltages in the .retarding potential 

region~ These latter resuits were also obtained by the method of least 

···squares for the data measured above the transition temperatures. Sets 1· 
. . . . 

.and 2 were analyzed together _because they agreed very closely with each 

other~· . They fitted a. line. corresponding .. to a work' functio~ ¢0 =. 5.08 
:··:. 

_: ± 0.~8 ~v. ~n~ ·an ~-:~i~e' o~ :45 ±~~· ~pe;~jcm2 -0 IC. ·. This line is showri 

as: the· second highe~t '1±-~e:in.Fig.·'ni.9. ··Sets 3,4, and 5 also agreed 
... ,._: . , . 

... : . well w~th each other and we believe the combined analysis of these three . 

-~: /'·.: sets best represents; the·· properties of' th~ .(110) ·crystal. They. fitted a . ' 

line corresponding to 

' 
rk 5 3 . 4 . / 2 o.2 ·. '~-'o = • 3 ± 0.0 ,ev and A = 207 ± 50 ampere em ... ~ ·• 

This line is the highest line in Fig. III.9. 

. ~ . -~ . . 
: .· . 

.... 
., '· ... 

. .. 
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Result(3 of the measUrements of thermionic emission in 
vacuum for the ( 110) diode above the emitter's t·ransi
tion temperatures. All the values listed have 'been ob
tained by t·he method of least squares. The errors are 
equal to twice the standard deviation of the means. 

1 and 2 3 4 5 
(March 2,4) (March ·11) (March 18)(Apri1 11) 

3, 4, 
and. 5 

No. of data points 12 13 11 6 : 32 

. · '· ~ ¢
0

(ev) . 5~08±0.08 5.33±0.06 5·35±0.04 5.22±0.14 5.33±0.04 

.· ·.·.·A (amperes/cm20~) · 45±20 200±68 229±58 ~14±87 207±50 

.• · ..... vc (volt) · ~2.0' -2.0 
... •.-'" .. ' 

... : · ¢ :.ev ( eV.) 
. . c c . 5.31. 

. · · . A (amperes/~2~·Ji2) . 113. 

v ,· ·..... c (volt) -2.2 -2.2 

-2.0 
.; . ~ 

59 

-2.2 

.... 27 

-3.0 

.\. 5.01. 
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The errors listed for these quantities are equal to hTice the. standard 

deviation of the mean. We estimate that the error quoted for ¢ is reason-
.• . 0 • 

able because'the evaluation of¢ is practically independent of a systematic 
. 0 

error in the measurement of TE arising from uncertainties in the effective 

emissitivity of the emitter hohlraum and the absorptivity of the ivind01vs; 

it is also independent of a systematic current-measurement error.that is' 

directly proportional to the value of the current. These two systematic 

errors are the only ones that we could reasonabzy expect fr.om our instru-

ments.· On the other hand, the e:raluation of A is very sensitive to' these 

~ two types of errors. Because our voltmeters and curren~-measuring resis-

·tors were well. calibrated; we estimate that any error .in A resulting from 

·a systematic error in the current measurement is small compared iofith the 

.value listed. We cannot say the same of the temperature measurement and 

. it is quite possible that the above value of ·A is high (compared to'· the 

theoret-ical valu~ of· 120) 'be~ause of a co~stant error in 1/T~ ~esulting 

. . \ .';· 

0:' :.· ; . · ·.· · from· an emissivity or • absorptivity uncertainty.. If anything, we expect 

.•.: .·.·.:.::·:.that the true emitter· temperature was·larger than the.·observed ·temperatur·e· 

, · . :: i.·:: because we assumed· that the emissivity of. the emitter "black:-body 11 hole··· 

... . : .. ·was unity and becau~e the sapphire windows incorporated in the diode may 
. . . . ' 

. ·.': > _. not hcive been ·.as clean as the one >orhich we calibrated (Fig. J .1 of Appendix 

.. : . . , ~ : .. : . :·.~·J) •. A eonstant ~error in 1/TE. of .~bout 8.6 X to~5 tK, correspondine to an 

.. · :.·:··.error. in TE of 34°K .. at·. 200°K,'·.would reduce A- from 207 to' its theoretical 

. ,, · . .-.. value· of 12Q a.J?Perrrs/cm
2 -.or .. Although we do not believe that. our uncertainty 

. . ~' .... 
'in the absolute· tempe.rature was that high; such an error is not out ·of the 

·-
. realm of possibility. 

'. 

' . . ' ·' .. , ... 
,• ,'· .... 

. ··· 
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The discrepancy between the results of the first two and the h1st 

three sets is not consistent with the observed contact potentials for these 

sets. The average contact potentials above the transition temperature in 

sets l to 4 were identical within 0.02V. This means that the emitter work 

function was essentially the same for all four sets, assuming of course 

that the collector work function remained constant. The possibility that 

the absorptivity of the diode window increased after s.et 2 can be ruled 

out because (a) such an effect would displace the Richardson line but 

would not noticeably change its slope, and because (b) an accurate rccoJ·d 

of the power input to the emitter did not reveal any discrepancy in the 

temperature measurement •. 

The cause for the change in the slope of the Richardson plot may be 

due to a time and temperature dependence in the work function and/or the 

effective area for electron emission, caused probably by the gradual 

desorption of a teancious surface contaminant. If we assume that the 

correct. A value is 207, we find by substituting this value in the Richard-

son equation (Eq. (III.2) ) and calculating the work function from the 

measured current at each temperature that the work function in sets l and 

2 varied from 5.35 eV at 2132°K to 5.34 eV at l988°K. This work..;function 

difference is within the precision with which the contact potential could 

be determined. If, on the other hand, we assume that sets 1 and 2 are 

correct and that A ::: 45, then a similar calcuJntion applied t~ set 4 

gives ¢ = 5.04 eV at TE = 2195°K and ¢ = 5.08 at TE = l94l°K. The 
0 0 • 

change in contact potential for this temperature interval '"as about 0.02 -

0.03 eV in the corresponding direction, as seen in Fig. III.5. From thc:;e 

calculations we obviously cannot tell with absolute certainty vThich of tht..: 

data sets are correct, especially since >Te have no Hay of det.ermininc ir1-
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depende~tly that the collector work function stayed absolutely constant 
:-. 

_during each set. It should be evident from the results presented in Table 

. ·,_ ·.-'·.·III. I that~ a:s discussed earlier, -vre cannot rely on the Richardson plots 

·' ·. 

. ' 
',/ .· 

. of the currents in the retarding potential region to calculate either A or 

¢ . For each data set these plots should have given the same value of A c 

irrespective of the value of the constant voltage V · at \>lhich the currents 
c 

were measured, and the value of (¢ - eV )/e should have varied by exactly · 
c c. 

the same amount .as the change in the voltage. 

We did not caiculate a work function for the data of set 6, which were 

obtained ~at very lo~cesium pressure; but the electron ~mission above the 

transition temperature was essentially the same as that of the previous 3 

:.· .. sets, ·indicating that the emitter work function was ·also similar. However, 

·:.the co~tact potential ~bove the tran~ition temperature in set 6 was >·9V, 
' , I • 

; .. as· shovin. in Fig. VII.2 of Sec.: ·VII. Therefore, :if the .emitter work function 
r 

' :was 5. 08 eV, that of the collector was less than 1. 2eV • Such a ·worl~ function 
-· .. : ..... 

'' .... 
. . . 

-:is lower than any reported in the literature for cesium adsorbed.on clean 
.. ·- .· ··' 

. . :. metals or on .. me,t~l~ contaminated with adsorbed gases, such as oxygen, hydro-
· .. · ·. 
· , ... : g.en, or fluorine~ /The. minimum wo~:k f~nction. observed· for these surfaces is 

_·_.-.: __ ::l.;·to 1·.4 ev.·1, 64,~3, 20,7S:: .. This is below:·the value of our collector work· 
• • :·.···~-~- • ·r . . . ,: ''_ : , •·•. ' . ~- , . ' , • . 

. ·.: .. , · · · 'function .when the latter is. calculated on the basis of· an emitter work 
•, • .. , t'', :: I : ',( ... ; .:',';I. ',.,'' 

. ··,_·.·.:function equai to 5.3·3 eV. ·· ''.· ·· 
• ; •• • <',, r • .. 1. ~ ., .•. 

, .. 
·, \ • • ,i .. 

·< 
·. -;·:::\ .·· We have greater confidence in the values of ¢ = 5.33 

. . . . . . . . . 0 . 
eV.and A'= 

. · ·.: ... 207 amp~-res/cffi:20 -f?- th~:in· those obtained in the 'first. tuo sets because of · 
'• .. ·· .. ·.:: ' . . 

·.the evidence presented in ·the preceding paragraph, because the diode seemed 
.. 

. to decontaminate itself with each succeeding d'ata set, and because the 

measurements of _sets 3 to 5 extended to higher temperatures where we can 

be more sure of a clean surface. Sytaya et al, in studying·the evaporation 

. ' .. , 
.•· ... ...... I i 

.,, .·• '•'' 
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of oxygen adsorbed on (110) and (100) tungsten crystals found that the 

threshold temperature for desorption from the (110) crystal is about 

.. , .. 2000°K. 87 So we e:ipect. that our high-temperature measurements were charac-

. . . . ' . 

' ' :~ . 

. ·' 

i. 

teristic of a surface free of oxygen. 

The emitter wo;r-k function below the transition tempe:ra ture was evaluated 

by substituting the value of the observed currents and of A = 207 amperes/ 

·cm2
°K2 into Eq. (III.2) and solving for ¢. The same procedure was used 

. ' 

to calculate the collector work function from the currents in the retarding 

potential region [( Eq. (III. 9) ]) • The results obtained :for set 4 are given 

in Tabl~ III.II. The. comparison between the observed contact potential 
L . 

. · V 
0 

and ¢ c - ¢ .in the ·last two columns is a measure of the consistency of· 

these calculated results~ 
, .. 

~ ., . ' .. ··: 
D. ·Discussion of Results for (100) Crysta.l·.· 

· Three • sets' of· vacuum current~voltage curves were obta.ined for :the (100) 
r 

. . . .. 
diode, plus· a fourth set of data.· after cesium was introduced into the diode, 

·but with the cesium reservoir immersed in liquid nitrogen.· The current-

. '· voltage curves for the third set are shown in Figs. III.lO and III.:ll and the 

Schottky_ plots . corresponding to the ·data of Fig. III.ll are shown i,n Fig. 

III.l2. These figures are typical examples·of all the vacuum data 'obtained 

fo~ the.(lOO)diode. The. temperatures T listed alongside each slo~ing line 
e . 

i 

in Figs. III.lO and III.ll were .calc~lated from· the slope of· the lihe, where-
'. • ! 

as the temperature TE .. ~is.ted next to each_ saturation current line w.as the 
·,·' ' 

• .. · 
. •' .,.. 

·. ': 
' t•'.il 

measured emitter temperature. The value of the contact potential, ;initially 
' I 

·· -1.8V, changed gradually whenever the collector temperature exc:~.eded a.bout 

120° C in each set of vacuum data, to a final valu.e (Fig. III .11) of -0 ~ 56V ~ 

This effect was not accompanied by a corresponding .change in saturation 

current and was 'therefore due to a gradual ·increase in collector work function. 

I'' .. .,,' 
,. • I 

, I 
',·.I . ,. ,· . ' ' .. ·· . 
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Tabie III. II Emitter and collector work function in eV of (llO)· 
diode, .calculated for set 4 from th~ Richardson 
equation with A = 207 amperes/cm2°K • . 

" ... .··;.,·. 

. : .. ' ·:.: 

···. 
...... 

2195 

2153 

2111 

2068. 

·, . ~ 5.33 

5·33 

.. _:. ·. 5.33 

I :.", 

.. · ·: •' 

. ~.-.. · 
.··. 5·33 

; 
3.41 

. 3.41 

. ·. " .. ~ .. '' . : ... . :. ' 3. 40 
• • •, • , .• -!,_·~ ·: 

'·. ·.:;: .. 
. ,,, ~ . · .. · 

. ... ' ··. 5.33'- . . ... ·. . . , .. ~ •/- .. -· . 3·39··. 

. 5.33. '-~· . . 

,, 'I ~>>:• ·:~ • 3-39' 

1901 ,. . ':: 5.33 :' 
. . . .. ,. . 3 41···, . . . 

. 1856 ... : ·. ·~--,· .... :. ·:·.::.:.5._.30 ·..-:·~·-:):~:· ·: ·. ·: .. ·.·.: :.; 3.38 

• ·; ';:,:' 1819:::::·:,;'>·· .. ·· . .'· .. ·:·:5.17:< .·., ,··:·:··/·:' ·.·:I .' • 3 °35.,,·,: 
. • . ·'. . . . . •. . ~ .· . 

. . ,. '1774 .. · ::; < ··. ·: .... -:5.11' -~ .. :,.,:· .. · ·.;:· ... 3.32 
'• ' •\ . .'. -:: ".-:·::. ...:,.. ;, . . . ~~~-- .. 

.• ,· ...•. ·-.,•·:::;·,;./ ;./:;:~:.·rN··~,:::·':':::~· 
;.~>:_·:..-: > ::< .. 3: 38 

. ..... 
- .. -

. • .. :\ 
. ·:· ·.z_:: ··/ .. :: ... 5.ll_:;:_i.:.··.::.;i_,_ .. 

.. .. :. 
:~ :··.. . -... . ..: :: · .. -~ . '· 

\ .... -~ : ~ .. _··· .. 
i607 

. . ·-:: 

·.• . 

·,· 

. •'\ 
;. , ... 

1.91 

·. 1.92 

.1.92 

1.92 

.·,·. 1.93 

_1'.91 

i. 1.82 
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. The initial and final values of the collectpr work function, determined 
•, 

•, 

from the_ emitter work function and the contact potential, were 2.9 and 

4.1 eV. _Such a change was probably due to ·the desorption from the :cpllec-

tor of some electropositive impurity, possibly cesium, having a low heat 

of evaporation. However, if there vtas any cesium vapor_ in the diode, it 

vTas at such a low concentration as to b~ unmeasur,able. (2 <X l0-9ampere/cm
2
). 

The variation and nonuniformity of the GOllector work function pre- . 

vented us from determining A and ¢ from the retarding potential region . . . c . . 

of thei-V curves. As with the (110) data, the field-free saturation 
. ~ 

currents were obtained from the intercept of the ·schottky plots at _zero 

' 
. j_nterelectrode potential. These currents were then· used in making _the · 

_ : Richardson plots shoWn in Fig. III.l3 • 

For each data set, th~ slopes and inter-cepts of the best lines: through 

. ·_the data were. again computer evaluated by the nethod of least squares. It 
·I 

was found for all thiee va-cuum sets that· within a given set the· Richardson 

plot obt·ained as the emitter t~mperature was .increased to its naximu.'ll value 

. _:did not match that obtained as the emitter lvas cooled. $o these two sub-

-sets of data were analyzed separately.· All the data of the fourth set 

(cesium in the res~voir at -196°C) were very consistent and were conse-

quently_. f'i tted to · one· line. 

The results of .. the_ computations ~re shmm in Table: III. III. Except · 

for ·that of the fourth ::;et, ·each line i~ Fig. II! .13 was drawn through the 

(fata· obtained::.in-.,_each -se't f'ol7 decreasing .em:j.tter~:.temperatures: ·only.: ·:'The. ·most 
; . . . . . ·, ·, 

striking f~ature of the data _is that the slopes of the Richardso? plots for 

all the decreasing temperature data and including the fourth set are the 

sarne·and are equaLto 4.65 ± 0.02eV. Apparently the em:i.tter work function 

was constant throughout the experiments, whereas the value of A gradually 

(,\,. 
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. Tab :t,e; III. III Slope and intercept ·of the Ri.chardson plots for the ,( 100) 
crystal. All values listed were obtained by the method of 

·.least squares. The errors are equal to twice the standard .· 
deviation of the.means. 

Set 

1 (Feb. 4), 
TE increasing 

1 (Feb. 4); 
· · T decreasing 

E 

2 (Feb. 7), 
_TE increltsing 

. 2 .. (Feb. ·7), .. ·/, 

TE decreasing ...... . 
. :·~ . ' :' ·'.: . :"·. 

"' (ev) '~-'o 

4.78±q.o4· 

. 4. 71±0.04 

4.63±0.03 
' .. 

' 273±4o 

220±52 

. '162±32 
. . •, . .. ~ .. · .. 

Number of 
data points 
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(, 

12 

:.- ::13. 
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: f 
. l 

·'··· .. 3 (Feb. 16),. ._: ·· ·· 4~64±o .o2~··. 
.: .·.·.- .. 6 
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_,_., .' 
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TE decreasing · ' · · · . ·· 

',._ :.'-;_ .. ·· 

· 4 (March ·5); .· 
all data points: 

.. :, 
. . . . . 
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increased. Information concerning the time or temperature behavior. pf 

th~ emitter work function ·could n'ot be obtained from the observed c'ontact 

potential, becuase the collector work function was changing widely 'during 

these experiments. 

The results of Table: III. III can best be eludicated by considering 

the detailed chronological behavior of the four data sets. For clarifi-' 

~ation, a chronological schematic plot, grossly exaggerating the differences 

in_ the data of Fig. III.l3, is shown in Fig. III.l4. The first two sets of 

data were obtained by heating the emitter to a maximum temperature and cool-
•. 

ing it again as fast as the time necessary to reach thermal equilibrium and 

record the data would permit. From the results of thes~ two data sets, the 
. ' \ . 

effective area of electron emission appeared to increase with time whenever 

·.the emitter _was operating near the top of its· temperature range. _-This 

. ·.: 

apparent effect was most pronounced with the first set and less so with 
r . 

the second even though the time spent at high temperatures was·about the 

same in each case~ The increasing temperature data of the third set closely 

matched the decreasing tempe,rature data of the second set, and it _seemed 

that a stable emitt~r ~ondition ·had finally been reached. We decided, 
:'-· . •. -... . . . ' 0 t 

nevertheless, to hold. the, emitter temperature at 2020 K for several' hours· 
' I 

and monitor the change in·saturation current with time. A plot of this, 

shown in Fig. III.l5, 'shows 'the saturation current at'··2025?K versus 'the . •)' . . ,. . ..... ' ' . . 

to~al accumulated time at- or above 2025°K, including the first two data sets. 

When it appeared that a steady current value had been obtained, the emitter's 

temperature was. raised to 2078°K long enough to take data and t~_en lowered 
... 

gradually, with.many measurements taken on the way down. The value of the 

work function obtained from this data is identical within the experimental 

error to that obtained from the temperature-increasing data of the same set. 
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Hence, the parallel shift in the Richardson curve '·rithin this third:. set. can 

be explained only by an increase in the effective area of emission.: From 

Fig. III.l5 it ''was thought that a final "effective emitter area had been 

achieved. ·. Between the. third and· fourth sets,; the cesium capsule :.was· broken 

and the cesium transferred by evaporation and recondensation to the bottom 

of the cesium reservoir. Al'l ·parts of the diode were exposed to a high ' 
• . . r :.. •• 

cesium flux during .the transfe:r and· the. emitter temperature was at no ti.me 

above 15Q0°K. · The results of the fourth data set, portrayed in Fig. III.l4, 

.·indicate that this exposure to a' cesium atmosphere apparently had an addi .. 

tional effect in increasing_ the effective emission area 1of the emitter, 

totally independent of.the emitter temperature, at least\ above 1500°K . 

' The input.power curves versus emitter temperature of the first and 

fourth sets agreed within the. experimental error. Therefore the increase.· · 

in the emitter area was not the apparent result of an· increase. in the 
r. 

absorptivity of the sapphire window through which the emitte~ tempe~ature 
. I 

was measured. 

In light of the evidence. presented above, it appears that the work 

function of the crystal surface remained constant but that the effective 

· a;ea of electron emission incre~sed with time at high temperatures. ; This 

, effect could be due to the evaporation from the emitter surface of a'dsorbed 

electronegative atoms such as oxygen. It has been lmm-m since the early 

experiments of Langmuir that the adsorption of oxygen on tungsten and other 

metals can greatly increase their· work function, '\'rith the result that the 

thermionic emission from a metal surface with adsorbed oxygen can be· 
:~:: 

" negligible compared with the emission from the clean surface. Any desorp-

· tion of oxygen will then appear as an increase in emitting area. Further 

substantiation that oxygen was responsible for our observations,comes 
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·.from thework of Sytaya et al., who, as mentioned in Sec. III.C., studied 

'the adsorption of oxygen on (100) and (110) tungsten crystals.87 They 

found that the thresh.old temperature for oxygen adsorption on the (100) 

crystal· is about 2100°K. The fact that our emitter temperature maximum 

(2078°K) was very near but slightly below this value might explain the 

· slow time dependence of the desorption that we observed . 

. Cesium, of course, getters oxygen and. appears to have been instrumental 

in removing.adsorbed oxygen.(if_it was oxygen) from our (100) crystal sur-

face. 
·:.:." 

. •' .~: 

: we' b'onclude fr'~m this experiment that the bare wor~c function and 

·' . Richardson constant for otir (100) crystal were (assuming no temperature 
·,. ' . 

··. · dependence· in the work function) ' ' 

r. 
\ .. : . 

The· errors listed and the somewhat high final value of 'A are subject . 

. ' . ·to the ~arne ·remarks that ·were. made for the result of the ( 110) crystal ·· · 
. . '. ~ .. · 

. . .. ; ~ 

... "E. Com:earisori with the Literature 

The 'work functions of va-rious crystallographic planes of tungsten have 

•.• been· me~sured · ni~ny times in 'the past. However, as mentioned i~ Sec• I, 

·· few studies have been performed on flat'.crystals, with known emitting areas 

and with the use of appropriate guard rings. In Tabie III.IV vre have listed 

in reverse chronological order .only those results obtained vrith~~ the last 

15 years. References to older works can· be found in some of the paper:::· · 

listed in the table. 

. . . .~ 

,_. .... ·. 

,., 

/ 
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'r.ab.l~ III.IV Work functions (in eV) of the (110) and (100) crystallo
graphic planes of tungsten. 

· ·. ·:. __ < Investigator ¢ (110)' 
0 

¢ (100) 
0 

Koenig (this~ study) 5.33 4.65 

5.30 4.66 

Young an€!. MUll~r99 ( 196i) · !'f6.;o. 

. .. . . 42-'.. . · .. 
Hughes · et aL . ( 1958) · · 

' .. ·.· 
'. ·> . ' ., -~· . 

-' l. 

. ' . '· ' ·' ' ~ . ' . 
H~tso~43 (1955) :· ::_ ·. :'._· .. 5~1 

. . _., .. ·-· . " _:~:·~~ (.Lh.':><.! .. :·· .:· · 
. · Muller 66 ·c i954): .·-.-:... ~\ .. : .·; · 5 ~ 7-6 .o· .. · · ··· · · · 

.i 'J •••. 

' ··.~ ':. 

..... 
... . . '. 

:· . , , : . ' . { ~· . • . .' .: ' I ', • 
," ' ' ·, '. ' ~ .. : :r. ' • t.: ~ •, : • : ~"~ :. ~ ' .!; .' ...... <· I"· 

Smith82 (1953/·· .. ·· . 4.72 ".·4.52~· 
···r , ... :·· ·.· . 

• ••. •· t, ·, 

. ~·.. ... : ,. : .. ! . / . .~ .. 

.. 
Wilkinson9a (1953) · . :: · 4.68 

. Brown et · al. 13 ( 1949) 

.. 

·. ,· 

4.56 
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from planar crystals 
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Sr and Ca from planar 
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emission from single 
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from single crystal 
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metric measurement 
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Of particular pertinence to this study a~e the results qf Reynolds, 

· who kindly furnished us with our own c~ystals and who measured the work 

function of several (110) crystals cut from the same bulk crystal as 1vas 

ours.77 He used the method. of surface ionization which, if the surface 

under study is not quite uniform, will tend to give ari upper limit to 

the work function of the surface, whereas the method of thermionic 

'emission will favor the lower limit. The results of Reynolds and our ex-

' 
. periments have plaqed rather narrow limits then on the. (110) tungsten 

work function. 
~ . . 

I .. OUr results agree closely with those of the next ty.ro most recent 

.-·, 

; thermionic emission studies of Sytaya et al. 87 and Hugh~fS e~ al. 
42 

As 

mentioned earlier, ~ytaya et al.also studied the evaporation of adsorbed 

·oxygen from (110) and (100) tungsten crystal andfound that·the threshold 

'for· evaporation :Was 20.00 ?Kand 2100°K1 respectively. Since most of our good 
r 

·· · .. · (110) data. were obtained between 2000 and 2200°K, we can deduce that oUr 

'I '' 

., ... 
results are for surfaces free of adsorbed oxygen. OUr data for the: (100) 

II,' .'\' 1 • 1' ', 

' . . ••.. . .1"•' ; . ' 

crystal suggest'that tl:i~ threshold temperature for oxygen evaporati?n 
. . . . . .. ..· 0 . . . . ... ·• .. · 

. ·may be as low ,a.s 2025 K;; although this· canno:t be affirmed conclusively 

· since we had no way of measuring directly the nature of the gases adsorbed 
.t: !· .. 

on our emitters in. the low-temperature. range. · 

·· . The results of the field..:emission' experiments listed in Table III .Iv· 

have.a considerable spread and generally disagree with,those obtain~d 

from thermionic emission or surface ionization. The difficulty with the 

field-emission method lies ·in the determinations 'of the electric field 
. ~::: 

~ 

at the emitting surface and the evaluation of the emitting area. The 

former is usually assumed to be uniform and the latter is assumed to be 

constant, independent. of the applied field. 
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.·. 

·F. Summary 

The work functions of the·{ 110) and ( 1.00) crystal planes of tungsten 

were determined from measurements of thermionic emission in vacuum, in 

the temperature range 1400 to 2200~K. · 'rhe results, obtained from the 

2 
slope and intercept of Richardson plots (log J ITE versus liTE)' are 

as follows: . 

... ~ 

so ~ 

( ) + 4 + I 2o 2 · ¢ 110 =·5.33- 0.0 eV, .A= 207- 50·ampere em K 
0 .· 

· · + · I 2o 2 ¢ (100) = 4.65 - 0.02eV, A = 238 ± 75 ampere em K • 
0 

The values ·of the work function for both cry~tals agree quite well with 

the most recent values published in the iiterature. The so~ewhat high 

··value. of A '{n each case may be_ due tO an uncertainty in the measurement 
. .. I 

.of the absolute emitter. temperature. We were unable to determine A 

independently. of ~he work fu~ction, for either crystal, from the emis.sion 
. . . 80 .· : 

: · in the retarding-potential 'region as described by Shelton, because of 

i •. : 

the same reasons,· the temperature dependence.of the bare work functions 

·of the. emitters could not be. determined ·from changes. in the contact' 
.... · ... 

. potential •. 
. . - ' . . . 
. ·,. -~. ., :. 

•' .. -. ~- · .. : .. 
: ;•- -·. •· .. .. -.. ·· ·.· .. ' 

. " / . . . ... . . - .. -... ·. • ... ·-··, 
·.·'· .. .. :-:-·-· -··. 

-~ ;" ' :. .. .. .. · .. ·. ·:· 
•' ... ·.·· ,·-· ; __ _ . ' . 

•,. : ~ . . :. ' .... 

: . 
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N. HEAT OF EVAPORATION OF CESIUM ATOMS AND IONS 
·ON (100) AND (110) CRYSTALS 

The surface ionization of. atoms and molecules impinging on a hot 

metall surface' l:la·s- b1een·: extensive·ly· described· in several t;oocl review 

articles, 101' 27, 49 and therefore we will present here only the aspects 

of the theory essential to the analysis of our experimental observations. 

We will describe theoret~cally and experimentally the method that we used 
. . 

to determine the desorption energies of cesium ions and atoms evaporating 

from the essentially bare crystal emitters. We will conclude this section 

w·ith a discussion of our experimental results, includihg a comparison. 

with existi.ng data for tungsten. 

· · A. Theory of Surface Ionization 

Two parameters that quantitatively characterize the phenomenon 

of surface. ioniz·ation ar.e the degree of ionization (a) 

. ,•' 
a =n./n 

~ a 

. · .. :·· 

(ry-1) 

· .. ···and the·· ionization· coefficient (t3) 
.' •, ' 

... · 

.... 

(N-2) 

2 where ncO! is the atomic. flux (atoms per em per second) incident on: the 

surface, and n. and n are the ~.·on' (positive i~ the 'c.a~e of cesium) and. 
~ a 

. neutral-atom fluxes, respectively, evaporating from the sur·face~ At 
,., 

steady state~ • · 
"' ,·, 

; 

· n
0 

= n. + n , . . ~ a 

and therefore Eqs. (IV-1) and (IV-2) combine to give 

a 
t3. = --=---1+ a 

.(N-3) 

(IV-4) 

·I 
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. \ 

..... • (IV-5) 

·.The degree·. of·'ionization 'is evaluated from the temperature TE and 
. . ' . 

electron work function.¢ of the metal surface, and from the ionization .. 

energy V. of a free incident atom by the Saba-Langmuir equation56,57 
. l 

. . .:·. 

,.. ) ' (Dl-o 

·Here g./g, the ratio of statistical weights of the ionic and atomic 
l a. .· 

. " 

· ' states, is e~ual to 1/2 for the alkal~ atoms because of the. double spin . . . . .. 

. · .. 
state Qfthe valence electron in the· atom. 

. ·. 

. . 

Equation.(IV-6) was derived in 1924 by Langmuir and Kingdon by 

. solving for the concentrations of ideal electronic, ionic, and atomic 

gases in thermodynamic equilibrium w·ith a metal enclosure ,at temperature . 
.. 

T • They used a.statistical expression involving the ionization energy .· E 
. . f l 

for the equilihrium constant, and froni kinetic theory related. the: 

.· electron gas concentration to the flux· of electrons emitted thermionically .. · 

· from the surface of the enclos'lire. They assumed. that the metal surface · 

was homogeneous and. that' there was no electric field •. 

· Zandberg has derived a rather formidable expression for a: which 

·.·.:·· .. :takes into account the nonuniformity. (patchiness) of the ionizing surfac~, 

the effects of an electric field and reflection coefficients, and .more 

. . . ·. . 101 
. complex functions for. the statistical we:1.ghts. ·However, since our 

. . 
.experiments were performed on single crystals and with small applied 

r'• · 

electric fields, w·e w·ill assume that Eq. (IV-6) adequately describes our. 

system. 
' .. 

We now· introduce the desorption energies of ions and atoms by 

.. 27 48 
deriving Eq. (IV -6) . from· the following approach. ' The term a: may 

1.• ••. 

'·· 
; , .. 
;. \J . ··' ~ 

j. • . 
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·be regarded as the product of two relative probabilities: The ratio 

. of the probabilities W. and W that the evaporating particle be in the 
. ~ ~· . 

ionic or atomic state outside a critical distance beyond which charge · 

exchange is no longer possible;· and the· ratio of the probab.ilities per 

.'unit. time P! and.P' that the ion or atom has sufficient energy to evaporate· 
~ a 

from.the surface • 

.a= (w./w ).(P!/P') 
. 1 a ~ a (IV-7) 

It is generally agreed that the potential-energy diagram for adso+ption 

. (or desorption) .of cesium atoms and ions on tungsten is similar to that 
l 

represented in Fig.· IV.l. The term E is the energy required to neutralize 

'the adsor~ed ion on'the surface; hence the charge-transfer probability 

. is given from stati.st.ical mechanics by 

·' 
,··. 

r . (IV-8) 

:::.:_·.Similarly it. can be. shown that .the probability:per unit time that' the 
.... '' ·. . .... 

· ··.:::: ·• .. ;I · ki~etic. e~ergy of an·· adsorbe'd atom or ion w·ill exceed the evaporation 
' • ,I,.. • '' ' ' 

' . ... ::. 

... · .ene+gy;: ¢' or ¢. in Fig.· IV.i, is 
. ·.· ·. a ... ~ ·. . . 

. ' .. 

··•, ·: 

,··. ',1.. 

. "·,_ 

. .... 

. :.; -~· 

. ._.· .... ·. 

. . . ·., ....... " :. ' . 

· ... P'· = ro. 
i ~ 

' •' .... ', ,. 

:··:, .'· .:· >: P' . , . . 
; 1 ,, • '( i )' '; c.oi 

'·.: '· •. l •• c --.--: = -
. . p . (.0 

· . .: · . a. : a. 
\·' 
\. -~ 

. ; . 

. ···(IV-10) 

... :; 

; (IV-11), 

;\ ·' where (I), • are·, the·.frequencies. of vibration (normal to the sur:··· .. :face) 
~;a 

.,; 

of the adsorbed ion or atom; However, charge exchange between an ad-

sorbed cesium particle and the metal surface occurs many times within 

one period of oscillation, so that one cannot make the distinction 
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between ill. and ill • . Therefore, assuming ill. = ill· = ill, we obtain from 
~ a ~. a 

Eqs. ( IV-7), ( IV-8), and ( IV-11), ... 

·.· .. \·'· ~ '~-'a '~-'~ . 'g. ( ~ + E-~.)· 
. < a = ~ exp kTE (IV-12) 

Comparing Eqs. ( IV-12) and ( IV-6). we obtain the relation 

¢ +.E - ¢. = ¢- V. a ~ ~ 
( IV-13) 

Equation (IV-13) can be deduced ·from Figs. IV.i and also ~om Fig. IV.2 

which describ~s perhaps more visually the path of a single particle 

through a hypothetical· closed cycle. Starting w·ith an ion adsorbed on 

the surface, we see that energy E is required to neutra.lize it on the 
.... 

surface and energy ¢ is ·then needed to evaporate the atom to free space. . a . 

The ionization energy V. must be added to convert the free atom into a 
l. 

free ion and a free electron. The adsorption energy ¢. is recovered when 
. ~ r 

the ~ee iop condenses 9n the surface, and the electron work-fUnction 
• I 

.energ~ ¢ is also recovered when the free electron returns to the metal, 

thus completing the cycle. The·net energy change in traversal ofthis 

. ( IV-14) 

· .. which is the result obtained. in .Eq. (IV-13). 

So far w·e have made no statement concerning the concentration of 

adsorbed particles on the surface •. Equations (IV-1) to (IV-14)·'are 

.·· quite general and apply for a cle~n surface as well as for a surface with 

adsorbed particles. For a clean surface Eq. ( IV-14 ). becomes ,~' ... 

E + ~ + V. - ~. - ~ = O, o :~ao ~ '~-'1.o '~-'o (IV-15) 

where the subscript o denotes the properties of a clean (bare) surface. 
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From Fig. · :i:v.l and IV.,2 we see that 

(IV-16). 

is. the energy required to convert an adsorbed ion into a free atom. From 

Eqs. (IV-16) and (IV-13) we thus obtain ' · 

* . ¢ - ¢. = ¢ -. V. a . ~ ~ 

* For the case of E > 0 (as shown in Fig. IV.l), the energy ¢ governs . a 

the atom evaporation rate and would be the observed atom's heat of 

evaporation; .whereas ¢i would be the observed ion's desorption energy. 

·In otrter words, the observed probability per unit tirrte that an adsorbed 

particle evaporates as an atom P is a 

· P = (w jw.) P' g: =rug· exr{- ¢* /kT ) . ..• 
a a ~ .a ~ · a . a E . . . . (IV-18) 

' : . 

and similarly for· ions ·! 

· :_ ,_.: ... ;:· pi :;: Pi_ = rugi exr{~ .<f>i/~TE) 
' ~:_. ~· ' . : ~ 

• · , : : · (IV-19) 
.... 

. · ' 

' : ·, 

· .. The degree of ionization for this case is, according" to these .definitions, 

a: = P.jP . ~ a 
.. ·(IV-20). 

We believe, though, for this case (E > o), that the observed desorption 

** * . energies would more accurately be ¢a and ¢i as shown. in Fig. IV.l. We / 

' cannot say that an adsorbed particle is an atom or an ion because: of the 

continuous charge exchange 'that takes place w·ith the metal, even as the 

. part~cle is in the act of evaporating from the su;face. 34,91 Therefore, 

.. because we have chosen to plot in Fig. IV.l potential energy rather than 

.. just potentfal, the potential-energy diagram for the ion shou;tp. be 

cp~(r) = q(r) 
~ e </>. (r), 

~ 
(IV-21) 

where q(r) is.the time-average charge of the ion at position r. Soj 

'; _' ~ ' , • ,· I 
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to the extent that the wave function of the electron extends into the 

adsorbed ion, and this will depend on the magnitude of E of course, the 

** observed heat of evaporation ¢. for ions 1vill be < c/J.. Note, though, 
. 1 - 1 

that Eq. (IV-17) is unchanged, i.e., 

(IV~22) 

This point was mentioned in passing and from here on w·e will define 

the desorption energies according to Eq. (IV-17). 

·For cesium on tungsten it is w·ell established that E >> kT > O, 76 
0 

. . 

so that the observed'cesiuni-atom desorption energy for the clean surface 

~, . . 

· .. . ' ' (IV-23) 
' . . ' . ' . 

,' ·•· ! t 

·we conclude. f'rqril' th·i~ discussion that the .~bserved p~obability per u.nit 

' .. · 

...... 

l . 

. time P ··that· ·a.n · ad,sorbed cesium ·particle· evaporates· from the bare. tung.:. .. 
'··:.··.:.. aD· ·, ·.·' ' . ' 

,· :·' 

. /. ·: 

·sten surface,,~s an atom is [from Eqs • .._(IV~l8 and IV:::.19)} • 
·-·.- \ 

, ... 
'·-· .. 

and :similarly'for ions, . . .. 
... -• 

. ,·,·. 

... ".· 
·, ..... ·-

·where 

• . .; ... 

. :·_:.·.; ·, 

'• ... 
- .· .. , .. ··. ·, 

·, .. : . ~-

= Q. :: exr{- ¢. /kTE). 
10 ' 10. • 

. . . . . 
. • ..... 

" 
:-.··::_.: •• J •' • '-

: > ·.-.. :. -~·,.: .: . Qici ·. = roogi' ~nd · Qab = rooga . ·· '• · · 
' ' : . ·:·. -... ... . . ' . 

I·' • ' ,••,, 
,• 

. ...... 

' 
'·, 

CIV-24) ... 
'· .. • I 

(Iv-25) . 

(rv-26) 

·.· . :·.:.··we have d.iff'e.rentiated w ·from ro because the vibration frequency may be 
• I. ·.,;· '• ' • ' ' '. . 0 

. . . '.· '' .• .. 88 4 
· a weak function of coverage. ,9 ,59 

. ·, 

·-··:-
* The quantities ¢

1
.
0
. , ¢ao' Q. and Q can be determined experimentally 

10 · ao 

from measurements of P. and P versus the temperature TE. The desired 
10 ao 

quantities are evaluated (assuming they are independent of TE) :rrom the 

slope and intercept of Arrhenius plots of P.· and P • 
10 ao 
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We· conclude this th.eoretical presentation by noting that in general 

the evaporation rates of adsorbed atoms and ions n and n. are not found 
a 1 . 

.• . simply by multiplying .·the .$u;face concentration N (particles/cm2 ) of 

.adsorbed particles by the evaporation probabilities per unit time pa 

and Pi [Eqs. (IV~l8 a~d IV-19)], b.ecause such a· proc~duredoes not take. 

into account the interaction or lateral forces betw·een the adsorbed 

• particles. When these effects are considered one finds that, according 

. to our .no'tation 

* · n = aK .(e)P. 
a . a 

. . -!<· . 

n. . = aK. ( e ) p. ' 
l . l. 

·. (IV-27) 

where a·is the surface concentration .of a· complete monolaye~ of adsorbed 

. particle's,. and e ~ N/a ·is the .fractional surface coverage ·(e ·= 1, when 
. '·.·..... . . . *... . . 

· .. N =·a). : The function K (e) depends on the equation of state of ·the ad.:.: 
.·· .... 

' .. . :' .. · .. :. sorbed particles and can be calculated ;from statisti~al thermody~ .. 

. . . . ·:.·:.:.na~ics.57,94,59,i6 . It .is a function of. e alone and does n6t .dep~nd on: .. ·· 
(: ·,;· '·. 

,· .. ' the properties of either the substrate or .the adsorbate. Obviously the 
' . ·, '* 

... · :· .same .function K (e) applies to both ni and na, because their ratiQ must 
.. 

. :· .. equal a= P./P ~·.It should be intuitively evident that fore <<'1, 
. .. ·l a . 

. .... . . • ::: ·:::- K* (e)·-:-+ e, because at low· surface coverage th~ adsorbed particles· are 
:. ' . . 

. , .. ··.too far apart to interact w·ith each other; and the. evaporation rates 
' . 

."' , 

are· inde,ed ·given. by the si~le product· mentioned above. For convenience 

. ' * . in analyzing some of our. data' let. us de fine the function K I (e) = K (e) ;e 
~ . . 

.', .· 

..... and substitute it in Eq. (IV-27)~ ·The atom evaporation 'rate na (and 

n = ae K'(e)P a a 
* '* ' = a e P (e) = N P (e) a . a 

where 

.... 
. . . . ' 

·, .. 

·1..::' . ~ .... 
•. 

! 

(IV-28) 

(IV-29) 
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Various.theoreticalestimates ofK (e).arepresented in.Sec •. VI [see 

Table VI.I, 'l-1hereK(e) 
* ' ' = .en K (e)]. For'illustration here, Eq.· (IV-30) 

, ·~·· 

show·s a typical formulati~n, derived and .experimentally verified.by 

Langmuir and Taylor57,BB. 

= -~1_e __ ~e exp (1 e_ e) .. (IV-30) 

This equation shows that K' (e) ~ 1 anci 

'* 

*. : ' 
K (e) ~ e as e ~ o. Consequently_,· 

P(B)~P also,as·e~o~ 
a ao 
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B. · Determination of Desorption Energies for Cesium 
Ions and Atoms 

·* Our techninue to measure"'· and¢ was an adaptation of a method 
':1. '~'~o ao 

first used by Mbon and Oliphant for studying the adsorption of pptassium 
. . . 65 
.. on tungsten, and subsequently developed by Evans to study potassium, 

rubidium, and.cesium,on tungsten. 29,30 The principal difference between 

our method and that of Moon and Oliphant is that their source of alkali 

·atoms was a collimated ioni'c and/or atomic beam, whereas our source ,.,as 

the random flux of 'the' cesium vapor in olir diode. We selected this 

method because (a) it allowed us to measure the heats of evaporation 
I 

·· '··without modifying the diode, and (b) it did .not involve rapidly flashing 

'·:-· .. · .. 

···. -~:. '·. 
; • .. ~. 

' 

. · .the emitter temJ?erature, a procedure which could have disturbed the 

.emitter surface. ·some of·the inherent advantages and disadvantages of 
. 

·:·the method will be discussed at the end of this subsection. 1·' , 
Suppose that. a steady beam (or in our case a random ·nux) o'f . 

2 . . . . . 
. cesium atoms n (atom/em sec) is incident on. a ·metal surface at 

0 
2 . ' 

~ ··: .. '.:.: ... temperature TE; a concentration N. (particles/em ) of adsorbed particles 

w·ill be established on the surface in such a way that the evaporation 

. , ' . ' rate of cesium is equal to the incident flux. As mentioned at the end 

. · .. ··:. of Sec.· IV. A, for small surface concentrations (less than 1% of ·an 
';·· ·: .. ' 

:'. 

·.···: 

"··· .' ,,· 

adsorbed monolayer) the evaporation probabilities of ions and atoms 

are independent of N, and are therefore equal to those (P. and P ) 
~o ao 

characteristic of a clean surface~ 

If a small electric field, retarding for ions, is applied at the 

surface· so as to prevent the evaporation of ions, the surface concen-

tration of adsorbed cesium will assume a def~nite value N
0 

so that 

n = N P o o ao ( IV-31) 

" 
I ·,' 

.- .. 
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If then, at time zero, the .applied electric field is suddenly made 

attractive for ions, their evaporation results in a change in surface 

concentration given by 

.... dN PN (IV-32) dt = n -
:: ·' 0 

where p = Pio + p (IV-33) 
ao 

• With Eq. (IV-31) used as an initial condition, the solution of Eq. (IV~32). 

is 

n l P. l N(t) ·= .J?. 1 + .2:£ exp(-Pt) • 
p . p J - ao . -

. ~ 

The observed cesium-ion current density is (assuming ~he absence of 

any secondary electron emission from the collecting ele.ctrode.) 

·:rc- · (t) = e: .. ·p, N(t) = Jc Xoo) + [Jcs·(o)~Jcs(~)] _exp(~Ft)~. '(IV-35) . s . 10 s . 

:.-.The initial and final current densities. are 
:.· 

. ~· 

'.,. .. ·, 

· ... 

'.,l :· . 

P .. 
- .· .·.. . . J. (0). ·p .N 10 · -. _,. ··· = e · =e-n 

·.: .. : . ·. · Cs . .· io o P ao o 

- ·, 

,. I 

P. n· 
10 0 

p ,. 
·. ··. 

. . f 

( :rV-36) 

·. (IV-37). 

where N is the 'final surface· concentration and e is the electron·charge~ 
00 . 

Combining Eqs. '(IV-36), (IV-37):(IV-20), and (IV-4),· ~'le obtain th~ co-
. -

. efficient of ionization (and_ hence also the degree of .ionization)· 

... 
. : J (0) - J (oo) 
~ _ Cs · Cs 

- Jcs(o) 
(IV-38)· 

Equation (IV-35) is displayed in Fig. IV.3. The integral of the 
... 

shaded area is equal to the difference between the initial a~ci final. 

surface concentration. Equations (IV-35) to ( IV-37) demonstrate that 

P P - N d N can be determined from the observed ion .current 
ao' io' no, · o'. an oo 
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and its time dependence.: How·ever it should be obvious from the ratio 

JCs(O)/Jcs(oo).that an appreciable currentpulse w·ill not be observed 

' * • 
unless P. > P • 

~o- ao 
Therefore this method is useful only i·lhen ¢ > ¢. ao- ~o 

or¢ > V.. This condition is satisfied by the .emitter materials of 
0- ~ 

interest to thermionic energy conversion. 

In this experiment ¢
0 

is greater than Vi' so Pio :::: P. Therefore,' 

P io is obtained from the slope of the exponential decay of the current •.. 

The incident flux n is obtained from'Eq. (IV-37), i.e., 
0 

·and P ·is obtained from Eq. (IV-36). 
ao 

(IV-39) 

· By repeating this experiment for different surface' temperatures, 

··. · .. · .. ·We ·obtain P and P. · as a function of .temperatUre. 
ao ~o 

As mentioned near . 

· · · -the.end of subsection A above, a plot of in Pi0 .vers~s lfkTE yields a· .. 
.. . . . . . . . T ' I 

· ·. · · straight. line. of slope -¢. and intercept ·in Q,. ,-.and simi1.arly for :P • 
· . · . ~o . ~o . . · . ao ·.·.: '' _· * . ' ' 

.. The accuracy of P (and therefore ¢ and Q, ) as measured by this .. , . ao ao ao . 
' ' 

., ..... •.· 
·•.·.· .. '·· 

.method is contingent upon.the precise determination of n. The measure-· 
' . ~ ' ' . ' 0 

'-me~t of' n . is: influericed by possible secondary electron emission and ion 
•, ' ' 0 ', ', ',, . 

' .·.' . ·,· ··. 

reflection at ·the collector, and several other. factors,· as i·rill be dis-.. ·~ . ·. 

cussed in Sec.· :IV. D and in Sec •. V. The determination of ¢. is independ-
. ~0 ' ' ' ::-' .. .-.· .. 

·.·-::: ·. _· .. ·: ent. of n
0

·1 but' is in~luenced by the applied electric field, according to. 
·.··: . .. . .. 

·.·.· .. :the.Schottky effect on the ion potential barrier. This problem can be 
:,' 

... · -: .· circumvented either .. by applying very small electric fields or by plotting 

'. > ·,' ~ .. 'I I • 

· · ·: · ._:.'the calculated· ¢. · versus the square root of the field and extrapolating 
'' ' ' ~0 ' 

to zero field (Schottky plot) • 
:~-;. 

. . . ; 

.. ! . .:~. ·. ' .. lj ._ '1 

. ~ ' : 

' 
. ':( 

'· ' 
•.'• • . •I·' '• ..-, ,' 

. ' ~ . .. . . .. .. ·: ·.' . •, ' 
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C. Experimental Procedure 

diode by pinching the side appendage containing the capsule, which caused 

the capsule to break .and release the cesium. 

The cesium was condensed into the reservoir by heating tne whole 

diode body, including the side appendage, to a temperature above 200°C' 

for several hours while the bottom inch of' the reservoir was immersed . 

in liquid nitrogen. 

· Then, as mentioned in Sec. III, a complete set of' I-V curves was 

obtain~d for TCs = -196°C (liquid nitrogen) and'compared with the vacuum 
.> 

data to ascertain that the introduction of' cesium did pot in other ways· 

contaminate the diode. Following this confirmation the diode was connec

'ted to the circ~it (Fig. IV.4) that was ~sed to reverse the bias across 

.. the elect,rodes •. , The de pow·er supply, voltage regulated to ±4mv, had a · 
r 

recovery time·o:t less than 50 J..f.Sec for a ·no.:..load to full-load· step change. 

: · The load chang~ be'f'ore and after closing the sw·itch S was around 5% and 

··did· not cause any problems.· The current reaching the collector was 

obtained by measuring the voltage across the F'/o carbon resistor R • The 
G 

. , value of' Rc was 103 or 1o4n and was normally selected so that the current· 

signal ( c1-c2 ) did not exceed a few hundred millivolts. ·The variable 

carbon resistor R was selected so that the 'amplitude of the signal 
g 

(G1-G2 ) matched that of (c1-c2 ). We observed that the collector signal 

was practically insensitive to the value of' R • The collector current g ~ 

signal (c2 -c1 ) was displayed on an oscilloscope and recorded w·~th a 

Polaroid camera. The oscilloscope trace .vras triggered by the chanc;e 

in the polarity of' the voltage at E1• The sw·itch S (actually a mercury 

relay) had a closing time of about 50 nanoseconds. With the emitter cold, 
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, . 
and hence the diode not conducting, the v-::)1 tage at E

1 
could be s1-ri tched 

. " 

from -lOV to +20V in less than 0. 5 flsec. Hoi'Iever, this produced a small 

collector curren~ pulse 'with .. an amplitude of about 1 !.!A per volt change 

across the diode and·w·ith a time constant of.about 3 flSec. This meant, 

practically, that the smallest residence time for adsorbed cesium that 

we could·measure was on the order of a microsecond. 

The experiments were performed in the follow·ing way: The cesium 

reservoir was immersed in liquid nitrogen (or in an ice bath) and the 

emitter was heated to the desired temperature (1000 to 1500 6K) by thermal 

radiat~on from the electron gun filament. A waiting period of about 

.. · . half an hour allow·ed the diode to reach thermal equilibrium. The'n an 

I-V curve was measured point by point to determine the flux of cesium 
. . . . 

vapor incident on the emitter. In this case the collector ctirrent and 

the voltage across the electrodes were measured vrith ·the 'voltmeters 
r 

·.described in Sec. III. · The emitter voltage was then made· a fevr volts 

·negative for several seconds by maintaining the switch Sin the open 

.. 

:: ,: :-··. posit.ione_·. The ·ratio· of negative-to-positive ·emitter-voltage swing coUld· 

·. ··.·, 

be varied by adjusting the setting of the voltage divider across the. 
.· /. 

pow·er supply, while the magnitude of the voltage sw·ing was determined 

''·· 

became positive and the subsequent cesium-ion current trace w·as recorded 

on the osG:illosc6pe.; Because the shape of the current trace.was dependent 

on the magnitude of the positive emitter voltage, several traces were 

·.recorded on each photograph corresponding to varying applied positive 
:. ,·. ,., 

voltage. When enough data had been obtained, an.I-V curve was"again 

measured to confirm that the cesium flux had remained steady during 

.. the experiment. 

. ,· . \I 

.>. 
~ ' : 

. . ~ 

I ' 

.. 
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The emitter· temperature was changed .t6 ·a• nevr value, and the· whole 

procedure repeated. The cesium flux was determined at ,each emitter 

temperature because; although it should have been a fUnction of, the 

reservoir temperature only, it was found to be dependent on the .tempera-

ture of the diode body and the emitter. 
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D. Results 

.. 
The data shown in Fig. IV.5 were observed during what was supposed 

to be a preliminary experiment; unfortunately they represent all that '~ere 

obtained for the (110') crystal. .'l'he five traces in each photoc;raph v.•ere 

·obtained by varying the emitter voltage swing. In all cases the applied 

voltage, retarding for ions, was equal to .the attractive voltage~ The 

appiied voltage varied from.l8 volts for the tallest trace to 7.5 volts 

for the shal;Low·est. In the case of the (100) crystal we maintained the 

retarding voltage constant at 5V and just varied the attractive voltage. 

After noting the disparity betw-een Figs. IV.5 and IV.3, w·e realized: 

·.that the ion currents in Fig. IV.5 were simply limited by their own 

··space charge until such time· as the emitter current supply dropped below 

; the current. specified by the Child-Langmuir three-halves ;pow·er law55, 
•'·: 

'I,·,, ·.: .·. 
' . ~ . 

v 3/2 
d 

. J = K ___:;.;,2-
.max: d . 

. . ' 

(IV-40) 

. .. . . 
.•. ,j · .•. · •.. 

·.· .... :. :' . . . . ' . . •',· 

K - .f2 (~)1/2 .'. : . ... 
I;' 

.· ·'. 

' ' ~-· . ' 

. y 

.. · :: ·>~ ... 

... \ ... : .. . : ·.•· . : .... 

. · . .;·.; 

.... ·, . 

,·,,I \ '' 

',•" .' 

. ; .. ·. 
: ;.:· 

··.:· 

.. 9IT m ·.· .. 
('IV-41) 

·, . 

.. -6 ( ... ')( ·)2/3 . = 2.33Xl0 ampere volt . for 
electrons · · (IV-42) 

. 2 
. where· J · is the maximum current density in ampere/em , which can be 
... max 

··:dra~n· with a potential difference V d in volts betw·een plane parallel 

. :-· .. 
. electrodes 'd ·centimeters apart. Substituting the mass of. a cesium ion 

in .Eq. (IV_:4i) gives the result 
·v3/2 

J = 4.65xlo-9 d 
Csmax ~ 

2 
ampere/em (IV-43) 

The current plateaus in Fig. IV.5 do indeed fit this equation • . 
. , 

. \' 

. . 
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·-Further evidence of 'the ~p~·ce-charge·hypothesis was not available until 
. . . . ' 

' . .· ... · > ,.'' ..... -:-:we. 6btain~d-_the' (ioo) crystal ·data~ Although w·e took over a hundred .·. · .. . , 

.. · .,·:>:>_ .. ·:·.<· :··· .. ~scilloscope pictures, we· inc'lude:_ here only. a representative sampl,e, . ·..• .... ' 

· .. · ·::.·':/_:.·/: ... :·,·show~ ·in .. Ftgs."·.: IV."{ through IV. 8 •. The data in F.lgs·. Iv. 6 .-arid IV. 7· =aJ.:l have 
... • -.. ·. . . 

' ,. 

: ··.·.'. · · .· . .';, _ _.;.'\:··:a ·common emitter· temperature. 
.- .. : .· .. 

'•' • •• • '" .e"", •. 

· .. ··: · .. ··on:' the emitter is_. small enough ·that· for the operating conditions: the ion 

In Fig. rv.6(a) the cesium flUx n incident 
. . 0 

..... <.:: c~re~t predi.cted by Eqs." ( IV-35) and ( IV-36) is not spa:ce-charg~-limited, . . . .. . . . . 
' • I '' ·~ '-:: :· ' ; • • . · · '. '·<·:.: ': .. ·.' ... and we ·observe the expected result (Fig. IV.3) •. In Figs. IV.6 (b), (c) 

· .·· .. · ·:· .. _.·_ .... ·<·,:.:· ··::.>'· ... ~d D.r~\:,_.·photographed c'on~ecutively, n. has be.en increased by about 2 
. ·.·.·.· ..... ·· . .-·.·-:::. < . . . ·. .. . . . .o . . . ·: 

...... _'· .. ·,.:.:· .. :· . .'_:·:.orders of magnitude. ·The initial current in Fig. IV.6(b) has become 
'.:. ·..... . .. . 

·:". . ;··;,;·;·; sp~~-cJ;;~ge-1imited, accO•ding to Eq. (IV-43). Bey.;nd thO knee' of the 
··'· · .... .. · .. ·.·curve the· surface. co~centration·_.N(t) .ha.s decreased t~ the point that· 
. : . · . .:. ::.~:-.''·,:·.<::·':.~··.. ..: . : . . . . / :•". . . . . ' . . . . . . . ~-

.. :. · :-' : ...... :·· :···-:>":the ·cur~ent· is ·limited no .longer by space charge but by the surface 
..... '. :.··<, . . 

.. _.:·.:_-·· : <·-~:_. .. : .. :.'<?·.·.\ ;:'evaporat~~n of .. i_ons,·· and we. should observe an exponentiaJ. decrease in·: .· ... ;.' .... 

. :.· ...•. ·•,· .•... ' .;:;;·1~';<!:;?:;:::: ti:: ,::::: '~::::~::.:::g t: .. :::::t:::·:i::c:~::::e::~ugh .... : , ·. ·· ... ·. 
. _:·: ·; · : •. ·:·· ·:·: .. :·::.>:,Figure IV. 6( c') 'showing the exponential part of Fig. IV. 6(b) was obtained" .... · 

: . ·.:·,:~: :·:_..·. ~:-:_:_\.::-::: .. ~r~-.;~;::-/<~; ~~i~~ng. trie:·_.os~~~o·s~o;e trigger ·.by about· 300 J.lsec·. · .. The ext~nt .·and .. · :· ,.: . 

. . / .·_·:.:_-.'· ... :_:; .. ;.-:~:.',::)!.:::~·~s;<:;:>si~;~ ~-~~:·.the: ~-~ansi tio~ region seemed· to depend . on· the . applied. voltage. · · 
. · .· -·~ ~-··\·:.;-~~--.-.::. :_:· .:·:: .. :~ (/::·:.~·.. . : .. · .. · ...... : :. . ... . .". . . . :. :. ..· . . ... •. . . . ·.• . :: .-. . ,, . 

·.,· . 
'· . 

.... 
'f • • • 

·: '.:· .·. ·. ;· .. / ,:::-·.::.·,· .. ::.and· on. the· surface.·concentration as evidenced .. in 'Figs.· IV. 7(a) ·.and (b) 

i •0.,: ' z;'\':,,:;'·-,::~ich simp'ly ~~o~,t~e 0ffe~ts cif decre~sing the att~active wlta~. For i' ,:;, ,; 

· · · ~ _ .. ·::: .. ?··:-.. ::;·.:.:::~ .. .-··low voltages. :tb.e· i;ran~·ition; region :co?lpletelY.·.?Jlasks the exponential time 
·.· ..... · .. ~-:· ... ,.,' ~·· ':-.. :.:~~ · .. ~·:: ; ... , .. '· .. ~ ,·· ... ··. \. .:.·.. .: ... ' .. ,.·. '·. ··,\ ...... . 

· · · · . ·: : ... _,;~::_:'.\-.:::~:-:··:_·:-~ependence. ''I'hese· effects are not understood and remain unexplained; 

· .-.-::.:· ·-.·~ .. ·.' (->:::::?;· .. ::· ~ do ·not lui~~:·: if .~~~Y -~~-- t~e 1 ~esult -~i_'·~~~~~mental uncertainties or~ 
," •' :'• ~'• 

0 

• ,' ..... : .. • ~.·,:. :; ,.':·.-.': • .'.' 

0 

~ ... 

0 
1

11 0 ° h o I • r~' ' I 
0 

, 't , # o ,.' I 

0 

•\', 
0 0 

... 

,.·. \ 

:· ···.· .... 

if· they· in fact repr.esent .the behavior of the evaporation process. The: 
' . .. ' -~ . : . ~·. '\.' ; -~ . : '.' •. . : ·. ~ : . . . . . . : . . . . . 

traces in·.· Figs.· IV. 8(a) and (b.) which w·ere takeri under different ~con-

ditions than those ·of Figs. rv.6 and IV.7, are identical to.each;other 
. : 

. ·.· ·. :· . ! \ 

\ .. : .. 
.• .• .. ,· . .. ,· 

',•''··.· :· • '~ ' .:•' ' ' ,' :' ' • o :' ;:::, 'I •' • I : •' ..... ·.' .. . ~ ': ' 
..... ,·. ·. ,·;. 

. ;: 

. ' . 
. :· ... 

~·.' :. . . 
. '•.' 
'' ., .·. . ·.• .. 
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in all respects except for the interelectrode spacing. The ratio of 

the current plateaus is equal within 4% to the inverse ratio of the 

square of the spacings; this observation is an additional verification 

that the initial ion currents were space-charge limited according to 

Eq. (IV-43 ). · ,. 

For the (100) crystal, one set of data was obtained with the cesium 
' . 

. .. •, 
reservoir immersed in liquid ·nitroF;?;em, and in ice water for another set • 

Figures IV.9 and IV.lO show some of. the (apparent) ion-current-v~ltage 
·.··· 

. . . . . · curves that were measur-ed during the two experiments. The vapor.pressure . ' - . 
of cesium at -;t-96°C (temperature of liquid nitrogen) ,is so low that we 

could not hope to establish thermodynamic-equilibrium between the cesium 
. . 

!·_, ... reservoir and the cesium vapor in the diode body. We_ expected therefore 
. ' 

that the flux of cesium vapor incident on the emitter would be coverned 

. . : by the desorption rate of cesium from the body. surfaces; and because the 

.... ·. temperature of the diode body was affected 'by that of the. emitter, we 

-: .. , also expected to see an increase-in the_ cesium flux with increasing 
.·· : .. . ··> 

., ·.· 
. emitter temperature. However, a comparison of the results for P 

0 . a 
•· '·, 

''·.' '•,. ,·, .. 
. . . . . . ': . .~ . ... . 

' ., 

·, :-
'' . ' ... 

obtainedat•a cesi~-reservoir t~mperature or· -:l96°C with those deter-

mined at 0°C (for which we obtained reliable cesium-vapor flux me~sure-

·ments), indicates that the actual cesium current in Fig~ IV.9 was in 

the range 19-8 to \o-7 .. ampere; and t~at the apparent increase with 

temperature was due to photoelectron emission from the collector~ This 

. deduction was ·consistent w·ith order-of-magnitude calculations or: the 

··photoelectron contribution; it was also substantiated by consideration 

of the ionization coefficient ~ given by Eq. (IV-38). 
,. 

The factor 
.• 

(1-~) determined experimentally should equal that from the Saba-Langmuir 

equation using the bare work function and operating temperature of the 

surface. 

' . 
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At high temperatures, we obtained experimental values of (l - ~) 

on the order of 50r{o versus < l% predicted, indicating that the apparent 
.. 

JCs(oo) was too high to be all cesium. Consequently we were not able to 

* determine <~>ao for this set of data; but we did·evaluate </Jio since the 

measurement of P. is not influenced by any secondary electron emission. 
~0 

The observed ion current in the experiment w.ith the cesium reservoir 

at 0°C (Fig. IV.lO) was constant in the emitter temperature range 1100 

to l400°K, and then increased with increasing emitter temperature. The 

* best fit in the determination of <P was obtained in this case by ao 

assuming that n
0 

was in fact equal to the observed positive current density, 

evaluated at the plateau lying between 5V and lOV. .The increase in 

saturation ion currents' with applied voltage evident in Fig. IV.lO will 

be discussed 'later in this subsection. 

The space-charge limitation required a modificatiort of the analysis 

. derived in Sec. IV.B to determine the initial surface concentration N • . . 0 

To a first approximation N is equal to the area under the current trace. 
. ' 0 . ' 

However, if the elapsed time to the knee of the curve is long, an appre-

ciable fraction of the adsorbed cesium can evaporate as atom~ and never 

be detected. The rate of change of surface concentration given by Eq. 

( IV-32.) can be generalized as follows: 
\ 

dN - = n -dt o. 
l Jc (t') - P N(t). e s ao ( IV-44) 

We now· approximate the .,shape -of the oscilloscope traces in Fig. IV.7 as 

follow·s : · Let 

where JCs(O) is the average value of the current plateau and t
0 

is the 

elapsed time at the knee of the curve. And let' 

/ .; 
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J '(t) = JC·.·. (oo).+ [JC (o)..;JC (oo)] exp[-P(t-t )], t < t <co. ~(rv-46) 
Cs · s s . s. o o · 

·A second-or.¢J.er approximatioJt to the eolution O·f Eqs. ( IV-44) through 

(IV-46), derived.in Appendix N, is 

n J (oo) 
l 1 co [ J Cs ( t) -J Cs ( oo)] N 

0 Cs + dt =----- = 
0 p eP. e .. 

ao 10 0 
.. 

t 
1:_ (P - t )2 ]. +_9. [ J c ( 0) -J c ((X) ) J [ p t + (rv-47), 2e s s ao o 3 ao o 

The first term on the right side.of the_equation represents the 

final~ equilibrium, surfa?e concentration after the field reversal and 

• 
i.s practically negligible. The integral is the net number of ions re-

\ 

moved from the.surface. The last term represents the net number of 

atoms that evaporate from the ~urface durin·g,tini.e t
0

; it w:as normally· ..._ 

. only a few· percent of the integral and at most "15%, ; hence, .p could 
. . .. . '· i . . •. ··:· . :. · . ..- . . . . . ao : • 

···.·be evalU:ated in one or.· two ·iterations~·· ·.A· fi~al tern(representing the 

.... .. · net removal of atoms after time t· ·was. negligible· apd w'a's .therefore . 
. .. . 0 . . . . • . .. . ! • 

omitted. 
. . (_ 1 

Th.e integral was evaluated. by means of a _planimeter on: enlarged 
' •• • l •• ·: ~ •• ' • 1 

.• ". ·. ·· . . ·· photogr~phs of .the oscilloscope trac.es. This procedure was more' accurate 
. ·. . . \ . ' 

'•.' 

. , . 

:"· 

., . ; 
; . . 

than the analytic·evaluation of the integral obtained from.our model 
.. ' ~ . . . . . . 

[Eqs. ( IV-45) and ( IV-46)]. 

The ana)."ysis of all the data obtained for both the (110) and' (lOO) 

· · : crystals has been: summarized ill Tables 0. I through 0. IV of Appendix 0 • 

'.' .. 
·. '• 

Let us ~onsider the results. 'of the ( 100) crystal first. Figure IV.ll is a 

plot' ofP
80 

versus applied emitter voltage VE' . We can find no explanation 

for the variation of P with applied voltage, unless this effect is· 
ao . 

due to emission of secondary electrons or cesium-atoms from the collector 

by ion impact·. The probability P . is inversely proportiona_l to ·the ao 

·,..' 
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·initial surface qoncentratiorr N
0

, v1hich \·Je measure essentially b.Y in

tegrating the ion current. Therefore, if electrons are emitted from 

the collector in numbers proportional to the ion current, they w·ill 

contribute. positively to the time inteeral of the measured current pulse; 

··and we will obtain an erroneously high value of N and consequently a 
0 

low··vaiue of P , as determined by the ratio n /N , where 'n was as.sumed 
~ 0 0 0 

to be characterized by the value of the saturation ion-current between 

5 and lOV (Fig. IV.lO). Should the secondary electron emission increase 

with ion energy, we would then have a reasonable explanation for the 

voltage dependence shown in Figs. IV.lO and IV.ll. We have to date found 
I. 

very little reliable .work in the open literature with which to verify 

·this postulate. Hagstrom, in studying secondary electron emission from 

· .. · · · · metals by low·-energy ion. impact, has. found that such a phenomenon 

.·(called Auger; or potential, ejection of electrons) is p'ossible only :ir'f 
r 

··· the. work function of the metal is less than half of the ionization poten-· .· 
. ' . 'I. 
.. . ·: ·. . 91 37 38 

. tial of the ion. .' .. ' . . This condition .was satisfied in o~r' experiment 
'····. 

··.·:.·· .. 

; · .. ' 

··<:.since our coll~cto·:r ~u~fa~e·w·a~ essentially·c~si~, ¢. ·~ 1.9 eV, !and the' 
.. ;- . . . . . . . c 

',: · . < ionization potential of qesium is· 3. 9 V. · However, Hagstrom found the 

·.· \;. · · secondary-el~·ct~on yield rather. small, 25%; for heli~ on tungste~ and 4% 
: ·. •' 

... · :for xenon on tungsten, arid also indepe~dent·· of ion energy in the .range 
. ·.·- '· 

· · :-'6 to 1 keV. Bosch and Kuskevics found that the secondary ejection of 
.. ' ' 

· . · · :: electrons. f'r'am tungsten by high-energy (1 t~ 21 ·keV) cesium ions: increases . 

.. . "t 10 ~ ., . 
' .· w·J. h surface coverage of cesium. Arifov and Aiukhanov studied :the 

· · · secondary ion and electron emission from tantalum, tungsten, and ;molybdenum. 
I~ 

targets under bombardment by alkali ions, including cesium ions, in the 

2 
•. energy range 150 to 1000 eV. . They observed the secondary .electron yield 

on clean surfaces to be very sma~l (< 1%), as predicted by Hagstrom, but 
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that the yield could increase to 30 to 4oi for surfaces contaminated by 

. possibility of secondary electron emission by ion bombardment in. our ex-

periment, it certainly does not rule it out. 

Another.possible and perhaps more plausible explanation of our 

result is that the ions from the emitter sputter cesium atoms off the 

collector surface and that these atoms then contribute to the flux of 

cesium incident on the' emitter. Airfov, in the experiment mentioned above 

and in others,3' 4 studied the scattering of alkali ions from metal surfaces • 

. He folind, for example, that the yield of scattered cesium ion on nickel 

reaches a maximum of 90% at 40 eV and then decreases ~ather sharply. .He 

measured indirectly the neutralization coefficient K (defined as the 
' 0 

number of incident ions neutralized per incident ion on target) for. 

560-eV cesium ion incident on a tungsten target cont.amin~ted with ad.sorbed 

·.cesium atoms, and ·found it to be~ 8oojo. Unfortunately, her did not deter

mine whether the neutralized cesium ions condensed on the surface, w·ere 

ejected from it, or both. However, he later measured the energy ,distribu-· 

tion of the ejected cesium atoms and found it to be essentially the same 

as that· of ~h~ scattered ions. 5 . This would indicate that if not (all, at 

. least some of the neutralized ions are ejected. 
'' 

Veksler, in' studying the scattering of cesium and rubidium ions from 

·a molybdenum surface in the energy r;mge 10 to 250 eV, found that where 

adsorbed layers are present on the target surface; the sputtered.adsorbed 

'''I' 'atoms are the' main component of secondary-ion emission. 92 He observed that 

the secondary-ion-emission yield increased· with the energy o:f::the incident ... 

'ion and reached a saturation value of about 50%· at around 80 eV, indicating 

that for higher energies the incident ions begin to penetrate into the 

target. He did not measure the yield of secondary atom emission 'on clean. 
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or cesiated surfaces but perhaps we could expect similar results.· .Bradley 

studied sputtering of sodium and potassium surfaces by i~ert gas -ions in 
.. . . . .. -ll 

the energy range 0 to 1800 eV. · Although he was _able to measure dhly 

·'.·. ·. 
. . ' ~ ... 

.. '. 

'relative yields of sputtered atoms (n~ber of sputtered atoms reaching . 

· detector per positive iori incident on target), .. he estimates that the 

absolute yield could be as large as 30% for xenon on potassium at' about 

100 eV •. 

Here again w-e have found in the literature only sketchy evidence, · 
. r ·. ' ' , 

much of it _self contradictory, that our proposed sputtering phenomenon 

·is possible~·. We must now· find additional confirmation {rom our own results. 

We have presented two possible schemes. that could explain the varia-
·i 

tion of P < with applied voltage; let us· now consider what effect· they 
· ao . . . . . 

might _have on the variation of P .. 
- ~0 . •· 

, .. 

The Auger ejection of electrb~s should 
. ' , . 

at all. ' . The observed currents will . not influence our determination of P. 
~0 ·. I . _., :. -; '/• ·:·. '' ' 

·.· .. ;simply· iricrea.se by a>constant of proportionality •.. On the other h~nd, · . 
. '.·.··. ... 

. sputtering of cesium .:atoms from the collector will. reduce ·both P a~ •. and 
:.:· 

. . , .. 
'' 

' . ~ ·· .. · . --dN- ._, --·· · 
-dt =,,n ·- .PN+ -y·P. N =·n 

0 ' ' '.· ~0 0 .. . '. ~ ·, 

' ' 

.-·· ...... · .. : ·.· ~here 'Y is the nUmber of sputtered atoms. pe.r ion .incident .on' the ~ollector 
. . . ' ' i' 

·· .. ;:· .. ,(because of the geometry-of ou.r experiment-we have essentially-a'J.oo% 
.. ·. ··.: ,,. '. . : 

' collection efficiency' of sputtered atoms to' the emitter). . . ' . . . . . We see that 

,·_-· 
· the observed ion-evaporation rate is.P. (1-'Y) <:: P: • ' It should be 

. ·'. ' ~0' ' w 
',• ·. •,· 

-..... .•·. . obvious from Eq. ( IV-48) and the analysis of Sec. ·.IV. B that .the observed 
. _.,. __ 

; . 
· .. ·.··· . 

P ·also will be nidu~ed by (1--y) . ao Figure IV-12 shows the dependence of 

P. on applied voltage. The decrease of P. w"ith increasing applied field 
~0 : . ~0 ' ! 

definitely supports the sputtering theory, .especially when in the; absence 

': .. 
·.' ... ·; I• 
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of any sputterin. g P. . should have increased a little, if anyt:.hing, '~ith 
~0 

applied fie~d, due to the Schottky effect at the emitter surface~ 

In Figs. rv.13 and TV.l4 1-re ha·.re plotted log ·P. vs 1/TE for the 
~0 

experiments with the cesium reservoir at -196 and 0°C, respectively. 
. . 

Figure IV.l3 is·a plot of the maximum values of P. , obtained for an 
.~o 

applied voltage of 10--to 15V. The top line in Fig. IV.l4 was plott'ed 

from data obtained at 15 to 20V, because although w-e obtained scope 

traces for lower voltages these traces did not·exhibit an exponential 

· decay rate; th. e bottom line in Fig. IV. 14 is a plot of log P. ( 4ov). 
~0 

The d~viation of the high-temperature data points is due to experimental 

uncertainties associat'ed with the test-circuit time constant which was 

·.on the order of a few· ~sec~ .. Figure IV.l5 show·s: a plot of log P . vs ao 

1/TE· Tne top line was plotted from the values of the curves in Fig. 
. . . 

. . , · ·: .·IV.ll evaluated at 'lOV; .the deviation of .. the ·low:.:::temperature dat~ point: . .... ·, .: . . 
•. ~: • -:'. 'i :·, . . • • ·.· r: . 
··:'·.,·:reflects the ef.fectof:cesitim surf~ce coverage,·.which was beginning to 

' -:· .:_ . 

. " ... 
. . The range of :surface coverage of cesium within ·which the. ion heat-of-

. . . . . . : .·· . . ·. . . . . . . . . 8 . ·. 11·. . . : 2 . 
... :evaporation data points w-ere measured was ·5x10 to 7Xl0 . atoms/r;.m • 

. . ',. . . •'. 
. .;.: ... :· latter ·concentration. corresponds to about 0.2% of a monolayer. The range 

.. ·.: :..:-. of surface .. 'covera:ge .within which the atom heat of evaporation was evaluated 
: .... ' ..... : . . . . 10. '. . ' . 12 . . 2 ... 
·,>:: : . . ·. ·.was 2Xl0. · to 4~5xl0 atoms/em , or a maximu.ni of about 1% of . .a monolayer • . '. ' ·.·· ,. . . . . . .•:' 

·.::·.'~:- From:the '~lope.·and intercept of~the.top.lines.of·Figs. rv.13 to rv.15,_ 

'. ,· 

' ' . . . . . 
• ':: ...... • ... .1' 

. ' . .· .. .. ,. 
·· '·. ::·· .. : . ...:re. obtain the.·following results for the (100} crystal: 

':''' .· ... _ ... ·;· 
·, :' 

:• .. 

' .. · .. :-· .. 
',''.i 

·::·· 

· ·: .·."c~sium reservoir· at · ... 196 6C experiment 
. . . 

·: '¢~· ·= 2.07±o.o6.ev. 
. . ~0 

6 6 4 12 -1 
. . Qio = • ± • OxlO sec , 

·.· . . :. 

. .. 

'. . ' . . . ~ 
. .... ~ . : ... ~ ·" 
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cesium reservoir at 0°C experiment 

¢. = 2.03±0.07 eV 
~0 : ' 

.. . 12 -1 
Qio = 4.1±3.0Xl0 sec , and 

* ¢ao = 2. 77±0. 05 eV 

8 13 -1 
Qao =.1.3±0. XlO sec 

The 1 value o~Q. in the cesium reservoir at 0 6C experiment is a.littl~ . ~o-

low· because .it .comes -~rom a plot of' P io (15. to 20V), which is aiready · 

slightly in·fluenced by the e~fect of the applied voltage. We believe 

'-·then that· the higher value of Q. (in the experiment w·ith the· cesium 
. ~0 

. reservoir at -196°C) is more accurate; whereas the a'verage of the values 

of ¢io for the two experiments probably best represents the cesium-ion 

desorption energy for the (100) crystal. In other words, 

+ . . 1.2 -1 
~. = 2.05±0.05 eV ,· Q. = 6.6±4.oxlO sec 'P~o ~o · · 

· represent our l?est estimate of the cesium-ion desorption /P~()perties 'for 

. the· ( 100) crystal. · 

· The values for ¢. and Q. in the cesium reservoir at -196°C experi-
~o _ - ~o 

· ·. ment w·ere determined by the method of least squares and the errors listed 

·,for these quantities a~e equal to twice the -standard deviation of the 

. mean. The other V;'J,lues listed above and their associated errors w·ere 

- estimated graphically. We estimate that the e_~rors listed are larger 

· than any reasonable random or systematic instrumental errors. The time 

base of the oscilloscope was calibrated w·ithin 2% on::every time· s~ale and 

this calibration was photographically recorded so that the data: could be 

(and 'l'lere) .corrected for systematic errors within this 2ojo. >the 'vertical 
• 0 

. deflection (current) of the oscilloscope was calibrated 'l'tithin 3%. An 

error in the time base calibration is essentially the only instrumental 

., 
! . 



. I 

•,;,. 

-98-

error that affects the determination of P. ; whereas the determination 
. 10 . 

of P is affected in addition by instrumental errors in the measurement 
ao. 

of current.; although it is not affected by a systematic current-measurement 

error that is directly proportional to the value of the current. The 

determination of ¢. and ¢ · from the slope of Arrhenius plots of P. · 
10 ao. 10 

and P are independent of a systematic-error in the absolute temperature 
ao 

· resul~ing from uncertainties in emissivity or window· absorptivity, bec~use 

such. an error ·is a constant error· ini/TE and therefore does not affect 

the slope of the ·Arrhenius plots. The determinations of Qio and Qa
0

, 

on th~ other hand, 'are very sensitive· to errors in absolute temperature, 

· and it is conceivably possible that our values for Q~ and Q contain 
- · . 10 ao . 

·such an error, which, judging from the somewhat hi~h values for the 
• t~ .... 

Richardson constants A that_ w·e obtained in .Sec. III, might make our 

.· .. calculated. values for Q and Q. correspondingly high a.lsoi'.(ass~ing 
.. . - ao. 10. 

that a slight temperature error did exist and was in fact~tresponsi'l?~e .. · 

,,;. 

.~ .'I 
. for 'the high ,;alues. of the ·.Richardson constants)._ 

i . 

··· ... ;···· 

· .. · 

... ~ '.' .. 
· · · According to the sputtering argument' we. would expect .the yield "/ .· 

-at- const~nt voltage to be a functi~n of' the collector surface properties 

_.,··_:.·only, and hence_ theplots.of.log P~0 ·(4ov) and log Pio (4ov) ve~sus 1/TE 
' ,· ~ . 

should be straight lines-parallei to.' those obtained at lOV. Such parallel . 
. ''·. 

_ . . .. ·li~es have been fitted to the 40-V data in Figs. IV.l4 and IV.l5~ The 
,._ 

agreement H very good for :P~~(4ov) ·but not quite as good for ;Pic (4.ov), 

'where a line of slightly steeper slope would give a better fit. 

The yield"/: pf sputtered atoms is given-by the relation 
·. 

-. P. -(v) · p (V) ·; 
"/(V). = 1 

1.0 < 1 
ao . ( IV-l19) .. . 

P. p 
J.O ao 

), 

The inequality arises because secondary electron emission from the collccto~ 

·· .. . . ,· 

' ' . ' \ 

' ' . 
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would· contribute- to. the· apparen·t 'decrease,)in: P (V). 
. ·· ao 

Figure IV.l6 is a·plot of the spu~tered-atom yield ve~sus the 

· ; interelectrode potential [obtained by subtracting the contact potential 
. . . " ~ . 

. , ·.-·c~ 3V) from the applied voltage]. The plot·w-as calculated from :the . . . 
-

·· ·data of Figs. IV.ll:and IV.l2 by averaging the ratios P. (V)/P. '{lOV) 
. . 10 10 

· .. 
'·'• r' 

and P (V)/P (lOV) over all temperatures and substituting this ·average 
ao ao . . . . · 

in Eq_. (IV-~9). The agree~ent between the ion-· and atom-evaporation data 

is remarkable; it indicates that the contribution of secondary electron 

. emission was fairly small; otherw·ise the ·variation of P with applie?ao. 

. voltae;e would have been much greater than that of Pi
0

• 

· We e_nd our discussion of sputtering wi tll the re~ark that evidently 

~puttering of alkali metal surfaces, or surfaces with adsorbed alkali 

. . · .. · , · ·atoms, 1 under bombardment by ions of their own vapor.. T{le possible 
.. ,. ;, ... 

•' . 

. . , . 

·::emission of: secondary electron could be avoided either b~ applying the 

·.:·.:. proper magnetic field or by inserting a grid between the electrodes. -. 

The difference- b.etw-e~n the heats of evaporation of atoms and ions 

. should, acco~ding to _Eq_. (IV-17), equal. the dffferemce between the bare 

. /'-.:.' work-~ctionof·t~~- surfac~·arid the'.ionization' potential of the vapor. 
:·.·. ' 

· From .. our results of the (100) crystal w·e obtain 

··. ' 
. . . ·~ .. · 

,.'·, 

0.72-eV; 

... ·; 
! 

·this i,s .to be-' compared·with.the bare work fUnction obtained in Sec. III 
'··' .· ·. 

and the- ionization potential of.ce~it.un~21 . ',.';' 

.. : . . · ... ~ '. .. . I 

' . 

The agreement i~ w·ithinour experimental error •. In addition we . 

obtained . . 

' . . . . ' 
.·, · .. ; .:· 

. ',. I.' .' . 
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Qio 
I '1 6 6 lC_.:: J • X--! 

Qao 
= 

l. 3Xl0J) 
= 'l J c._ 

in agreement (fortuitous in view· of the large experimental uncertainty 

in this ratio) w·ith the theoretical value of l/2. 

Our results forthe (110) crystal (Table O.I in Appendix o) are 

unfortunately not as good, primarily because the surface coverage of 

cesium was large enough to influence the evaporation rates that we 

measured. Although the cesium reservoir was immersed in liquid nitrogen, 

the observed flux of cesium vapor incident on the' emitter was larger 

than that observed in the (100) diode operating w'ith the cesium reser-

voir at 0 6C. We observed also that the cesium flux was strongly influenced 

by the temperature of the diode body. We are quite sure therefore that 

our determination of the cesium flux n incident on the emitter was not 
0 

measurably affected by photoelectric emission of electrons from the 

collector. The high value of the flUx of cesium vapor in the (110) 

diode as compared to that in the (100) diode operating under similar 

condition was due to the fact that the inside diameter of the tube 

connecting the cesium reservoir to the diode was l/8 in. in the (B:O) 

diode versus 1/2 in. in the (100) diode. Therefore the condition of non 

thermodynamic equilibrium between the reservoir (at -l96"c) and the 

diode body was much worse inthe(110) than in the (100) diode. 

The atom heat-of-evaporation data were obtained at a surface 

coverage that varied between 5x1o12 and 3xlo13 atoms/cm2 • These concen-

trations correspond to a rahge of about 1 to 10% of a monolayer. The ion 

heat-of-evaporation data were evaluated at surface concentrations about 

one twentieth of these. In either case the coverage ,,,as :.::ufficient to 

influence our detenn ination of P. and P • The applied voltage dependence 
lO ao 
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of P. and P were qualitatively similar to that of the (100) crystal 
~ a 

experiments, that is, both decreased >vith 'increasing voltage. The scatter 

·-. 

in the evaluation of P. vra:s too great to make this data meaningful. The 
~0 

atom evaporation rateis shown i.n Fig. IV.17, a plot of ~og Pa
0

·versus 

... :1/TE~ The line is a least-squares fit of· the 18-V data, w·ith a slope 

: and intercept ~orresponding to 

·n.. =2.14±0.2 eV 
.""ao 

Q · = 2x109 sec -l 
ao 

. 
· where the error is equal to ·two standard deviations· of the mean. Both 

~ 

. of these values are too low· to be representative of; the crystal surface 

· and serve to indicate that the data points.in Fig~ IV~l7 are not values 
. . . ··.· . .. . . * 
of P liut rather of P (e)as defined in Eq~. (IV-28) and(IV~~9). . . ao . . · . a . 

So the 
_., ... 

correct way to analyze these data is to solve ~q. (IV-29) for q/"'(e) at · .. -':· ... ·,. . . . . ,. . . ' . .· . , .· a 
. . . . . . . -)(- . 

:·: : each. observed ~value . a·f, TE ari.d e and extr'apola te the vari~ t ion of cpa (e) 

versus e ~~.:e ;. 0,1 
:' .' :'., .. ·'' ·.' · .. i : .. ! 

. .::::· ''.··- :. ;* '.i; •• ; •, ...... · • ·.. : . * .·· 
. ... : .· · ~a(e) = kTE [..en K'(e~ Qa

0
- ·.en Pa(e)]_, (IV-5.0), ·.· 

", ,.. 
... •. 

: '.· ,· . f. ;•. ... :. . ' . • 
.• ·, 

I •' ' •. 

. :_·where we have assumed ro = ro .· (·Q · = ro ·g 
· .. · o ao.oa 

,; 2m ) • 
0 

Table IV. I show·s · the 
· . .,.: ,• 

,. 
.·.·· 

. me.diate be'tw·een the 18 and 7. 5 data points. Theta was calculated by 
. 14 

· .. : ... . dividing our measured surface concentrations by the . value 4. 8xl0 
•'. 

. . . 2' . . . . ·. . ·. 

,'·· : ·.·· atom/em which -is the concentratiOn'-Of a monolaye;r Of cesium on poly-
.... :···' 

. ·:. crystalline tungsten measured by Taylo.r and Langmuir [using instead the 
·.·· ' . 14 2 . :: 

:.-.: .. :··: .. theoretical value for (110) tungsten of 3.5xlO atom/em does not . , 

appreciably affect the end resu.lt ]. The value of .en K' (e) :Ln the range 

. of e shovm is negligib;Ly small and. was o~itted. The value of Q was · ao · 

assUmed to be th::::.t determined f?r the (100) crystal, that is 

. ' 

·, 
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13 ;.,1 
Q (110) = Q (100) = l.3Xl0 sec • This assumption vrill be justified 

ao ao 

below·. 

. / . 

~ . 

" 

' 

. . -)(-

Table rv. I.. Atom desorption energy ¢ (e) 
versus s'lirface coverage e for the ( 115) 
cr~stal,'VE = 12.5V. 

-x- '* Fig. J:V.5 T e P (e) <t> (e) 
E .. a l a ·no. (oK) (ojo) (sec- ) (eV) 

(a)" . _.1193 .. 7.0 2.06 3.04 

(b). 1242 7.0 5.07· 3.06 

(c) 1295· 5-3 8.33 3.14 
I 

(d) 1348 4.3 .· 14.7 '3.19 . 
'• 

. (e) 1399 2.4· 42.3 3-19 

(f) 1503' · .. l. 7 ~73 . ;?.25 

' . . * . 
The extrapolation of¢ (e) toe =0 yields the value 

'· 

. . . ·. a . 

. . '* 
· .. · ¢ (110) =.3.28±0.03 eV. 
.. ao 

.. •. . . . . 

··.where the error is a graphical estimation of the scatter in the data • 

• ¥ •• We justify the assumption that (t (ilo'). =: Q (100) on the basis . 
. · .. . . -,ao ao 

.. . . ... of the theoretical .work of Levine and Gyftopoulos. 59, 35 According to·. 

· · • .. their analysis ·the vibrational frequency of a cesium atom adsorbed on a· 

' . 

ill0 =. (.1/2 7T R cos ~)[¢:0 (mf + 4mm)/2m;nmJ
1

/
2 

, . ( J:V-51) 

where mf and mm are the masses of cesium and tungsten atoms~~-R is the 

interaction distance bet\~een the adsorbed cesium and tungsten surface 

(sum of the covalent radii.of cesium and tungsten) and 

.. · 

'·' 



cos ~ = (1 - 1/2 crmR
2 

)
1

/
2

, where crrri is the surface density of tungsten 

atoms. According to Eq. (IV-51) then 

(l) ( 110) . ' ' ' * ' ' ' * ' ~ 
roo (lOO)·= [cos~ (100)/cos ~ _(llO)_][¢a

0
(110.)/¢a

0
(100)] · (IV-52) 

0 

They estimate that cos·~~(llO) = 0~86, cos~ (100) ·= 0.79. · Substit:Uting 

·these values and our results· for the atom desorption ener~ies, we obtain 

roo ( 110) . . 1/2 
(l) (100) = (0.79/0.86)(3.28/2.79) . = 1.0' 

0 . 

in agreement w·ith our assumption. 

We can estimate ¢. ( 110) from our value .for the' ( 110) cr. ystal work 
. 10 . 

function, obtained in Sec. III. At 1600 6K (100 6K above. the maximum 

temper~ture in· this. experiment) the crystal surface was slightly cop.-. 

taminated and had a work function ¢
0 

= 5.11 eV (Pab~e I~I.II), so 

* . . . . . r 
¢ = ¢ + v. - ¢ · = 3.28+3. 89 ~ 5.11 = 2. 06 eV •. . io . ao 1 . o · . 

. . 
. This result is ·essentially identical w·ith' the measured ion desorption 

. . ' 

··· · energy for our (100). crystal and for polycrystalline tungsten obtained 

by several investigators. 
88

' 79 It appears therefore that the cesium-ion 

desorption energy is independent of the crystallographic orientation a~d 

exact state of cleanliness of .tungsten surfaces. On. this basis it may 

.be reasonable to conclude that the atom-desorption .energy for our (110) 

crystal, when clean ( ¢
0 

= 5. 33 eV), is · 

* . 
¢ [clean (110)] = -3~28 + (5.33 - 5~11); = 3.50 eV ao 

.~~ 

We conclude this discussion of o~r experimental results'by remarking 

that, based on our experience, the method for measuring cesium desorption 

energies used in our investigation can probably be applied to the study 
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of the variation of cesium (or other alkali metals) - atom desorption 

energy'with surface coverage. The range of surface coverage in such a 

study would be limited by the condition P.(e) > P (e). 
J. - a 
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E~ Comparison with the Literature 

The desorpti6n of cesium from a hot tungsten surface was first · 
..... : 

studied in the· twenties by·L~~gmuir et a1. 56, 88 and by.Becker. 7 In 

their experiments, a tungsten filament was exposed to a controlled 
.-.·· .. : 

cesium vapor. ·The concentration pf cesi'um on the·filament surface was 

measured by flashing the f~lament to a high temperature, thus driving 
..... ,. . 

• -off all the absorbed ces~um as a detectable pulse of ions, or by meas-
~ 

uring the time needed to readsorb cesium, after flashing, to a pre-
''. 

existing surface concentration. 

Then came the work of Evans, 29,30 who studied the desorption of 
• ... . . 

·:cesium on tungsten by the t~chnique of Moon and Olipharit65 as· described 

·in Sec. IV .B .. 

More recent studies have been performed with pulsed or modulated 
.. -. . 54 79 72. 

·. beams of ·cesium ions or molecules. . ' ' . 
.r 

.There have·been a few qualitative studies on hemispherical or 

f .l t · 1 t 1 ft. t . 45, 61, 86·· ·s··· ·· h t f d .. ~ amen s~ng e crys a s o . ungs en. . : ~nee we ave no aun 
. . 

. . . .. . ~ . in the literature an:~f: quantitative experiments on the· desorption rates 

,: of cesium from tui:lgsten single ccy.stals, we. cari only compare our results : 
·.. ' . . . . . 

· ·for polycrystalline. iiungsten with those of others; ·Table IV.II shows 
. ' 

. ·;.· '. a comparison between our results and those of some of the investigations 

. mentim1ed above.. Our studies covered a wider and higher temperature. 

range than.most .of the studies shown here. The considerable spread in 

•· · ·· · · the data is probably- a result of the varying surface conditions at -which 

the experiments were done, as demonstrated by Scheer and Fine. 79 Hmvever, 

the properties of the contaminated surface listed in their study v1ere 

evaluated from the slope and intercept of an Arrhenius plot of the eva

poration probability (as were most of the results listed in Table IV.II) •. 

'.· 

' ... 
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Table' ·rv. II. Heat of evaporation of cesium ioBs and atoms on tungsten • 

Investigator 

. . . . . 88. . . 
Langmuir et al. ( 1923-33) 

Evans29( 1933) · .·. 

4 ' 
Knauer5 (1948) 

• • J 

,_·. 

Scheer. and Fine79(1962) 
Clean surface 

Contaminated. surface . 
. . . 86 .... 

Si·ranson et al~ · (1964) 

Perel et a1.72(1965) ... 

.. 

This study, (lOO)W 

' - (llO)Wa .I·, ••• 

.. . 

-

. . . . -1 * 
¢. (eV) Q. (sec ) ¢ (ev) 

10 . . 10 ao , 

2;04 

1.81. 

3.60 

2.04 

1.55 

. :-· 

:2.05 

2.06 

· ... '-:··.-

. 2 ."2XlOi6 ·. 

1.0x1o
12 

. · ·lo 
1. 7Xl0.. . . 

· ... .. . · ... • 
~ .. ~ . 

. 8 

.:~10-

2.79 
:.·· 

) 

·. :'. 

6.6~J...Q124 ' 2.,77 

3.28 

•. : . . -1 
· Q (sec ) 

ao ..•. · . Method 

2.3x1o12 Flashing filament in Cs vapor 
(~ 300° .to 1200°K) 

l.3Xl013 

l.3Xl013 

Steady ionic and molecular beam, 
reversing electric field 

· (930° to 1025°K) 

Pulsed molecular beam 
(1300°·· to l520°K)

1 

Pulsed molecular beam 
(1070° to 1200°K) 
(950° to ll)0°K) 

Field emission, using Langrm .. lir 
data to calculate e from ¢(8) 

. (725° to ~75~K) 

ac Modulated molecular beo..m 
(925° to l275°K) 

Reversing electric field in 
Cs vapor (1020° to l500°K) 

a. The ( 110) crystal surface vras slightly contaminated and had a vrork function of 5.1 eV instead of 
the clean surface value of 5.33 eV. 

I' ....... 
b 
(X) 
I 
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Such a procedure can only yield valid results i·f the surface properties 

are temperature independent, a condition which is generally not met for 
. . . 

contaminated surfaces. Amore realistic way of analyzing such.data is 

to assume a constant value for the oscillation frequency Q.. (equal to 
. . . l 

the value Q..· for the clean surface for example; since the frequency is 
10 . 

a relatively insensitive function of the surface condition) and evaluate 

the desorption energy¢. as.a £unction of temperature. 
' . . l 

Applying this 

·methodolo~ to the contaminated data of Scheer and Fine, one finds that 

.. ·.<the ion desorption en~rgy de.creased with. temperature from 1.95 to 1.85 eV 

.: over··. the temperature range of their measurement .. Thip interpretation of 

their data indicates thaf the effect of contamination is· much less than 
•, · ... 

one is led to believe from their tabulated results. 
. • ... ·: '' 

Perel· et. ai~ 7'2 admit in their pape.r that they took no special pre-·.···· 

'• .·-. · · .. cautions to ensure cleanliness of their surface and neither did we, except· , . 

. . •: 
, 

,: ' Knauer's results 'are unreasonabiy high; 54 . he admits. that they are not 

:'.. >.::.:"·>reliable because of large uncer~ainties in the measurement .of the: target 
· .. ~ ·.- ·. . . 

; · ··'temperature.·. In addition, it seems probable from his' paper that his 
·-·\I 

vacuum conditions were questionable and that the, surface concentration· ... · · 
. ! .·· 

· of cesium ·.an the ta:rget was large enough to affect his results over part· .. 
·. ', 

·:·._._: 
· .. of the ·temperature. range. _.·. 

_ .... ; .. 
.. ·. Levine and Gyftopoulos have made an extensi v'e theoretical study of 

.... ' :' the adsorption physics of metal surfaces cov~red bymet~llic particle~' 59,-6.0,35 · 
.. • . . 

.As part of this work they have evaluated the de~orption energies of alkali 
... ,:: .. 

atoms for bare and partially covered metal surfaces, including tungsten. 

Their calculations, which are presented in 'considerable detail in Sec. VI, 

are based on the assumptions that the adsorbed particles CJnsist of sinsle 



.·. 
· .. 

'. , ... 

... llQ .... 

species (as opposed to,a~oms and ions) held onto the surface by bonds 

that are p~rtially ionic and partially covalent. They eA~ressed their 

results for t-he atom desorption energy in terms of the bare 1-Tork functions 

and heats of sublimation (properties presumed·to be independently known) 

' 
of the substrate and adsorbate .. Based on their analysis f:::lr the system 

cesium on tungsten, we obtain the following atom desor-ption energies 

at zero coverage: 

¢ (ev) 
0 

4.65 5.11 5.33 
.. 

* ¢ ( eV): 2.90 3.21 .3.37 ao 
.. .. 

.These results agree within about O.leV with our measured desorption 
. . . 

energies;· They have a-lso theoretically calc~ ted the oscillation fre-

quency Q~ · = ro (Eq .. IV .51) and have obtained the. value 1.1><1012 sec~1; which, 
. . 10 0 . . . 

. . . as shown at the· end: of See._ IV. D, is essentially. independent of cry-

.-

···.· 

' .. , ·.· 

. :stallographic o:dentation. This value is in agreement with the measured 

.. values of Langmuir,.· and Scheer and Fine, which are al~ lower than our 

· -~esult. :However, it must be ·emphasized that the_ experimental uncertainty: . 

in ro
0

' is .quite large. · 

As mentioned at the .end of Sec. IV .D, ·it appears from our results 

for the ( 100) .and ( 110) crystals, together with those of the two most 

extensive _studies of Langmuir et al. and Scheer and Fine for polycry-

:,_· · stalline tungsten, that.¢.· .is essentially independent of the crystallo- · · · · 
. . ·. 10 . . . ' . .· 

· graphic orientation of the tungsten. surface.. The sum total of these · 

results adds considerable credibility to the often-mentioned postulate 

that the cesium-ion desorption energy is equal to its image ch~rge 

potential e2/4r~, where r. is the radius of the adsorbed iori. According 
. 1 1 . 

o· 

to this theory, r i for tungsten is l.SOA Ylhich is to be compared \·ri th the 

value 1.7A for the radius of a free cesium ion. 
·,. 

.. 
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F . Su;·rmary 

In this section we have briefly outlined the theory of surface ion-

ization. We have described a method for determining independently the 

desorption energies of cesium atoms and ions evaporating from a clean 

emitter surface; . this method is ideally suited for the study of emitter 

materials of interest to thermionic energy conversion. Furthermore, ,.,e 

have demonstrated that the technique can be app~ied to the study of. 

sputtering of alkali metal· surfaces by alkal.i ions. We have measured 

the heats of' ev~poration of cesium atoms and ions for the bare (100) 

.. and (liO) crystal emitters in the temperature range 1000 to 1500°K. . ,. 

·These results are summarized arnd compared with previous data for poly-

crystalline tungsten in Table IV.II of Sec. IV.E. 

}·" 

·. ,• 

... 

'.' 
' 

· ... 

.. ·.' . 

... · ... : 

·, .·. 

. ·, 

-~ ' .. 

'·l. 
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V. SURFACE IONIZATION OF CESIUM 

The saturation, ces.ium-ion current density Jcs produced at the sur

face of the emitter operating .. at temperature TE" in ~ cesium-vapor flUx 

n is obtained by modifying the form of the Saha-Langmuir equation as 
.0 . . 

.. follows, 

.. (V-1) 

where V. = 3 .89eV is the first ionization potential of cesiwn (Ref. 21) 
1 

·an&¢ is the effective work function of the emitter surface. This relation 

' ~ 

can be used to determine.¢ from the observed ion curre,nt if n
0 

is known. 
I 

The discussion of the manner in which adsorbed cesium reduces the >vork 

·function of metal surfaces is deferred until Sec. VI. In this section 

(v) we describe how, from. Eq. (V~l), the ion current-voltage character.

.·· istics of both ( 100) and ( 110) diodes operating :i,n a .cesium vapor were 
r 

analyzed to dete:tmine n
0 

and ¢( TE) as a function of the cesium-reservoir . 

·temperature TCs .. This TCs is a convenient. parameter to use because at 

thermodynamic equilibrium it.untquely'determines_n
0

; hence once the 

funct~onal·relationship between them·is known, ¢can be determined from 

measurements ·of TE~ TCs an~ J C~·· 

A. Vapor Flux of Cesium 

From Eq. (V~l) it is evident that 

· J = en , 
·. · Cs o 

. (V-2) · ·. 

This, the condition for essentially lOa/o surface ionizati:{in, is 

achieved experimenta~ly by heating the emitter to a sufficiently hieh 

temperature that. the surface coverage of cesium is small enough that 

the emitter work function is greater than Vi. 
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The cesium-reservoir temperature vras varied over the range 0 to 120°C. 

·'The preniati.rr.e failure of both diodes prevented us from extending out 

· ·.measurements to higher cesium temperatures~ 
I 

The con~lete electron and 

ion current-voltage curves were obtained point by point with the same 

, . test circuit ·a·s w:as used for the vacuum operation, described in Sec. III. B. 

The electron-emission data obtained from these current-voltage curves are 

. ., ' 
described in Sec. VI. In most cases the data w·~re obtained by maintaining 

the emitter at a constant temperature and varying the cesium temperature 

:j .· .. ·.,·.1 through all or part of its range. Follow·ing each temperature change, the 

<':- curren~-voltage characteristics were not recorded until the saturation 

electron or·ion currents had stabilized to a constant value, indicating 

· . · t9e attainme;nt of thermal equilibrium< The temperature of the cesium 

The temperature of the . 
~ ..... 

: ·· · reservoir was automatically controlled to 1/4 °C. 
. ; ,•. 

diode body was maintained a:t least .. 20°C above· the ce~ium~reservoir ,tempera..;.· 
r 

ture.· .. The ceramic. insulators .w·ere kept at somewhat .higher temperatures· 
. r: 

: 
to reduce· .the adsorption. of cesium-on their. surfaces. : .. The interelectrode. 

. '· . 

. spacing was maintained .between b.oio. and· o. 020: 'in. · 
' ' •, '· • ' '-, .,,, • •. I . .. . ., . 

. ·, •' 

.. A typical set of cesium-ion current versus collector voltage Vc 

· ( relative to .. : the emitter v:ol tage) curves. obtained at· a constant emitter 

temperature, high enough· to satisfy the condition of 100% surface. ioniza'~. 
. . 

tion," is shown in Fig. V-I. · At low· voitages the curves. are space-charge 
I • 

limited and follo~· the ·3/2 .power law·. of Child-Langmuir [Eq •. (IV-43). of · · 

Sec. IV.D] •. In fact, the interelectrode spacing can be .determined within· 

.:·:.about a.lO%error, from the position of the curves. The saturation current 

was taken to be that at the .top of the hump near the· knee of 'the curves, 
. . 

because it was reprbducible. The decrease in the value of the saturation 

currents as the applied voltage is increased remains unexplained; so also 

does the odd shape of the l7°C curve.·· Similar curves vrere observed in 
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vractically every case. 'rngeneral the curve in the saturation region 

obtained for increasing voltage did not match that for decreasing voltage, 

except for the value of the current at the knee •. ~e also found that 

following each incremental step increase in applied voltage (beyond that 

of the knee), the ion currents .underwent damped oscillations whose initial 

amplitudes· gradually increased, until eventually a voltage was ·reached at 

• which the oscillations seemed to diverge •. Th~ periods of oscillation . 

were on the order of·seconds. The oscillationswere not investigated 

beyond the observations just mentioned and their origin is not understood • 

. It does seem, however, from the long period of the oscillations, ·ani the 

·fact. that the condition of collisionless plasma in the interelectrode 

· space was. always-maintained, that these oscillations were the result of 

a surface effect on one or both electrodes; and that they were- perhaps 

related to the possibility of sputtering adsorbed cesium from the collector .. 
. . . . r . . 

as was evidenced in .the cesium desorption energy e·xperiments (Sec. IV .D).· · · 

Several data sets such as the one shown in Fig. V.l were obtained 

for different emitter temperatures. The saturation currents for constant· 

cesium temperatures were averaged and plotted versus 1/Tcs as shown in 

Fig. V.2 to yield the desired relation between.n and TC .. The data were 
. 0 . s 

• .' I •, 

plotted versus 1/Tcs because they obey the Clausius-Clapeyron equation for 

·.a gas with a constant enthalpy change from the liquid to the vapor phase. 

The lower; dashed line in Fig •. v .2 is the data of Taylor arid Langmuir ivho 

measuredthevapor pressure of cesium in the range -35 to 73°C (Ref .. 89) .. 

::Their data is characterized by an equation of the form en
0

= G exp( -h/kTCs).' 
27 .. 2 8 _': 2 

where h = 0. 75eV and C = 1. 3xl0 wns /em sec = 2 .lXlO ampere/ em • 

Recently Carney extended the measuremen-ts of Taylor and Langmuir to 

l00°C and found that his results agreed with the extrapolation of their 

data ,17 The vapor-flux data of our .( 110) diode were reproducible only 
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above 50°C. Below that temperature we could not obtain in a reasonable 

period of time, a.condition of thermodynamic equilibrium between the 

cesium in the reservoir and ti1e vapor in the diad; because the diameter 

of the tube conrtecting the two was too small. This diameter was enlarged 

by a factor of. 4 in the (100) diode, as described in Appendix B . 

The saturation current densities measured in our. ·diodes are a factor 

of about 1.5 greater .than those to Taylor and Langmuir. This discrepancy 

cannot be due to the following causes: an error in calculating current 

density, an error of 6 to 8° C in the mea~urement ·of the reservoir tern-

. perature, other .alkali metal impurities in the ces~um, or secondary 
.. 

··electron 'emission from the collector proportional to the ion current. 

· . The accuracy in the measurement of current was better than· 2%_ and the 

collector area wa·s kn.own to . 5%. The thermocouples used to measure the 

reservoir temperature were calibrated before and after th~ experiments 
r 

: ·and gave the correct temperature to better than 1/2° C. In 'the case of · 

.the (100) diode~· a.·thermocouple was inserted .into a copper block brazed to 

the bottom 'or the cesium. reservoir as described in Appendix B .. The copper 

block made c:Cmtact only with the reservoir ·and not with the temperature-

controlling jacket surrounding the reservo~r; hence the block temperature 

was truly the ·same as th~t of the liquid cesium immediately above it. We 

also ascertained that the bottom of the reservoir was colder than any ...... 

. : point above it. The impurity analysis of the cesium used in these experi

.·ments, furnished by the supplier (Appendi~ E) . shows that the content of 

potassium, rubidium~ and sodiUm was about 44 ppm. Since the vapor pressure 
\': 

·. of each of these three elements is lovrer than that of cesium, 't-heir partial 

pressure in the diode was negligible~ We cannot rule out the possibility 

of secondary electron emission from the collector, due to ion impact . 

. . 
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However,· the range of applied voltage and the value of the ·collector 1-.rork 

function (essentially equal to that of cesium) in our meastiTements were 

· similar to those in the experiments of Taylor and Langmuir. Hence, 

. possible se~ondary electron emission at the collector wmld ba. ve affected 

' 
their results in the same way as ours, and therefore cannot account for 

the·differenc~ in saturation currents evident in Fig. V.2. 

It .is ·likely that our higher saturation currents result from the 

geometry of our closely spaced planar electrodes, as· compared 1vith the 

.cylindrical collector and wire emitter used by Taylor and Langmuir, and 

by Carney. We can think of two phenomena which could explain the'dis-
·' 

crespancy in Fig. V.2 or the basis of geometrica~ differences.' 

a.· In the absence of an interelectrode electric field, thermodynamic 

equilibrium with the cesium vapor outside the interelectrode space is 

established by cesium leaving the emitter· and collect.or i'"sotropically, 
( 

. . I 

·at equal rates in planar geometry, but almost entirely (depending on t hi: 

ratio of collector to· emitter radii) from the collector in the 1-.rire' emitter-

cylindrical collector geometry. The electric field, applied to obtain 

saturation i~n currents, collimates the ions toward ,the collector, and 
~ ,. 

removes the emitter as a source of cesium to establish equilibrium with 

·the cesium vapor .. outside the interelectrode ·space. Therefore, the surface 

··concentration of adsorbed cesium on the· collector must increase until the 

evaporation rate ·of cesium from the collector alone increases sufficiently 

·.to maintain this equilibrium.· This effect must necessarily increase the 

neutral flux incident upon the emi'tter and thereby increase the observed 

saturation ion current. Such an increase in ion current shoul'd: be observ-

able if sufficient time is allowed for equilibrium to be reestablished 

after applying the negative collector potential. 
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b •. The possible sputtering of neutral cesium from the collector by 

ion bombardment (discussed in Sec. IV.D) would provide an additional con-

tribution to the neutral flux incident on the emitter and would increase 

the observed.saturation current. This increase wculd be observed if the 

, data are taken after applying the negat~ve collector potential in a time . 

before the 'Cesium in the interelectrode space has reached equilibrium >vith · 

• the outside vapor, by depleting the surface concentration of adsorbed cesium 
. 

on the collector. 

In both of t~ese effects, the increase in the neutral cesium :f.lu.x in-

cident ~n the emitter following the application of the eiectric field 
I 

(attractive for ions) is significant to the-extent that the ion current 

from the emitter is a ·significant fraction of the total'flux of cesium 

incident on the collector. Hence, in the-geometry of the Taylor-Langmui~ 
. 

experiments, these effects are essentially negligible and their observed· 

satur.ation cesium-ion currents at 100% sutface ionization. s'hould represent 

the neutral flux of cesium n , characteristic -of the cesium-reservoir 
0 

temperature (the diode body in their experiment). 

These effects are negligible in our geometry also, whenever the co-

efficient of surface ionization~ is small; because in this case the emitted·' 

ions are a small fraction of the cesium atoms emitted from the emitter and 

incident on the collector. Therefore, ·for relatively low surface ionization, 

the flux of cesium incident on the emitter should be that characterized by 

the cesium reservoir temperature; hence the vapor flux,data of Taylor and 

. Langmuir bas been used, in our determination of· the cesiated work function 

¢ from Eq. (V.l), as the basis for relating our measured ion current3 to 

the coefficient of surface ionization. 

.';·, 
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The ratio 1.5 of our measured saturation ion currents at lOO%_surface 

-ionizati-on to those ~f Taylor and Langmuir (Fig. V.2) is qualitatively 

commensurate with estimates of either of the trro effects described above, 

assuming an isotropic angular dis~ribution for the cesium evaporating from 

the electrodes for a, an~ a sputtering yield of about 0.5 for b. However, 

-because of difficulties in est~ating the time needed to achieve thermo-

dynamic equilibrium for each. case, compounded· by th~ lack of recorded data· 

on the time needed to me'asure the current-voltage curves, we cannot deter-

mine whether one or.the other or both of these possible phenomena were 

· . 
. responHble for our· observations. : Further experimentation on the effects -·· 

I ' i., 

. of applied .voltage, interelectrode spacing, and time on the observed 
. ·' 

currents. in.the planar electrodes geometry is needed to calrify these 

. hypotheses. · 

. ' . . . . . 

B. Work Function of (100) and (110) Crystals Expose~ to 

.... Cesium Vapor; Evaluated from Ion Emission 

. Ion currents were measured at ~itter temperatures low enough that, 

·.owing to the. depression .of-the emitter ~ork function resulting from the 
. ·. ' . 

adsorption of cesium, the ionization coefficient f3 = JC /en. was.much iess . . s 0 . 

than L· A tyPical set of data obtained at constant emitter temperat'l:lre'is 
. . . 

shown in Fig. V .3 ; .. these curves were completely stable and free of the 

. " ·peculiarities of the ICs - Vc curves described in Sec. V .A. Note that 

in c6ntrast to the ion currents in Fig.· v:1, measured_at a condition of. 

lOo% surface io~ization,. the saturation currents here decrea.se vrith in-

creasing TCs. : This effect arises because cesium adsorption 1·/hich increases 
'': 

>vith TCs reduces the work function ¢ of the emitter; and from Eq. (·V-1) 

we see that the increase in n with TC iB more than offset by ·an increase 
. 0 s 

in the exponent, whose value is now positive. . . 
. .... 
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The surface concentration of adsorbe~ cesium when ~ << 1 is estab-

lished essentially by the equilibrium betl.,reen the 'incident flux and the 

atom evaporation rate. The latter is very insensitive to the magnitude 

or polarity of the applied ·field at the emitter surface, and consequently 
' ' 

the surface coverage is also unaffected by electric fields. Therefore 

. the. increase •'in the saturation current with voltage (in Fig. V.3) is due 

to the Schottky effect on the ions; hence, -~chottky plots, log ICs versus 

· (V ~ V )
1

/
2

, exemplified in Fig. V.4, were made to evaluate the saturation 
0 c ' . . 

.·currents at 'zero field. .These saturation currents, together with those 

obtained at a ·100% .surface; ioni~ation .•. have . been plot~ed versus 1/TE in 

.Figs. V.5 and V.6 for t'he (100) and (110) diode respectively. The family 

of curves are lines·of constant Tcs· The curre~t densities ~ere plotted 

versus 1/TE because the ·data. beiow the saturation-current lines could be 
. 

fitted by parallel straigt:,t lines. Figures V.5 and v.6 display all the 

ion-current data.that we obtained for both diodes. 

• The shaded portion of the curves indicates the transition between the . 
. . 

· condition of 100% surface ionization and t~e condition .of small surface. 

ionization. This transition region occurs at a rather poorly resolved 

emitter temperature called the thre~hold temperature for 100% surface ,· 

ionization. The transition region is discussed in Sec. V.C. 

The work functions of the (100) and (110) emitter surfaces with ad-· 

sor?ed cesium were determined, by means of Eq. (V-1), from·the 'exp~ri-

mentally observed ion-current densities at low fractional ·surface ioniza-

· tion. · The · Taylor-Langniuir values for ion-current densities at 100% surf.ace 

ionization were used to represent the incident atomic flux h ~ .. The results 
0 

have qeen tabulated in Tables P~I and P.II of Appendix P. The change· in 

emitter work function 6¢, defin~d as the difference betvreEm the bare ,.rork 
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function ¢ which was determined in Sec. III and the w·ork function '"ldth 
0 

adsorbed cesium ¢, is plotted versus the ratio TE/Tcs for the (100) crystal, 

in Fig. V. 7. The parameter TE/Tcs has been chosen to describe 6¢ because, 

as is discussed in Sec. VI, the surface contentration of adsorbed cesium, 

· .. which we could not measure directly, is· practically a unique function of 

TE/Tcs within the.range of our observations. The dashed line in Fig. V.7 

represents the corresponding result as determined from electron emission 

data, shown in Fig_ VI~6 of Sec. VI. B. The agreement between the t>-.ro 

methods i~ excellent for \~lues of TE/Tcs below 3.5. The two curves depart 

from e~ch other at higher values of TE/Tcs because th7 corresponding effec-

. tive emitter work function¢ becomes gre~ter than·the cesium ionization 

potential Vi. ·rn this region, the ratio of ion to atom emissions is no 

longer negligible, o.nd therefore the cm.:r.i'ttco covo:r.'t\(;:':C o:(' Q(Jt:dnn! (:>11 ·bhGt 

emitter is greatly influenced by the polarity of the 'appiied electric 
1 

· field needed to observe- either the electron or ion emission from which th·e 
' 

work function is evaluated._ Whereas, as mentioned earlier, the polarity 

of the applied field has little effect on the surface coverage when . . 

f3 = n. /n << 1, i.e., ¢ < V. • One would expect, then, tho. t the tvro mr;-1thods 
~ 0 . J. 

would deviate when¢ is somewhat less than Vi (which is equal to 3.89ev). 

From Fig. V.7 we see that the two-curves depart when~ 3.7eV. 

The work fun¢tion of the ( 110) crystal with adsorbed· cesium, as deter

mined from the ion currents. is pio.ttea. versus ~E/Tcs in Fig~ V .8, ,.,hich also. 

includes the (100) result, for comparison. Again the dashed line.·shm-;s 

the corresponding result. obtained -from electron emission data, shown in 

Fig. V:I. 7 of Sec. VI.B. The agreement betvreen the tvro methods '·is fairly 

good but not as good as it was for the (100) crystal~ vle have plotted 

¢ (rather than ty:p) versus TE/TCs' because it is rather unlikely that the· 

/ 
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data fot the (110) crystal presented in Fig. V.8 are charactel~istic of 

the bare-metal work function ~ = 5.33. determined in S~c. III.C. '~-'o 'i\'e 

recall from that section that as the temperature of the (110) emitter 

was lowered below a certain transition value (g~eater than the tempera- ·· 

· ture at which any of the data presented in this section l'lere obtained), 

the bare work function decreased, owing to some apparent surface contam-

"ination, to a. value of about 5.1eV. To compound the uncertainties in the 

surface condition of this crystal, three events ·occurred in the interim 

· period between the determination of th~ bare work furiction and desorption · 

.. energie~, and the m~asurement o.f the data 'of F.ig. V.8. The emitter and 
I 

collector accidentally made contact for a few seconds while the·· former 

was at l500°K; at a' later. date the diod~ deveioped a smail vacuum leak, 

··and finally the diode :.windows became partia..lly coated permanently •. We 

.·attempted to remedy the first coddi tion by heatin~ .th~ emitter to 2200°K 

for several minutes to drive o:ff any adsorbed or alloyed copper •. The· 

:vacuum leak developed while., the diode was in air, but not operating. It 

was then operated for several hours in an oxygen-free helium atmosphere 

. before a leak was determined to have developed. Subsequently we were able 

.... ~ . ' 

.. · . 

to operate the. diode in spite' of the .leak by evacuating the chamber into 

which the diode was placed. Unfortunately the minimum pressure that vre 

could achieve in the chamber was 0.015 mmHg. The extent to which the (110} 

crystal surface was contaminated by .all these factors cannot be evaluated, 

but undoubtedly it was riot negligible • 
. . . 

In spite of the fogging of the (110) diode windows we were able to 

. determine the emitter's temperature from ~previously measured calibration 

curve of the power input to the electron gun versus emitter temperature. 

Hmvever, the precision of this temperature determination -vras about 2% as 
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compared with 0.2% when the optical py-.cometer ivas used.. 

We are including the cesium data obtained from.the (110) diode'in 

spite of its questionable relation to the properties of a clean (110) 

tungsten crystal because it is still characteristic of a high substrate 

work function and thus provides a useful comp~rison for the (100) d~ta. 

C. Threshold Temperature for 100% Surface Ionization 

of Cesium on (100) and (llO) Crystals 

The threshold temperat'?-re TEO is loosely defined as that emitter 

temperature at. which, for a given incident flux of cesium, a transition 
~ 

occurs between the condition of 100% and that of small fractional sur-

face ionization. From the careful study of ion current-vo;Ltage curves 

obtained at or near this transition, .we were able to place rough limits 

· . on the threshold temperature, as .indicated by the width of the shaded 

regions in Figs. V.5 and v.6. 

The saturation ion current for a given TE and TCs in a transit.ion · · 

region v1as multivalued. · That is, ·it could be made to increase from a 

· minimum to a maximum value within the bounds set by the lower and upper 

limits of_the transition region; by increasing the applied voltage across 

the electrodes. We obs.erved a few ion current-voltage curves that dis-

played this behavior, as exemplified in Fig. V.9. Considering the curve 

··_for 80°C, for example, we see that the current starts to saturate at a 

collector voltage Vc ~_50V and _a current ICs ~ 6x1o-
4 

amperes; but as the 

collector voltag~ is made increasingly. negative the current· increases, 

until it finally saturates at a value around 2. 5xio ;,.3 amperes~, The values · 
1.· =":.-· 

of these two currents can be found in Fig. V. 5 as the tvm round data points 

in the shaded region fo~ the 80°C curve. 

,.I 

/ - ..;:· 
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These discontinuities were observed by Becker, Killian, and Langmuir 
. . 

and areattributed to the simultaneous existence of two distinct phases 

of adsorbed atoms on the surface, a dilute phase from which the evaporation 

of ions predominates over that of atoms, and a more concentrated phase for 

~hich the converse is tru~.56,50, 7 This dual phase condition occurs at 

low surface coverage (<20%) where the ion- and atom-evaporation rates are 

• comparable. The current discontinuity is a consequence of the fact that 

the ion-evaporation probability decreases w:lth increasing coverage of 

adsorbed atoms, whereas the atom-evaporation probability increases; 

· becaus~ the evaporation of ions is influenced by eleci;ric fields, ·the .. 
. application of an attractive field for ions can effectuate a transition 

from the concentrated to the dilute phase, resulting in a discontinuous 

increase in ion current. .. 
Figures V.5 and v.6 show that the threshold temperature TEO increases 

r 

with increasing cesium temperature. , We have plotted the Taylor-Langmuir 

values for the ion cu·rrent densities at ldo% surface ionization, shown by 

the arrows in Figs V. 5 and V. 6, versus 1/TEO' in Fig. V .10. The data can 

·.be ·fitted fairly well with straight lines. The dashed. line is the result 

obtained by Taylor and Langmuir for cesium 88 8 on polycrystalline tungsten. ' 9 

Figure V.lO shows that for a·given cesium flux, the threshold temperature 

of the (llQ) emitter is greater than that of the (100) crystal. This means 

tl1at cesium is adsorbed more strongly on the (110) cry~tal than on the (100), 

because TEO is essentially the temperature to lvhich a surface must be heated, 
. 

in order to prevent the adsorption of an appreciable surface coveraGe. This 
.;,· 

result is .~onsistent vith the fact that the '1>/'0rl-: fun'ction and 'the oesium~atorri · 

desorption energy for the bare ( llO) ei1litter uere greater than t.hose of the 

( 100) cyrstal. The data sho-vm in Fig."· V .10 are of nractical value because 
J,..~. 
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they enable one to determine the minimlli~ temperatures·to which these sur-

faces must be heated in.order to yield essentially 100% surface ioniza-

tion for any •'desired cesium flux. .... 

The value of the ratio TE0/Tcs was evaluated at several points on 

the curves of Fig. V.lO and found to be a constant for each line, equal 

to 3.5 and 3.8 for the (100) and (110) crystal, respectively. Not sur~ 

· • prisingly, these values of TE/Tcs are the ::>ame.values above which the ion

current method of determinin~ 6¢ ~eviates from the electron current method, 

as shown in Figs. V. 7 and V .8 ., 

The fact that the threshold temperature for a given surface occurs 
l 

I ' ' 

· for a constant value of TE/Tcs indicates that the surface coverage of 

:·cesium at th~ threshold temperature is also essentially constant and is 

independent of TEO: This latter possibility was recognized by Zandberg 

et al., who suggested that if it were the case, the slope' of the en
0 

.. : ·versus .1/TEO curve· should .be equal to the heat of evaporatiron. of ions· 
·· .. ·, ' . .. . ' . 101 

for the bare surface, i.e., ¢ .. 
. J.O 

. ' 

Their argument was as . follows:. in 
. . . . . . . 

''the presence' of· .. 8,: small' attractive field f~~ .ions (sufficient to overcome 

. ' ' - . 

space charge), the ion-evaporation rate n. is given at low surface coverage 
J.. 

'by, 

= N Q. exp (. ~ k¢iTo .. ) . 
J.O E ·, 

The ionization coefficient (3 is, by definition, 

n. 
(3 = . ]_ 

n 
0 

{V-3) 

(v-4) 

When TE = TEO' we have (3 ~ 1. Therefore from Eqs .. (V-3) and· (:V-4) vre 

o'::n::.ain 
¢ .. 

J..O 

kL~o 
~ 

. ._ .. 

(V-5) 



t,', 

From the discussion of Sec. IV.A we know that Q is inde_pendent of_ 
io 

. temperature and of N for small N. Therefore if N is a weak function of 

TE~a plot of 2n n
0 

versus 1/TEO should be a straight line with slope 

- ¢.· =/k. The s·lopes of both (100) and (110) lines in Fig. V.lO corre-
. ~0 . 

spond to 2.6 and 2.8eV, respectively, and the slope ,of the Taylor-Langmuir 

curve for polycrystalline tungsten in the same figure is 2.3eV. These, 

values are high compared with the. values of ¢i
0

' described in Sec. IV.E 
. . . 

(essentially 2.05eV for all these surfaces). The lines in Fig. V.lO are 

described by the following Arrhenius relations: 
2 8 . 

(~00) crystal, en
0

(ampere/cm) = 1.8xl0 exp(-2.6/kTEO) 

2 I 8 . 
(110) crystal, en

0
(ampere/cm) = 1.2xlO exp(-2.8/kTE0), 

where the numerator in the exponent is in eV. We can estimate the value 

of .N for each crystal by div~ding the linear factors: by the value for . 

6 6 12 -1 r Qio =. • XlO .· sec , . determined in Sec. ry.-n. In this way. we find, 

N(lOO) 14 2 = l.?xlO atom/em 

.·. ·. . . ·. 14 2 
N( 110) = 1. _lxlO at om/ em 

These values are too high (a monolayer of cesium .On (100) tungsten is 
14 .. 2 . . . 

2.5Xl0 atom/em ) to be realistic. Therefore our values for the desorp-· 

tion energy at the threshold temperature must be too high also. It may be 

useful to choose a point on each .curve in Fig. V.lO and to solve for N, 

assuming the above value for Q. and the value 
~0 

¢io =.2.05eV. Choosing 

the points on the (100) and (110) curves corresponding to 4 
10 /TEO =· 8 and 

7, respectively, we find 

N(lOO) -

N(llO) -

12 . 2 
lxlO atom/em 

12 2 
0 .jxlO atom/ em • 

I 
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These values for N correspond to fractional coverages in the range 

·o.l to 0.5% of a monolayer, and may be fairly realistic. The data of 

T~ylor and Langmuir indicate that the ion desorption energy increases 
. . . . 88 
rapidly for fractional coverages above 0. 5% .. 

Although our results here were not experimentally'very accurate, 

they cannot· easily be fitted with. lines having slopes corresponding to, 

·.·. · 2'.05eV .. It would appear, therefore, from our admittedly meager data, 

that for our crystals the ion desorption energy at the threshold tempera-

ture is probably intermediate between 2.05eV and the slope of our Arrhenius 

. plots .. ~ We do not have sufficient data to verify Zandberg' s hypothesis 

:that the surface coverage may be essentially independent.of TEO" 

D. · Sum>nary • 
. :.:·. 

The flux of cesium vapor in thermodynamic equilibrium with a con-. . 
.. \ 

~ . . ' 

densed ·phase has .been measured in the cesium-temperature. rapge of· 0 to· 

120° C; Ou:c obse;ved io~-cm·rent densities for 100% surface ionization 

.on the emitter are consistently about .1.5 times the corresponding current 

.. : .densities· measured b; Taylor arid Langmuir. S9 . We believe that our .mea-

sured current•s were high as a result of. the geometry of our closely spaced · 

planar electrodes, ·as. compar,ed wi ~h ~heir cylindrical collector and wire , 
·•'J • .• , 

emitter. 
:. -··· 

The changes, in the work functions of. the (100) 'and (110) crystals 

due to'the adsorption of cesium were determined from field-free ion 
- . . ' . .! . 

emission data' by means ~f the Saha,-Langn1~ir equation. A piot of 6¢ f'or 

the (100) crystal versus the ratio TE/Tcs was found to D;t:;ree v~~:hin O.O)eV 

vrith the corresponding resuJ.ts obtained from electron emission for values 

of emitter work function below the cesium ionization potential. 
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A plot of ¢·_versus . TE/Tcs for the .( 110) crystal ivas found to ~gree 

·fairly well aiso with the results obtaJ.ned from electron emission. A 

plot of LYP versus TE/Tcs for this crystal was not made because several 

·. uncertainties in the surface condition of the crystal prevented us from 

kliowing with any degree of confidence the bare work function of the (110) 

·.emitter at 'the .time the ion-current measurements were_ made. The un-

.• 
certainties were discussed in detail. 

The threshold temperatures for 1000/o surface ionization from the 

(100) and (110) crystals occurred at a constant value of the ratio 

:·TE/TCs ~qual to 3-5 and 3.8 -for the (100) and (110) cr7stals, respectively. 
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VI. . WORK-FUNCTION DEPRESSION OF (100) Al\TD (110) CRYSTALS DUE TO 

CESIUM ADSORPTIO~; EVALUATED FROM ELECTRON Elv1ISSI ON 

. In this· section vie outline several recent the.ories describing the 

effect of cesium adsorption on the work function of metal surfaces. · He 

then describe how the -vmrk functions of the (100) and (110) crystal sur-

faces with adsorbed cesium were determined from the observed electron· 

emission of the diodes operating in cesium vapor. Finally, we compare 

our results with those obtained for polycrystalline tungsten in the 

light of the theories presented . 

. A. Theory of Thermionic Emission for Adsorbed .A.D~ali Films 

The manner in which an adsorbed film of cesium affects the emission 

of electrons from a· metal surface was first described theoretically, as 

. . ~~00 . 
well as experimentally, by Langmuir and his coworkers. ' ' Langmuir's 

analys.is successfully predicted the observed work function of a dilute 
r 

film· of ce~ium ontungsten, but it failed for fractional cesium coverages 

e greater than 0.5. 

Since then, several investigators have tried to improve on Langmuir's 

model in various ways. 63 , 40, 41, 24, 62, 31, 33 

Quite recently three analyses emerged which are good in several 

respects.· They apply over a greater range of cesium coverage than Lang-. . ., 

muir's analysis, they are· numerically simple to evalue.te, and they contain 

only those parameters having real physical significance. They are the \..;ork 
. . 6 4 . . 6 

. of. Rasor and Warner,?5, 7 '9 Carabateas, Stickney, and Aponick, 1 and 
. . : .· 8-60 

Gyftopoulos and Levine. 35, 5 The first t1w treatments der;tve from 

Langmuir's model and are very similar to each other, '\·rhereac the -la::::t 

uses a considerably different approach. These three analytical r:.cthod:-~; 



·--139-

·tabulated in Table VI .1 for ease of comparison, Ifill be used to analyze 

.our experimental results and will now be described in turn. 

As mentioned in Sec. IV .A, at lmv surface coverage, cesium is ad-

·sorbed ori tungsten in the ionic state. Therefore 1ve might e).-pect that 

· .. · ··classically such a layer of positive ions on the surface 1muld affect 

.I 

.. 
its work function in the.same manner as a positively charged grid placed 

near the surface. The latter case i~ depicted in Fig. VI.l in lvhich, 

additionr;l.lly, the field outside the grid has been made zero to provide 

the ·field-free condition in space required by the definition of the work 

functron given in Sec. III.A. The action of the charged-grid on the 

· .· potential energy of an electron as it leaves the metal surfac,e is simply 

that ·of the Schottky effect. The point of Fig. VI.l is that if the grid 
. : ' 

I 

· giving rise. to the potential gradient shown is placed at a distance 

x' S. x1~ 6ct> ·= eVg(~_,-) ~ 4ne
2ox', where cr is the charge d~nsity on the , 

g~id arid V (x'') is the potential on the grid at x' 'relative to the metal 
·. :' . g •·' . .... 

. . 

surface. · This· situa:ion corresponds to that of. ari: adsorbed layer of 

cesium ions on a tungst·en surface. 

· 1. · Theory of Rasor and Warner. 

· Rasor arid Warner considered the existence of two kinds of adsorbed 
•· • 6 .. 

par~icles: ions and atams. 75' 7 . They argued that the'change in work 

function p'er electron is equal to' half the potential d~op across the 

dipole layer· created. by the adsorp.ed pa-rticles and their image charges 

as .given by classical el~ctr~static~. That is, 

(VI.l) 

>vhere cr is the surface density of adsorbed particles for a complete mono-

layer, ei and e,a are the fractions of that surface density occupied by 



TABLE VI.I. Cdnparison of three th~orics for t!le ·.-mr:t-function depression of r.!et;.>ls due to cesiur.! ::ld.oorptio!\,n. 

Eq, No. 

1 

2 

3 

4 

. IYJ> = 

Rasor and Harnerb 
(Refs. 75,76) 

ga E 
1 + - exp( • -) + B(l-f) 8 

gi kTE 

where 

B = 27r aa.Jri 

E = E
0 

• (1-f)IYJ> 

*'. > 

IYJ>a= (i-f)LYJ> . 

where 

(1-f)' a 0,188 + 0.178e 

<------------------~-----------

8 8 . 
K(8) =• In ( 1-8) + y:e 

Carabateas 1 Stickney 
..and Aponl.ck (Re-f. lol 

Gyftop::>Ulos unr~ !.cvine 
(Hofs. 35, 5..S, 59) 

where 

2 
A=47Te ar1 

k1 = 27ra1a(l-f)/r1 

k2 =, 47!aa a(l-f)./r i. 

* (1-f)6if'i IYJ> = a 

where 

(1-f) = 0.27 

( ¢ - ¢ ) f 1-c( e) f 1-
o f L L 

where 

* ¢ = a 
F¢(1+5) 

2 1/2 
+ k4(1-F ) 

define · 

(1-f) = LYJ>"' I LYJ> a. 

where ·; 
k5(¢o· </>f) G(8) 

n(1 +a. ;n>) 
0 •• 

F = 

2 
F(e /R • Vi)/¢ 

(q,' q,' )1j28 f m fm 

K(e) ( e ) e 3.. K( 8)-- , ·[8il-e)·
112 l e 

ln .,....,.1_ + 1"'- + ". n r~ 
l.•t1 l.•t1 . (1-81/2) 2t~-ti, 

;.;l" .j') --_,,..,..,,: ;'' 
1+> rr "2 

a. cgs Units are used throughout. The symbols are defined in the text and in the nomenclature list. 
Numerical Values are given in Appendix R, 

b, NOTE: Eq, (8) in Ref, 76 by Rasor and \·larner is dim;nsionall.y incorrect compared with F.q. (1) h .. re. · 
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,.·• 

ions and atoms, respectively, in such a manner that e = 8 i + $a, and Ni' 

M are the dipole moments per adsorbed ion and atom respectively. The 
a 

dipole moments M., M are e~uar to the dipole moments at zero coverage 
. J. a 

M.· · M reduced by the depolarizing electric field f due to all the other 
J.o' · ao 

dipoles, 

M. = M - a. t, J. io J. M = M - a E , a ao a 
(VI-2) 

'where a., a are the polarizabilities of the adsorbed ions and atoms, 
. J. a . 

respectively. Now M. = 2 e r., where r. is the distance of the cesium-
J.O J. J. 

ion nucleus from the image plane; ri is approximately e~ual to the ionic 

radius (Sec. IV.E). 

Rasor and Warner estimated the magnitude of the depolarizing elec

tric field£· as follow·s: because the adsorbed particles constituting the 

dipole lay~r: occupy .discrete p~sitions on the surface, the effects of the 
.· 

dipoles· extend beyond the plane defined by the cesium-ion nuclei. · There-
. -r·:··: r 

. fore an .J.ori at· a· distance :t. from the image plane penetrates' a ·certain 
]. 

... fraction.· f. (called the penetration factor) of the potential energy difference 
. . . . ' . 

. IYP due to the dipole layer.. Or, in other w·ords, the potential energy of an 

adsorbed ion in the'field of all the other adsorbed ions and their image 

. charges is (1-f)/YP. Hence, th~ electric field .€ in the vicinity of the 

nuclei of each adsorbed particle is approximately •· 

t ~ [ (1-f)/YP ]/~r. ·• 
. . ]. . 

.(VL··3) 

Next, in order 'to ·express E~. '(VI-1) in 'terms of 8. rather than ei, we need 

a relation betw·een 8. and 8 • Referring to Sec. IV. A, we see that the . J. a 

desired. expression is_ given by E~~ ( IV-8) 
,·j 

(VI-4) 



or. 
-1 

... •.: 

g· ' l a . 
- exp(- EjkT ) 
gi .. ·. E _I 

e (VI.5) 

. where E is the energy required to neutralize an· ion on the surface. Com

bining Eqs~· (VI.l) to (VI.5) Rasor and Warne~a:rrivedat the relation be-
' . . . . 

tween work.function arid total surface-coverage 
'.,. . 

' •,', 

' .:· '1::4> (vr.6) 
. '.· ;· 

·.::,··::· ··, ,· 

';'·',,. ,:,, 

··.·-. ·: .. 

'' ''• ' ' -~ 

(N~t'e, this; i's to b~ ~ompared with Eq. (vr..S), Reference 76, which is not 
' ,' ·, ' • ' ' ~·. • • I, 

.. , .. ·· · •• d~~nsiohally c~Prect.) From the de.finition -off given above, it follows 
1 

-,·· .. 
. . ' ,. 

· .. :':.<'that. the .adsdrbed· dipole layer 'has.increased the iondes6rption energy . 
' . ' . '.· . , . 

.. . ' .· ¢i(e) by an amount fl:4> over. its value, ¢io f.or the b~!e •surface. 

··,:· 

·,-
. •• change in the ·heat of desorption of ions is 

: · ... ·. ,· 
,··.-
·., 

:.'·.·.··.:· . 

' . :.:-·· 
'.·. 

. . ... ~. . . 

So,. .the 

(VI.7) 

·.:· ··Combining Eqs. (VI. 7) and (IV.l4) and (Di-.15) and solving for E, one obtains 
. . 

:.:' 
(l~f)l:4> + 1::4> ' . a 

·' ... 
.·.: 

·: .. .... " 

_.: .. : .. -. · ·.·· .•. where.·. 

·.·.·. :., 

... :: .. ,' 

It also ·follovlS; from Eqs.' (VI.8):, (VL9),•·and .(IV.16), that 

•" . . ' i .... 

,''.: 
1-f 

·· ... ·.r·.·· 

where 

. ·l\- ·X· 
1::4> =¢· 

2. ao 

' " ~ . . . : . 

:'• I' ': ',:' 

', •' 

-·E -E+b:¢ o · . a 

.·. · ....... 

····· ..... ,. 
. ~~~ 

.. '' 

(vr.s)· 

· (vr.9) 

;·, 

(VI.lO) . , 

(VI.ll) 

.:··' 
! ' ~' ' 
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Rasor. and Harner assur!!ed that M 8 /X. 9. < < l ani liP < < k'J;_; by combining aa ~~..l a .u. 

Eqs. (vr.6) and (VI.8) and rearranging terms ':Je obtain the result shoHn in 

Eq. (1) of T~ble VI.I: 

2. Theory of Carabateas, Stickney, and. Aponick 

Carabateas et al. also considered. t:-ce existence of ions and neutral 

16 
.~~Dove .. 

gi,re~ by ~qs. (VI. 2) ar:C.. (~t:. 3).. Usin-g approxi~'n3 te2.y tl!eir notation, \·le 

have 

-&p- = 4necr (!-1.; e~ /2 + M e ) ... ... a a 
(VI.l2) 

where 

- "-·'~ = 27rea M. 8. '--'~"i J.: ~ 
(VI.l3) 

and-
- _, ., ··r 

-.' 
-(vr.l4) 

- . 
• - b.?f!_, = -4ne cr M 8 

a a a 

The quantities b.?f!. and !Y1fJ are the changes in potential energy that an 
~ a 

electron leaving the metal surface experiences in going through the dipole 

~ layers of-the adsorbed ions and atoms, respectively. 

At first glance it seems that Eqs. (VI.l) and (VI.l2) are different 

by a factor of 2 in the atomic dipole moment term. Hm;ever 7 it appears 

that the definitions of M used in the t;io studies differ by the factor a 

of 2. The dipole moment Ma in Eq. (VI.l) is· defined as the net dipole 

moment of the adsorbed polarized atom and its polarized image in the metal; 
,._ 

vlhereas I1; in Eq. (VI.l2) is defined by Carabateas et al. Q8 bcing simply a 

the dipole moment of the adsorbed polarized atom, ':rithout reQ:ard to its 

image. Clearly, the latter din ole moment M a is half of that clefir:ed in 

·--! 



Eq. (VI .. l); therefore, with these definitions Eqs. (VI.l) and (VI.l2) 

· are consistent. 

In contrast to the previous theory, Carabateas et al. did not neglect 

the dipole moment of the adsorbed atoms. They evaluated it in the same 

manner, by means of Eqs. (VI.2) and (VI~3); however they neglected the 

· dipole moment at zero coverage M . In effect, · . ao 

M ::~ -a e"' -a ( 1-f)/4/er .. a a. a J. 
(VI.l5) 

i .. 

For the dipo:t:e moment of the ions they'used, without explanation, the 

~ . expressJ.on 

.... :· ~(1 - 2Tra. o'S. ( 1-f) /r~ . ) ··,·· 
M. · - M ·. :. . J. J. -

.J. - io 1 + 27ra. o'S. ( 1-f) /r. 
l l l 

· where as before M. = 2er. . For clarification Eq. (VI.l'6) ·can be written 
J.O . J. 

as. follows, 

(
1 - 2a.t; ./M. ' M J.'· J. J.O 

MJ.. = . I lO 1 + 2a .,S . M. 
· . J. · l lO 

. ' 

(VI.l7) 

where £ . ·would be' the depolarizing electric field due to the ion dipole· 
' J. '' ' 

layer,.·without considering the d-epolarization action of the ions on the · 

fi\=ld; comparing Eqs. (VI.l3), ·. (VI.l6), and (VI.l7), the field C. is 
·J. 

defined by a relation similar to .Eqs. (VI.3). That is,. 

0· = (l-f)b4J. /er. , (VI.l8) 
l . J.O l 

where. 

6~. = 2Trecr M. B. 
lO J.O l 

. (VI.l9) 

-i· 



The term tslj;. is the potential energy drop across the dipole layer of the 
J.O 

adsorbed ions in the absence of depolarization effects. 

Cara'bateas et al. related e. and e by Eq,' (VI.4); hO\·lever they tacitly 
, l a 

neglected the statistical~weighting factor gi/ga' which equals l/2 according 

to the simplest assumption. They used an expression for E, the energy 

required to neutralize an ion on the surface, which is slightly different 

from Eq. (VI.8). They argued that because the radius of adatoms (about 

2. 7A) is considera.bly greater than that of adions (about l. 8A), an ion 

escaping the surface travels through the entire dipole layer of the 

polari~ed adatoms but through only the fraction f of the adion dipole 

layer; therefore the effect of adsorbed cesium on the,ion desorption 

energy is 

b.¢. = ¢. - ¢. = fDJjJ. - 6?/J • 
, :1. l 10 l a (VI.20) 

Combining Eqs. (VI.20),, (IV.ll+) and (IV.i5) and solving f~ E yields, 

E = E 
0 

(l-f)67/J. + 6¢ 
J. a 

I 

(VI.2l) 

Like Rasor and Warner, Carabateas et al. neglected the term 6¢ in Eq. a 

(VI.21}. rn'' analogy with Eq. (VI.lO)"it follows that 

• (VI.22) 

·combining Eqs. (VI.l2) to (VI.22) yields the result shown in Eq. (1) of 
.• 

Table VI.I. 

3 . Theory of Gyftopoulos and Lev1.ne . 

The analysis of Gyftopoulos and Levine differs from the previous two 

. ~5 5·8-60 
in two ma1n respects .... ' First, they do not make the distinction 
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th?-t an adsorbed particle is an ion· or an atom; und second. they pobted 

out that the adsorbed particles will change the Hork function of a surface 

whether or not they are ionized, because as the surface becomes completely 

coated its work function must eventually be that of the adsorbate. In 

essence, besides any dipole layer effect, the adsorbate alters the hcie;ht 

of the potential barrier (above the Fermi level) at tl:le surface by cbngin~ 

the position of the Fermi level. Hence the expression used by Gyftopoulo:;:; 

and Levine for typ versus e contains 'the usual dipole term plus another tcr·m 

to account for the latter· effect, which they call the change in the elcctl'o-

~ 

negativity barrier, 

(~ - ¢~)[1- G(8)] + 4rrecrM8, 
0 .!. 

(VI.23) 

·where ¢f is the bare work function of the adsorbate and 

(VI.24) 

G(G)is a polynominal arbitrarily chosen so'that its derivative is zero 

when e is 0 and 1, and the value of the electronegativity barrier is ¢ 
0 

when 8 is 0 and equal to ¢f when 8 i::; l. The expression for the dipole 
\ 

r;no91ent M chosen by Gyftopoulos and Levine is different still from that 

ofthe two studies described above. 

(VI.25) 

where I~ is the dipole moment in the absence of dipole-dipole interract ion. 

Assuming that the dipoles a!'e uniformly distributed in a square array, they 

estimated that the depolariz.ing field is 

(VI.26) 



. They evaluated the dipole moment · l'-12 as follo-v1s: 

M G(e)/(1 + a I R3) 
0 0 

(VI.27) 

where M is the dipole mome~t of a single adsorbate-substrate dipole at 
0 

zero coverage, M1. which i:J. equal to Ivl C:( 0) i;,; tflC' d.ipole monJcnt of a 
0 . 

single dipole when the surface is partially covered (1"1_ reflects the 

change in the effective charg~ of the dipole with coverage), :M"2 accounts 

for the reduction in the dipole moment due to self-depolarization, R is 

the sum of the adsorbate and substrate covalent radii. They calculated 

M in terms of the electronegativity, using a constan~ deduced from 
0 

existing data on the relationship between molecular dipole moments al"ld 

electronegativities. 

· M · ;, 2.03 x lo-18 ("" - cb ) cosj3,· in esu'"• em·, · o · . 'vo · f (VI.28) 

r . 
. ' 2 l/2 ' 

vrhere cosj3 = (1 - 1/2 Cf R ) , and Cfm is the surface density· of substrat~; 
. . m 

atoms •. The term cosj3 arises because M 1-1as calculated to be the component, 
0 

normal to the surface, of the vector sum of the dipole interactions be-

tween one ad~?,orbate particle and four ..,substrate ·atom·s ( Le., it i·Tas assW1112d 

am = 4a) arranged on a square la tt.ice. Combining Eqs. (VI. 23) to (VI. 28) 

and converting esu to eV yields the result shm.;n in Eq. ( 1) of Table VI. I. 

It 1-1as postulated that an effective charge eF could b~ associated 1-1ith the 

dipole moment M
2

, so that by definition 
·' . 

. o.422 (¢-¢ ... } G(e) 
F 

.l; 

el\cos/3 = (VI.29) = 

In Eq. (VI. 29), ·F is clime:Q.s'ionless if ( ¢ - ¢f) is given in eV, R in an;3stroms, 

and a in cubic angstl'D!1:s. 
0 

.. 



. ;"·' 

Levine and Gyftop~ulos did not use the concept of the penetration 

-x
.factor f. Instead they evaluated the desorption energy of atoms cpa as a 

function of su:rface coverage;·assuming this energy consists of separable 

ionic and covalent parts H.·. and Hcc' respectively:· 
J._J._, 

·X-
¢ 

a· 
II .. + H 
l~ cc 

(VI.30) 

where 

8 = F ( l-;R - v. ) I cp • 
. l 

(VI.31) 

In Eq. · (VI.30), cp:n and ¢:f are the. heats of sublimation of, substrate and 
~ 

adsorbate, respectively, v is the number of valence electrons participating 

in the covalent. bond (equal to 1 for the alkali metals), and Sf = 2(fr./S +S /S.,,) 
. m - m m ~ 

'is a mean orbital angular-strength factor where Sm and Sf are_the angular 

strength of the valence orbitals of the substrate and adsorbate atoms. The 

' ' 

quantity Vi in Eq. (VI.31) is the ionization potential of 1he adsorbate. 

Numerical values of these quantities for cesiUm and tungsten are given in 

Appendix R. 

The purpose of the quantity 8 in Eq. (VI.30) is. not clear. Levine and 

Gyftopoulos mentioned in Ref. 58 that the energy required to remove an 

2 2/ adsorbed particle with a fractional charge eF to infinity is e F R; 

more correct value, based on the image.cbarge theory is hal£: of that. 

a 

They stated that for F = 1, .H .. reduces to the energy required to remove 
ll 

an adsorbed ion from the surface; what they probably mean·t is that· Hii, · 

in this case, is the energy required to convert an adsorbed ion into a · 

free atom at infinity [Eq. (IV.l7)J assuming that the ion despprtion 

2 
energy is given by e /R. However, at zero coverage there is poor agree-. 

-x-
ment behreen H .. (F = 1) and experi.>nentally measured values of cjJ (Sec. 

n. ao 

tv~E), unless the ion c,esorption energy in 'this· theory is about e2j2R. 
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-. . ~ 

·4. EqUation of State for Adsorbed Cesium • 
. ·, 

We have now presented three formulations expressing the variation of 

· ... work function with the surface coverage of the adsorbate. Unfortunately, 

:·:as wfth most similar experiments, we were not able to measure the surface 

. coverage e directly .. Rather we measured the current-voltage characteristics 

of the diodes as a function of emitter and cesium reservoir temperatures .. 

. . 
Rasor and Warner have shown that a relation between these two temperatures 

·and the surface cbverage can be obtained from a consideration of the evapor-

ation rates of cesium from the reservoir and the emitter. When electron 

:current: iS· drawn, the elect:dc field at the· emitter surface prevei1ts the 

. emission of ions. Hence at steady state the evaporation rate' of neutral 
·- .: .' 

· .· atoms n 
·a 

~- .. 

from the emitter is equal to the incident flux of cesium 
. ( 

n • 
0 

. •,. . . -~ - . . ' .<. ·:, · .. :n 
- ... a 

-.·/ 
:< . ., 

... . . . ,• 
.. '. : . . . ~. .. .. :·· 

= ·n. o· 

· ..... ':·.;:In. therm;aYrtamic eq~ilibrium 
-.-: . ·. ,',, '· -.· '. . . . ' ·:, : 

·. ·.---. ;;· __ · -.. -
. · : .· '· . .' from th~ · c~s ium: reservoir 

·:_:-':' •'•. 
- .... r. . •. 

,1, •• 

. -·> > 
' ·-" :--' _·. 

- ·. :-. I ~:- ' 
' ..... -.. , (vi.32) 

,.' I 
..· , ! 

no . is equal to' the fiux df cesium ~vaporatine 
', ... ·-

:: 

., ,· •' 

. '- ... -: • . . i '~· . ' : ... . ~ ... .: : .' '(VI.33) 

- ;- ·. 

t •• :._· 

. .. : 
,;• l · .. -;·· 

j • ! ' ~--. 

·.' 
"' . · ... \ 

·.··· 
· ... ·..,. ',. 
·,_ . . :.-· .. 

where_.~'(='= 0.75 eV) is -the heat of evaporation of cesium from 'a liquid. 
. . .. .. 

.. cesium surfac~; ·and 

; . ,. 
i c .::: 

·: ;_. 

g'ill (J a Cs Cs = 
. 27 . 2 . 

1.3 X 10 /em sec '· ·. (VI.34) 

. -:··_· . . •' .· . according to Langmuir's data (Sec. V.A)~ Now gi is the statistical weight a 

... : .· . ~·._,. of the' cesium vapor~. roes is the vibrational frequency and (Jcs .:he. surface 
., 

density of atoms. on the liquid cesium surface. As shQwn in se·c. IV.A, 

Eqs. (IV.~8).;and:. (IV.27),. na is of the form 
.. ' 

' . , 

I ··~· . ' 

·;, . '. ~ 

,, •' 

., 
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In each of.the studies described, a different expression was used for 

each of these thre·e calculations. It should be immediately apparent there-

fore that in order to obtain a detailed comparison between the theories ~nd 

. * 
experiments the experimenter should ideally measure ¢, ¢a (or ¢i) and e for 

a given TE and TCs. 

. B. Discussion of Results 

· Our pro~edure to obtain the complete current-voltage characteristics 

of the diodes operating in cesium vapor was described in Sec. V •. A. The 

· .. temper~ture range of the emitter at which we obtained useful electron 

··emission data was 850. to 1450°K and that· of the cesi~ reservoir was 40 to 'j,·,, 1 .·. 

l00°C. As-mentioned earlier, the premature failure of both diodes prevented 

us from extending our measurements to higher cesium temperatures •• 

The current-voltage curves were measured po.int by p0int with the test 
\ .. ·. ' 

·.·>· .. ·::circuit:: d~scribed. in· Sec. III. B. The maximum electron cur.fent-density 
. . '· .. . . ·. '. ' 2 . ' 2' 

· .• . :_ :. :drawn .from either the .. (110) or (100) diode. was about 10- amperes/em ; . 
, • r , 

· ·· · hence ,the corresponding electron cooling of the emitter · ( essehti~lly the 

product of the emitter work function per electron in volts and the emitted 

·elec~ron current) was negligible. 

A. 6o~cps· ac sampling circuit was designed and· built because we hn.d 

expected to extend our measurements to include current densities on the 
. 2 

order of 10 amperes/em ; in this region the electron cooling becomes an 

appreciable.fraction of the heating power into the emitter. The idea 

.behind the ti.s'e of ~r{~.a~·: c~~~uit .. is that ~he· heat capacity of the emitter 
''·". 

prevents its .temperature.from varying appreciably although th¢electron 
' . -

emission, ,and therefore the electron coofing, changes with the applied 

voltage. The test circuit, described :}n detail in Appendix L, was hot 



:, ,1 

. :., 

... ' 

completed in time to be u'sed in this study. Through its use the diode 

voltage would have been varied· sinusoidally 60 times ·a second; but by 

the use of a sampler the resulting current-voltage curve, or any part of 

. it, would' have been conveniently displayed on an X-Y plotter, in a'time 

selectable from 3 to 60 seconds. 

The electron current-voltage curves that we observed (point by point) 
' ' ' 

were essentially free of peculiarities an(j. were simiJar to thevacuum data 
. . 

described in Sec·. III. This similarity was to be expected because the 

" . ,. conditions for a collisionless plasma were satisfied in the range of 

'" 
· cesiunt pressure and interelectrode spacing (0.010 to p.020 in.) at which 

.. the diodes operated. The observed electron emission was therefore truly 

representative of the work: function of the electrodes and was not in-
I •··'' 

'fluenced by. plasma sheaths and transport phenomena which occur at higher. 

. ' ' 
__ cesium·pressures when the.mean freepaths of the eiectrons and cesium 

·ions are sma.~ler than the . interelectrede spacing. . ·. 

The electron-current distribution (Le., the Boltzmann line); in the 

retarding potential region of the I-V curves, was readily measurable 

· · · whenever the emitter work function was· low enough .that the ion emiss:i.on 
·. ' ... 
. . . ···from·. the emitter was negligible compared to the saturation electron . 

··:. emission. The slope of the Boltzmann lines yielded electron temperatures 

50 to l00°C greater than the measured emitter temperatures. _Under these 

conditions and in the absence of space-charge limitations, the knee (contact 

' potential) of the •, ~urrent-voltage ,· c_u:;ves was' very sharply defined (within 

50 mV), and the _contact: potential was measured with a precision of 0.01 eV. 
,._ 

From these measurements and the calculated value of the emitter vrork func-

tion, the work function of the cesiated col.lector in. each diode was deter-

mined; it was found to vary within the range 1.95±0.05 eV and 1.85±0.05 eV 



.. ·. 

·~ - ' .. 

for the (100) arid (110) diodes, resp,ectively, as the collector-to-cesium-
. . . 

· reserv~ir temperature ratio ranged from. 1.1 to 1. 3. 

. . 

The field-free electron emission J was· determined from the intercept; 
so 

... at zero inter-electrode potential,· of Schottky plots of the observed satura-

-·. 't• ·;r ·· ·· ,, 

tion electron currents·. The saturation currents were measured in the ro.ne;e 

0 to 100 V for the ( 100) diode and 0 to 20 V for the ( 110) eli ode. 'l'lle · 

.... emitter work .function¢ was eva'luated atieach observed combination of TE 

and TCs by me~n~";of the Richardson equation, 

~ . (VI.44) .. 

where, · to be consistent,- the value of the Richardson constant A- used in 

this ~alculation was 238 ampere/cm
2

°K
2 

and 207 amper~/cm2°K2 for the (100) 

and (110) crystals respectively, ~s determined from 9ur· vacuum data .. 
. . . 

: :·;. · All of the :t:ield-free electron emiss:iori data .that we qbtci.ined for 

·. both diodes are displayed in Figs. vr: 4 and VI. 5 (·so·,..caJ.J..ed·:::Langmuir.L~ ·, ·1· 

: ·<<' ;-: S-curves}. · In additio?, the data have. be€m tabulated in· Tables Q.I and 

·. , Q.II of Appendix Q. The lines of constant negativ~ slope in Figs. VI.4 and 

_VI.5 represent_thermionic emission at the constant emitter work function 

.. indicated on the lines; these .lines were calculated with Eq. (VI.44) and. 

·' ' 

· the· above values of A. The points on the S-lines are the experimentally 

determined emissions at constant cesium-reservoir temperature' (therefore 

con'stant flux of cesium :incident. on the. emitter). The S-curves were 

extrapolated beyond the. range of the data by means of the curves shown in 

Figs. VI. 6 and vi. 7. Figure VI. 6 is a plot of the change in the ( 100) 

emitter work :f\1netion, . lY:/>( 100) versus TE/TCs. Because of the uncertainties 

discussed in Sec. V.B, the data for the (110) crystal shown in Fies. VI.5 

and VI.? could not be related to the bare surface properties determined in 
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Sees. III and IV; consequently these data will not be discussed any_ 

further .. The lower of the two distinct but narrowly separated lines in 

Fig. VI.6 has been drawn through the data points obtained at a cesium-

. ~eservoir. temperature of 100°C, and the upper line has been drawn through 

the data points obtained at all the lower cesium-reservoir temperatures 

· from 40 to 80°C, This behavior agrees qualitatively with the theoretical 

· predictions of_ Rasor and Warner (Fig. VI.3), which indicate that the slopes 

of the.·6cf:> versus TE/TCs curves at constant cesium-reservoir temperature 

become shallawer'as that temperature increases. We wish to recall at this 

point the .excellent .. agreement bet\Veen the data shown in Fig. VI. 6 and the 

:·similar· results obtai~ed from iori emission ,(Fig. V. 7): This agreement 
. ·.·. ' ; . 

' · is an· indi.cation of the uniformity of the work function over- the (100) 

' : . . crystal surface'. ' . ;: 01:- ' ' '• .• 

. . ' . ' ' ... 
' .. ·. C. Comparison with Data of Taylor and Langmuir '. 

·. /.' -· _,. 
'·. ~ 

... · ... ·' ,;-.. We now compare our results for the (100) c:cystal (Fig. vJ:~·6). with· .. . _, 
'' •, .: 

' ... ·, 

88 ,. ·. '. . . 
those of. Taylor _and Langmuir for polyc:cystalline tungsten, shown as 

:the dashed line in the same figure. The Taylor-Langmuir data shown here 

are also.tabulated in Table R.II of AppendiX R. ··They were estimated from 

Fig:. 15 of Ref •. 88. The curves for (100) and polycry'stalline tungsten: 

shown in Fig. vr.-6 'are ve'ry nearly identical in shape but are displaced 

horizontally in such a way that at constant 'bJ:f> . ' 

· .. TE. . . ·, ·. T .· . . . 

. ·. T (100) = T E (polY) - o.i5 
· Cs Cs 

This constant lateral offset is demonstrated in Fig~ VI.8. He have seen· 

(Sees. III.D and·IV.F) that oU:r measurements of the bare work function¢ 
0 

' ' ,_. 

. I , , . 
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·X· 
and the cesium ion and,atom desorption energies ¢io and ¢ao for (100) 

· tungsten are essentially identical with those of Taylor and Langmuir for 
.. 

polycrystalline tungsten [¢ (poly) = 4.62 eV]. 
0 . 

We might, for the moment,. entertain the possibility that ~he difference 

between these two data sets, exemplified by Eq. (VI.45), is due to differences 

in the vibrati~nal frequency ru of adsorbed cesium and/or to differences in 

· the surface den.sity ·cr of an adsorbed cesium monolayer. This possibility is 

· ·· suggested by Eqs ~ (VI.36) and (VI. 42) which show that these p~operties 
... 

affect the surface coverage and work function depression that· occur for a 

· • given TE and· TCs. · Let us assume first that the differences between the two .. 

·curves in Fig. vr.6 are due only to a difference in ru (i.e., Qa) between 
•' .. 

. ·•·;'· 

the surfaces: Because ¢. · has the same value for (100) and polycrystalline 
10 . • . . . 

' . . . 
. tungsten, we expect that the half width of the dipole layer ri is essentially 

the same . for both surfaces (assuming ¢io is equal to 'the ·~ge -charge poten-
. . . . . . . r 

tial energy). Therefore, under these· assumptions f(B) should- be similar 

. ·:,: ._-·: for both 'surfaces- [Eq. · (VI.40)]. _The frequency ru_ does not enter into the 

· .. ··. ·_,• evaluation of ty:p(e) in any of the theories de:scrib~d in Sec. VI.A; hence 
.... : .. :'-

·. ·',· .. '·' ': .i 

. ~ : ,:· ·;':·:.:.for a ~onstant e .an~·-.TE and therefore constan-t; l:Y:/J. and f we deduce from 

. · . . ·: .·:· 

. ''-.' 

Eq. (VI.42) that 

·· ..... 

T. . .. 
. E . . · ·:·r (loo): 

·· Cs ·· 
= ··TTE (poly),- kTE £n fruftoo))J 

C h . · : ru oly . s 

.. 
•' ~ . 

.. · ·cvr.46) 

. ·. ·comparing Eqs. (VI.46) and (VI.45) and using a· mean temperature of 1000°K 
. . . 

and a value for h ·of 0. 75 eV (Sec. VI. A. 4) ,-we obtain 

rut 100 )) · = 
1 2. 7 . · ·w po y ·(vi.47) 

• .• r 

., ' 
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This result agrees qualitatively with the experimental findings (stunmarized 

:in Table IV. I), which yield a ratio"' of 5.6; .however .·the experimental un

certainty in this ratio is about ±50%. 

Although this simple analysis correlates our results very well with 

those of Taylor and Langmuir, we cannot explain the magnitude of the ratio 

in Eq. (VI.47) from physical or theoretical considerations. Iri fact, it 

· appears from our experimental results and the theoretical work of Levine 

and Gyftopoulos that ill is essentially independent of crystallographic 

orientation for.cesium adsorbed on tungsten (Eq. (IV.51) in Sed. IV.D). 

Tiet u~ now take.the position that the difference in Fig. VI.6 is due 
' ' : .. 

'• 

only to a· difference in adsorption-site density cr bebveen the two surfaces . 

. · .... Taylor and Langmuir .thought that .the he~t treatment to which they subjected 

their po1yc:rystalline wire emitter resulted in ei:posing only (110) planes · 
' . . . . ' ' ' .. ' . 14 

to the surface. From their results they deduced a cr value :·of 4.8Xl0. . 

'cesium ato~s/cm2, compared: to the theoretical value of 3 .5~lo14 ato.ms/cm2 

, ... 
. based on the lattice spacing of a (110) tungsten surface and assuming·one 

. . 

adsorbed cesium~atom for every four tungsten atoms·. Rasor and Warner, and·· 
. . . .· . . . . 

Carabateas et al. normalized their theoretical treatments·to the data "of 

Taylor and La~gmuir b~ using crpoly = cr110 ·=.· 3 .5xlo
14 

atoms/cm
2 

whereas · 
. ''' '' ' 14 : 2 

Levine and Gyftopoulos used cr 1 = 4.8xl0 atoms/em . With these values . po y . 

·of cr, the variation of liP with''B for the three analyses is compared with 

the data of Taylor and Langmuir in Fig. VI~9. All the numerical calcula

tions from which the .curves in Fig. VI.9 and in the next_ three figures,· 

were obtained have been tabulated ·in Appendix R. The variation of biP 

with TEi/TCs 'w~s computed for eac'h analys~s withEqs. (1) to ( ~) of Table 

VI. I. ;Each curve was shifted horizontally by adjustin~ the ratio Qa cr/C, 

until the curve coincided with the data of Taylor and LanGmuir at a value 
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·of liJ> = 2.0. eV, as shown in Fig. VI.lO. This value of·'t::£1> was chosen be-

cause for 'all three analyses it -occured at a value of 9 :::: 0.3 at 1-lhich 

K(e) ~ 0. The ratios Qa cr/C required to ~atch the Taylor-Langmuir data 
I. 

were 

Rasor' and Warner (Q cr/C) = 3-9 a 
Carabateas et al. (Q cr/C) = 2.4· 

a 
·Levine and Gyftopoulos (Q cr/C) = 0.65 a 

whereas the value of this ratio, determined from the data of Taylor and 

Langmuir was· 0. 85. Note that in arriving at· the results shown in Fic;s . 

. VI. 9 and VI.lO, differing values for TE' cp * , and r. were used in· each .•. • . ao ~ 

:: · analysis. as suggested by the authors, and these quantities were not always 

' ,. in agreeme~t with the experimental data of Taylor and Langmuir. Hence 

· .. <Figs. VI.9 and 10 are not to be construed as demonstrating the fundamental 

. , differences between the three theories. 

The above calculations.were repeated for a (100) surf~ce, ·the only 
·' . ·.. '.· . . . . .·· ·. . . i4 

basic difference being that we assumed that· cr100,_=(cr110ff2) = 2.5><10 
. .. . . - . . . .. 

atoms/cm
2

• The results are shown. in Figs; VI.:)..l and VI.l2. Figure VI.l2 

shows that the. agreement between all three analyses and our experimental 

data is qualitatively fairlY good although .not nearly as good as the result 

of Fig. \VI.8 •. All three methods deviate· .. significantly at large· e or small 

TE/TCs •.. The methods of Rasor and Warner, . and Carabateas et al. inherently 

. predict. a decre.ase in f:::l/Jmax for. a decre.ase in cr. This is basically in

. correct because regardless of ~he value of (J the work function of any 

surface must eventually approach that of a pur~ cesium surface at .large 

coverage. However the treatment of Levine and Gyftopoulos vlh:t~h takes 

this fact into account approaches 6¢ too sl~wly to fit our datu. The 
max . 

discrepancies in both f:::l/Jmax and the slope of the 6¢ vs TE/Tcs curves for 
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TE/TCs < 3.0 lead us to the conclusion that the difference .bet1veen the 

:density of cesium adsorption sites a on our ( 100) crystal and on Taylor 

and Langmuir's polycrystalline wire cannot be nearly as large as ~2 ; 

and that therefore the ave:r;age surface of Taylor and Langmuir's wire i·ras 

cioser to being a (100) surface than a (110) surface. This view is in 
' ' ' 

: ·agreement with the general belief todaY that· in vie1v of the recent mea·-

· surements, including our own, of the bare ivork function of (110) tungsten 

surfaces (se·e Table II!.4), the data of Taylor and Langmuir were not 

· characteristic of· 'the (110) surface. • I ·•. • 

vfe have presented 'two simple analyses in 'an atte!ll!'t to explain the 
.. 

: differences b~t'W'een fhe 'W'ork function depression of (ioo) and polycrystalline 
. ~·. 

. ·• . 

·tungsten· as a function of the ratio TE/Tcs· Neither of these analyses was 
. . ' . . 

really successful;. and yet the· theories described in Sec. VI.A contain no 
". 

·. .•. ' · .·· other physical parameters. that we could vary, except for the ionic and 
.< .. ... r. 

· .:atomicpolarizabilities which 'W'e do not expect to depend very much on the 

' metal substrate • .. 
. . ' 

It is iikely, therefore, that. these differences are a result of the 

~on~iformity of the .poly~rystalline surface. The minimum bare 'W'ork func,;. 

tion on a poiycrystalline surface cannot b~ much smaller than 4.62' eV, ·but 

'W'e know from our results on the (110) crystal that the :rro.ximum bare· ivork 

· ',function .can be greater by 0. 7 eV. All three of the theories presented in 

Sec. VI.A predict that, for a value of TE/TC.s low enough to result in a 

,: significant su~face coverage on patches havins a bare "\·l~:t:'k function equal 

··.to the average bare work function .of the polycrystalline surface, the 

effective work function of the high, bare \·rorl{-function pa.tches \·rill be 
.• 

lower than that of the patches havins the avera_ge bare Horl<:: function. 

These initially hish ivork-function patches vr:i.ll therefore c'nit more 



'. 

. ·.··· 

·.··· 

,''<,. 

electrons per unit area than the patches initially having the average bare 

work function. We deduce .from this discussion that for a given value of 

TE/TCs' a polycrystailine tungsten surface ivill have a greater. electron 

emission than. a uniform tungsten surface with the same bare ivork function 

[i.e., (100) crystal].· Because the ef:fec;t:Lvc vlo.rk funct:i.on i::; cvaluatctl 

from the Richardson equation [Eq. (vr.44)], we would expect the observed 

work function depression of polycrystalline tungsten to be greater than 

that of the (100) crystal, for the same valu_e of TE/Tcs. The curves 

in Fig. vr.'6 are in agreement with this expectation. The validity of 

all th~ee theories becomes questionable as the fracti~nal surface qoverage 

. e · approaches unity. However, event~ally the work function of· the cesia ted 

surface must become that of bare cesium, or in other words the work function 

, •. depression becomes· equal to the difference in the bare work functions of 

Therefore we wculd ex:Pect the maximum work 

function depression of (100) and polycrystalline tungsten to be about the 
I 

· same. The data shown in Fig. vr.6 tend in that direction ( ¢C . = 1.8 eV). s . 

In conclusion, we have experimentally demonstrated that the work 

function depression of a polycrystalline tungsten surface is greater for 

a given TE/Tcs ratio.thah that of a tungsten single crystal having essen

tially the same bare work function, in qualitative agreement vrith theoreti

cal predictions based on the.nonuniformity of the polycrystalline surface •. 

It is also evident that the measurement of 6¢ versus T·E/Tc' ' is not 
' s 

. 1.:/ 

sufficient to provide an adequate comparison of the three theoretical 

analyses that we have presented. 
-x

It would be desirable to measure 6¢ 
. a 

versus TE/TCs in addition, but of course it would be still more desirable 

to measure e, as did Taylor and Langmuir. 
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D • · Smn.rna ry 

-
In Sec. VI we have described three recent analytical: methods for 

·.predicting the work-function depression of metal surfaces due to the ad

sorption of alkali atom~ (see Table VI.I). They are the work of Rasor 

:·.and Warner,75,76 Carabat~as,. Stickney, and Aponick, 16 ~nd Gyftopoulos and 

. 35,58-60 Lev1ne. We have presented our experimental results for the mea-

· surement.of the electron emission from the (100) and (110) tungsten crystal 

.·exposed to • a cesium vapor. The range of emitter and cesium reservoir tem-

.. ····:<:'peratures were 850 to 1450°K and 4o to 100°C, respectively. The data were 

present~d in the form of Langmuir S-curves, and were also tabulated im 

Appendix Q •. ·.The work function of the emitters was calculated by substi-

tuting the.observed saturation· currents at zero field into the Richardson 

equation. .These results were· displayed in. the. form of li/) and cp vs, TE/Tcs· 
. 

curves and compared with similar curves derived from the data of Taylor 
. · ... ' . 

·r 
and ·L~ngmuir on p6j_ycrystalline tung~ten.:: We found that for the (100) 

.crystal .the slope of .the 6.¢. versus TE/Tcs ·cl,ll've-at constant Tcs tended to 

decrease as .Tcs was increased, in qualitative agreement with the theoretical 

predictions of Rasor and Warner. For the ( 100) ,crystal the shape of the ·t:£P 
. . 

versus TE/Tcs cur~e was closely similar to that of polycrystalline tungsten 

· but displaced· towards lower values of TE/Tc~ by an amount.· of this ratio 
. . 

·. equal to 0.15. This displacement was analyzed in terms of the theories 

mentioned above; it appears that the differences in the 1-rork function 
.• 

depression for ~hese two surfaces, which have nearly identical b.are \·rork· 

._functions,· is a result of the nom.l~iformity of the polycrystalline surface. 

The (110) crystal data were not analyzed in detail for the reason::; discusced 

in Sec. V.B. 



VII. WORK-FUNCTION DISTRIBUTION ON EMITTERS 

A. Uniformity of Crystal Surfaces 

No direct observation of" the degree of crystallographic perfection of 

the surface of either crystal.could be made, but qualitative indications 

of the work function uniformity over the surface of the crystals could be 

deduced from some of our experimental results. The x-ray Laue patterns 

• that we obtained were very sharp; as mentioned in Sec. II, this sharpness 

does :O:ot insure that either (110) or (100) planes were ever exposed to the 

surface but it does mean that the crystals were free of gross imperfections 

' near the surface. Deduct'ions concerning the work function distribution 

were obtained by contrasting results desived from electron emission, with 

corresponding observations obtained from cesium:-ion·.emission. Such a 
... 

contrast can give information about the work-function distribution be-
/ . . . 

cause the electron and ion emissions per unit area. are weighted differently 
r 

with respect to the wprk function. For a given surface area and tempera-

ture, electron emission increases exponentially with decreasing work func-

tion; wherea~ ion emission, under conditions of low fractional ionization, 

increases exponentially with increasing work function. Under conditions 

of 100% surface ionization, ion emission is independent of work function. 

It should be evident then that the average work ;function of a nonuniform 

surface deduced from electron emission will be lower than that derived 

from observed ion emission; and strictly speaking, these two determinations 

will give the same result only when the work function of the surface is 

uniform (single valued). 

Therefore, the excellent agrc0.meni~ (vrith:i.ri O.O)cV) that WI:) obnqrvccl 

between our determinations of the work function depression of the (100) 

crystal from electron emission and from :i.on emission data is a good 



. •. 

indication.of the uniformity of the work function over the crystal surface. 

These two methods agreed only within O.leV in the ca$e of the (110) crystal 
.. · 

which had by then become contaminated. 

Additional estimates of the work-function rionuniformity of a surface 

can be evaluated by studying the shape of electron and ion current-voltage 

curves in the retarding potential region; these determinations, which are 

• discussed in Sec. VII.B, require that the collector work function be 

·uniform; hence we could not analyze our vacuum data in this respect because 

our collector was polycrystalline. However, in cesium vapor the work 

function of the collector in our experiments was essentially that of a 

cesium surface, and the shape of the current-voltage curves under these 

conditions should be representative of the emitter surface. We found for 

the (100) crystal, as mentioned in Sec. VI.B, that the transition from 

the saturation region to the retarding potential regi.on of the electron 
r 

current-voltage curves occurred within 0 ."05V (in th~ absence of space 

charge); we found also that the slope of these log I-V curves agreed with 

the measured emitter temperature within 50 to 100°C. These two observations 

are indicative of a fairly uniform emitter work· function • 

. ' 

B. Work-Function Distribution from Cesium-Ion Emission 

From the electron current-voltage characteristics of a diode, it is 

possible to determine the fraction of the emitter surface that is occupied 

by patches having a given work function. 14,74 
It occurred to us that a 

similar and more sensitive determination can be obtained from the· cesiUm._ 

ion current-voltage characteristics of cesium diodes,. so long ~s the 
. .. : 

minimum work function of the emitter. is greater than 3.9V, the ionization 

potential of cesium. 
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If the diode is operated under conditions at which the ionization 

coefficient 13 of each patch of the emitter is 1, the ion-current density 

jcs(¢) emitted from a patch of work function ¢(in the ·absence of space

charge' effects), is given by 

and 

en , 
0 

en 
0 

exp(-

V >'};;_ (¢- ¢) (V,II.l) 
E e c 

¢ - ¢ - eV · ·· 
. c _. E), VE < ! ( ¢ - ¢ ) (VII. 2) 
· kTE e c 

i'lhere n is the neutral-cesium flux incident on ,the emitter (equal to the 
0 

saturation ion-current density),¢ 
c 

is the collector work function (assumed 

uniform), VE (equal to -V ) is the c 
applied emitter voltage relative to the 

collector, TE is the emitter temperature, and e is the electronic charge. 

If it can be. assumed that the observed total cesium-ion eurrent ~TC~ from 

an emitter. of unit ar~a is the sum of the contributions from each patch, 

then ·· 
00 

.JCs = ,{ jcs(¢) f(¢) d¢, 

C/tniri· 

r 

(VII .3) 

where this analysis is restricted-to the case where the minumuni work 

function ¢ . is greater than the ionization potential V., and where 
m1n . . · . . . 1 . 

f(¢) d¢ is the fraction of the emitter surface having a ~ork function 

between¢ and(¢+ d¢). Substituting Eqs. (VII.l) and (VII.2) into (VII:3) 

we obtain 

--· ·en 
0 

eV · 
E ) f(¢) d¢. -,. ·(VII .4) 
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Leibnitz'form~la for differentiating integrals is 

(VIL5) 

Applying Eq. (VII.5) to differentiate Eq. (VII.4) with respect to eVE' 

we obtain 
.... J 

d ( Cs) 
· deV en = 

E o 

and now differentiating Eq. (VII.6) yields 
• I ' ~ 

2 J . .. ' 

d ( ~ ) . = -~ f( eV +¢ ) . + 
( ) 2 en kTE · . E c. d eVE o ' 

· (VII.6) 

I. 

1 .. roo ¢-¢c -eVE 
.. > 2 '- exp(~ . kTE )f( ¢)d¢. 

( k~ ) c· .lA. ) E eVE''~-'c 

(VII.7) 

Combining Eqs. (VII.6) and (VII. 7) and solving for f( eVE+:·¢.~)'· we obtain 

the result 

where 

Y ·= Jc /en s 0 

(VI!.S) 

(VII.9) , 

and Y' and Y" are, respectively', the first and second derivatives with 

respect to eV~ and are determined directly from the ~bser·ved ion current- · 

voltage characteristics. 

As mentioned earlier, a similar result has been derived from electron 

emission. 74 In this case Eqs. (VII.l) and. (VII.2) are replace~ by 

2 = ATE exp( - V"' > !_ ( ¢ - ¢ )" (VII. 10) ,_, e c . 
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·and 

(VII.ll) . 

. where je, is the electron current density emitted from the patches with 

work. function ¢ , and A' is the Richardson constant. If the collector 

· work function is uniform and J is the tota; electron current from the 
e 

emitter, then· 

oo' 

Je = J je(¢)f(¢)dX¢); (VII.l2) 

·~o 

and in the same manner as before the combination of Eqs. (VII.lO) to (VII.l2) 
. ~ .. 

yields·· 

f(¢) 

.' ~ . . . 
(VII.l3) 

.. . 2 
J = AT B E exp (-

ev + ¢ 
E c ), .. 

kTE 
(VII.l4) 

and € 1 and €
1
" are derivatives with respect to eVE" Note that € 1 and €

11 

· · , · ·.·.are not obtained by simple differentiation of the observed electrqn current

... voltage curve, because the ~actor . J B is a function of voltage. 

Equation (VII.8) provides a more sensitive determination of f( ¢) because 

the maximu<'!l ion-curre~t density from any patch is weighted .equally (Eq. 

(VII.l)),whereas the maximum electron-current density from a pn.tch h~ving 

worl5: function ¢is.weighted according to Eq. (VII.ll). This m2ans that the 

precision ·with which f(¢) can be determined from -Eq. (VII.8) i~ independent 

of ¢, whereas it decreases as ¢ increases when Eq. (VII .13) is used. 

The relative sensitivities of the hro methods are demonstrated in 

Fig. VII.l, which shows the electron and ion currents versus voltage that 
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would ideally be observed from a s-urface composed of two p~"tches of 

identical area, one having 1vork function ¢
1 

c~nd the o::.l1er, .¢,.,, \, ith 
c: 

¢
1 

> ¢
2

. It is evident that the change in the slope of the combined ion

current curve is greater than that of the electron-current- curve. A little 

reflection on the derivat.ions presented above will reve<il th::J.t Eq. (VII. 8) 

can be applied in the case vJhere both emitter n.nd collector o.rc poly-

crystalline, yielding the relative \vork function distribution f( ¢ - (P.) 

f( eVE) of the two electrodes~ On the other hand, the electron-cun·ent 

analysis cannot in this case yield a unique relative distribution f(¢ - ¢c)' 

as discussed by 'Caulfie1dl9 although it can be applied with high sensitivity, 

to the case of a uniform emitter and a polycrystalline collector simply by 

integrating Eq. (VII.l2) with respect to f(¢ ) d¢ , \-tith the result that 
c c 

f(¢ ) 
c d:~:vE)2) · 

(VII.l5) 

C; Experimental Results 

The vacuum electron I-V curves described in Sec. III do not dev:i.ate 

much from the ideal, even though the collector vras polycrycl:-alline. Jo'or 

comparison, in Figs. 'VII.2 and VII.3 we show ion I-V curve:3 and correspond-

ing electron I-V curves for the (110) and (100) diodes, re:;pc:ctively. The 

ion and electron currents were determined from the observed net cU!'ccnt by 

assuming that the observed current was the algebraic sum of ideal ion and 

electron I-V curves. These data were obtained, under conditions of lOU}~ 

surface ionization, after the conclusion of the v:.1cutun tr,ermionic-emi:~:;ion 

experiments and ,iust prior to the hr.at-of-evaporation experiment:;; they 
\ 

were part of the fourth n.nd s:Lxth data set :foe t'tie ( 100) r~nd ( 110) diode:::, 
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respectively, described in Sec. III. In each case, the cesium reservoir 

·was immersed in liquid nitrogen; hmvever, as mentioned in Sec. IV.D, the 

cesium vapor•' in the diode wa;· not in ~quilibriuin 1vith the cesium reservoir 

at low temperatures. Possibly a fraction of the apparent ion current -vras 

due to secondary-electron-and photoelectron emission from the collector. 

In fact, it is likely that most of the apparent ion current for the '( 100). 

· diode was photoelectron emission from the ,collector; what e.ffect this 

emission would have on the determination of the work function distribution .. . .. 

was not investigated. The apparent ion currents in Figs. VII.2 and VII.3 

were nE>rmalized .. by dividing by their saturation value (en ) and were then 
• 0 

. replotted .in Figs. VII.4 and VII.5. The work function distributions 

corresponding to these currents were not calculated, partly "Qecause of the 
I 

uncertainties already mentioned, and partly because we were not sure of 

the surface condition of the collectors. The knees of the electron- and 
. r . 

ion-current curves in Fig. VII.2 occur between 3.8 and 4.ov •. Since the 

(110) emitter work funCtion determined in Sec. IIIvaried from 5.1 to 5.3V 

over the whole temperature range, the collector work function must have 

been around 1.3 to L5V .. Likewise the knees of both ion and electron 

I-V curyes in Fig. VII.3 occur at about 3.4V, and since the (100) emitter 

work function was 4.65V,. the collector work function was .1.3 to L4V, or 

essentially the same value as that of the (110) diode.. These collector 

.· 
work functions, somewhat lower than those of most cesiated metal surfaces, 

. . 20.78 
could be the result of'impurities adsorbed on the collectors. ' 

The surface of the collector in both diodes· vras evidently .vlell coated 

with cesium; therefore the ·collector ~-rod' function was probably fairly 

uniform. If that was t1:e case, Fic;s. VII .4 and VII.5 are representative 

of the emitter 1vork-:function di.stribution. The slope of the bottom of the 
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curves in Fig. VII.4 corresponds to the measured emitter ten:.perature. 

Figure yn.4 indicates that. beloV:r the transition temperature (1800°-·2000°K), 

the spread in the work function of the (110) crystal was around 0.5v. It 

also shows the hardening (shift toward higher values) of about 0.2V .and 

narrowing of the work-function distribution as the temperature is increased 

through the transition region discussed in·Sec. III.C. Unfortunately we 

could not obtain go~d ion-current data at temperatures well above the 

transition because they were masked by the thermionic electron current. 

In ·Figs. VII.3 and VII.5, the slopes of the ion-current curves for 

nearly\wo decades below the knees correspond exactly,to the measured 

emitter temperatures. This correspondence indicates that the work function 

of the (100) crystal was practically uniform. 
. 

For clarity, only tbree of. 

the five ion curves· shown in Fig. VII. 3 were included in Fig. VII. 5 

. because the other two lay within the bounds of the ones shown. At low 

currents deviations from ideality may be real or may be due to errors in 
.. . 

subtracting the estimated ideal thermionic electron current from the net 

observed current.. The slight shift in the contact potential was due to a 

change in collector work function, because it was not reflected by a 

corresponding.change in electron emission. 

D. Conclusions 

We have attempted to estimate the uniformity of the work function over 

· . the surface of our crystal emitters from some of the results obtained through

out this study. from all indications the work function of the (100) crystal 

was essentially single valued. That of the (110) crystal appe~red to be 

fairly uniform above the transition temperature but seemed to have a spread 

at lower temperatures. 



.. 

We have presented a .method· for determining the vrork"":function dis-

tribution on the electrode surfaces of planar cesium-plasma diodes from 

the observed ion-current-voltage characteristics. The method parallels 
i 

. . 
one already developed for determining the -vrork-function distribution from 

the electron-current-voltage characteristics. The applicability of the 

cesium-ion-current method is as follows: because ,.,e depend on lOa% sur-

face ionization, the minimum work function of the surface has to be above 

3. 9V. This restriCtion essentially limits the technique to the study of 

bare (free of cesium) surfaces, having rather high average work functions. 
~ . 

The method, which is applicable when one or both ele~trodes of the diode 

have patchy surfaces, can be appl.ied at a temperature much below that 

·required for the· appearance of thermionic emission from the bare metal 

surface, but it is limited at high temperatures by the interference of 

the thermionic electron current.·.· 

· The ion and electron retarding-p_otential techniques described in this 

section arenot as sophisticated nor as promising· as some of the electron

.· beam scanning ·and electron microscope 'techniques, which have recently been 

·. . . ' ' 84 . 5i 25 36 
developed t~· study· patch effects. . ' ' ' .However, they can be used 

. in a ·simple thermionic plasma diode and they· 'should· complement each other 
.• 

nicely. 

'. 

'! 
... 



VIII. Su~~y ili1D CONCLUSIONS 

.This df.ssertation describes an experimental study of the surface ion-
1"\ 

. ization of cesium and the thermionic emission from tl-lo large (::: 1.5 en{), 

flat, monocrystalline, tungsten surfaces oriented in the [100] and [110] 

crystallographic directions. 

All experimental results were obtained by measuring the current-

· v:oltage-time. characteristics of two diodes, each having one of the tung:

sten single crystals for the cathode (emitter). A guard ring in the 

>plane of the collector en~ured accuracy. of the cur rent measurements. 
' . . . 

· The bare-surface properties that we determined w~re measured first 

· ·and are summarized 'in Table VIII.l belmv • 

. The bare work function ¢ of each crystal surface was determined from 
. 0 

·measurements of the field-free thermionic emission J so (amperes/cm
2

) in 

vacuum (about 10-S torr) in the temperature range 1400 t~ 2200°K. The 
... ,. r 

·constants in the Richardson equation, . J so = ATE2 exp( -¢
0

/kTE), were deter-· 

mined from the slope and intercept of Richardson plots. OUr results agree 

with rece~t measurements of the work function for these tungsten crysta·l 

surfaces. 

* The desorption energies ¢io and ¢ao of cesium ions and atoms, respec-
. . . . . . . 

tiv:ely~ evaporating from very dilute films of cesium adsorbed on the crysta 1 

surfaces, were determined by measuring transient ion currents resulting 

from the sudden polarity reversal of an applied electric field at the 

crystal surface. The technique results_in the measurement of the eva.poru-

tion probability per unit time (reciprocal of the mean adsorption lifetime) 

P. and P for cesium ions and atoms, resnective 1 '", '.4here P. · "i3 g. iven by 
~o ao - -'-\/ lO 

the Arrhenius expression, P io = Qio exp( -¢i
0

/kTE), and siJnilarly for P ao 



Table: VIII.I. Properties of (100) and (110) Surfaces·of. Tuncsten 
Single Crystals. 

Properties (100) 

Work-function,.¢
0

(eV) 4.65±0.02 

· Richardson constant: A (amperes/cm
2

°K
2

) 238±75 
I 

Cs-ion desorption energy ¢. (eV) 2.05±0.05 
' . ~0 

Cs-ion vibration-frequency term Q. . ~0 

(sec-1 ) · . . · . 

-x
Cs-atom desorption .energy¢ (eV) ao 

~ 

Cs-atom vibration-frequency term Q 
. 

1 
ao 

(sec- ) 

· j ab 
TEO TCs . 

. 6.6 ±2xlo
12 

2.77±0.05 

1.3± o.4xlo13· 

3.5 

. . . . , .I 

(llO)a · 

5.33±0 .04 

207±50' 

2.06 

3.28±0.03 

3.8 

. a •. The results of the cesium desorption experiment shmvn here for the 

b. 

(110) crystal are for a slightly contami:pated surface.r·.havine a vrork 

.function of 5.11 eV. The value of TEO is for a contaminated surface 

of still high (but probably less than 5.0 eV) vrork function. 

TEO is the thresholdtemperature of the crystal surface 'for.lOd{o 

surface ionization of the incident flux of cesium vapor iri thermo

.· dynamic equilibrium with a reservoir ·Of condensed cesium at tem-

. perature TCs. 

f. 



This method is ideally suited for the study of emitter materials of interest 

to thermionic energy conversion. Our results, obtained in the temperature 

range 1000 to 1500°K, are con~istent vlith the iWrk function measurements 
8 . 

and with the theoretical predictions of Levine and Gyftopoulos. 5 Our 

88·70 
·data together with published results for polycrystalline tungsten ' / 

indicate that the ion desorption energy ¢io is ~ssentially independent .of 

• the crystallographic orientation of the tungsten surface. 

The detailed analysis of the results of the heat of evaporation of 

cesium atoms and ions experiment led to the suggestion of a. technique for 

studying the sputtering yield of alkali-metal surfaces under bombard1nent 

by ions of their own kind. 

:' .· Th th Shold temperature T for 10~ surface ionization of cesium e re . . EO v~ 

is defined as that.· surface .. temperature below which complete surface ioni- . 

zation of the incident ce.sium-atom flux no. longer occurs because the ad

... sorption of cesiUm on the surface becomes sufficient to deprress its 
. I 

· work function beloW the ionization potential of cesium. This temperature 

TEO was determined by studying the emission of cesium ions from the crystal 

surfaces, and was found to occur at a constant value (different for each 

: . crystal). ofthe ratio TE/TCs' as ·listed in Table VIII. I. 

The current-voltage characteristics of. the diodes operating in cesium 

·vapor were studied as a· function of the cesium-reservoir temperature· Tcs 

(0 to 100°C) and of the ~mitter temperat.ure TE (850 to 14,50°K) .: The 

work function depression 6¢. due to the adsorption of cesium on the emitter 

was evaluated from the field-free electron emission by means of the Richard-

son equation, and also from the field-free cesium-ion emission by means of 

the Saba-Langmuir equation. Excellent agreement i·ra::; found bctvreen these tvro. 

independent determinations for values of the '\·rorl< function smr:tllcr than the 



. ;.,' 

ionization potential of cesium. The results are displayed. in the fo;:m of ,. 

¢ and 6lj) versus TE/Tcs curves and Langmuir S-curves ;of the field..;free 

electron emission. 

The work-function depression data for the t110) crystal vlere not 

analyzed in detail because of insufficient data and because we suspect 

that the surface' of the crystal had become contaminated. 

For the (100) crystal, the slope of the6¢ versus T.,.,./TC curves at 
. . .t; s 

constant Tcs decreases slightly with increasing Tcs' in qualitative agree-

ment with the theoretical analysis of Rasor and Warner.76 

The work-function depression of the (100) crystal 1vas found to be 

. close to but significantly different from that. determined by Taylor and 
. . 
.·· . 88 . ... . . . 
· Langmuir . for po~y.crystalline ·tungsten. This difference is interesting 

·in that the bare-surface properties (work function, cesium atom and ion 

' ' 
desorption energie~ r of these two surfaces are. practically identical. 

.... 

An 

attempt wa~ made to analyze these differences with the help of the theory 

mentioned. above 76 
plus the treatments of. Carabateas, Stickney, and Aponick, 16 · 

and Gyftopoulos and Levine.35,58-60 Our data were insufficient to resolve 

the differences ]Jet1veen these theories. It appears from this effort, hovrever,. 

that the difference between our data and those of Taylor and Langmuir is a 

result of the work-function nonuniformity over the polycrystalline tunestcn 

surface. It is also apparent from our results that factors in addition to · 

· variations in the bare vlOrk functions must be considered Hhen extrapolating 

the data of· Taylor and Langmuir to other metal surfaces. 

vie attempted to determine the uniformity of the 1wrk function over 
,., 

the surface of our crystals from some of our experimc~tal results and by 

studying the energy distribution of ions thermally e:ni~ted fro.m dilute 

films of adsorbed cesiu.v:1 on the emitters. · o-u.r data quuli to.ti vely inclica.te 

that the bare ivork function of the (100) crystal surface i·Ta.s .very uniform • 



As part of this overall study) we measured the flux of cesium vapor 

as 8. function of the temperature TCs of its condensed phase (liquid) and 

compared our results withthose of Taylor and Iangmuir. 89 He obtained 

the same heat of evaporation, h- 0.75 eV, as did these investigators, 

but our measured flux was greater than theirs by a factor of about 1.5. 

This discrepancY: which -vre observed with both diodes is probably a result 

• of the difference in geometry between our closely spaced planar diode and 

the cylindrical diode with wire emitter used by Taylor and Langmuir. It 

is likely that our higher saturation ion-currents -vrere due to the effect of 

the applied electric field on the angular distributio~ of cesium leaving 

the emitter, and to possible sputtering of cesium atoms from the collector 

surface .• 

In conclusion, we suggest extensions of the. work performed in this 

study •. First, the (110) tungsten surface should be reinvestigated be
r 

cause we ·co.uld not relate our cesium data at large coverage for this · 
. ' 

crystal to its bare surface properties. To complete the picture on tung-
, . 

· sten we suggest that a similar study be done with a (111). crystal surface· 

whose bare work function should be lower than that of the (100) crystal. 

Such a complete study would, among other things, provide upper and lo1ver 
' . 

limit&. on the work function distribution of a polycrystalline tungsten 

surface, and provide a better understanding of the latter's behavior with· 

adsorbed cesium. 

In order to obtain decisive tests of the theories mentioned above, 

careful measurements of the work-function depression ~~ of these crystal 

surfaces versus the ratio TE/Tc at constant T, (or Tc ) need 'to be made 
. i s ~ s 

in regions of both low and high values of T.,,/TC"; in addition, it -vrould 
.u .., 

·X· . 
be desirable to measure the desorption energies ¢a or ¢i as a function of 



.• ~ 1 

. ·.,. 

. . 

the cesiated work function ¢, or .Preferable ·of course ·to measure all these 

properties as a function of the surface coverage of adsorbed cesiu.."l1. 

From a· fundamental point of vie1v, at least, it vrould be i-rortlr . .,rhile 

to perform all. these experiments with potassium or rubidium in addition 

to. cesium. 

In view of the differences between our measurements of·the cesiu.."l1~ 

• vapor flux and those of Taylor and Langmuir, vre feel that such measurements 

should be undertaken in'more detail in the parallel~plane geometry to 

determine the phenomenology of these differences; also, the range of data 

should~ be extended to higher temperatures • 
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NOMENCLATl.TRE 

R{chardson constant 

polarizability of adsorbed atom 

polarizability of adsorbed ion a .. 
~- · .. 

a 
·0 

c 
.:• 

. ' 

-polarizability of .adsorbed particle 

·· g'ro a evaporation rate of cesium at TCs . . . . . a Cs Cs' 
- .. ·.;_.: :, 

electric field 

depolarization electric field for adsorbed .ions 

.li~ .: depolarization electric field for adsorbed atoms 

. :_ ...... _ ... -· 

··.···' '' . ·e '-magnitude of the electronic charge 
. , ~- ·, 

.·-·,, 

-E .energy_needed to neutralize adsorbed ion on cesiated surface 

E . 
. 0 

· .. f ~-. 
. •·. 

···:_,_ ' 

; · ·_energy_ need~d to neutralize adsorbed:- -ion 'on b~re surface 

r 
,, i penetration coefficient for adsorbed. ions (usually 6.¢./6.¢). 

·. ·. . . . ~ .. 
. . . 

fraction of.the electronic charge· of an a,dsorbed particle 

· _;: g' · ·· .. ·· . statistical w:eight of cesium vapor 
. a 

/l 

:-g .,, 
. .. .-. a ...... 

.. j -·.,·_::- .• 

. 0: 0 gi .... 

. :. / 

,· 
'i ' 

: ·.· ,•.. -.... 

·-:.·.· .. 
'•' 

G 

.·,,: 

H ·cc 
H.·.·_ ....... 
~~ 

r· 

... ·; 

., .· 
:: statistical w·eight 'of adsorbed a tom ... 

. -, ... _ 

· statistical weight of. adsorbed ion .·· 

· .. .. · 

:~.·.coefficient of' the' el~ctronegativity barrier (i-~e2 + 2e3) 
__ .. _.: . . :·_· >- '._: 

:cesium heat of evaporation (.:;::0. 75 eV) 

covalent part :of, cesium-atom--desorption energy _. _ . ·. _, 
. .'I 

'·._ionic pa;t of cesium-atom desorp·tion energy :. 
.- ... 
·,.\" 

current . (us11ally elect~ons) 

cesium-ion current 

.- . ~ . . 

. ,',, t, ,. 

./. 
I 

' ·, ~ 



J 

Jcs 

J max 

Js 

Jso 

.. 
k 

K 

-* 
K 

I\' 

m· 
.. 

m· 
f 

m m 

M 
·-: 

M a 

M ao 

M. 
J.. 

M. 
J..O 

M 
0 

lf1_ 

111"2 

n 
a 

; n. 
J.. 

n 
0 

j\! 

. I 

electron current-density, ampere/cm
2 

cesium-ion current-density 

space-charge limited current-density 

saturation electron current-density 

saturation electron current-density at zero electric field 

· (field-free) 

Boltzmann constant 

* .en K 

thermodynamic function of coverage for the equation of state 

of adsorbed cesium. 

. * ·. K ;e 

mass of an electron 

• mass of adsorbate particle 

·. mass of substrate atom 

dipole moment of adsorbed pS.:rticle (~ a C.) 
,0. 

I . . 

dipole moment of adsorbed atom (M - a £) 
ao a 

. dipo~e moment of adsorbed atom at zero covera~e 

·dipole moment of adsorbed ion (M. - a~£) 
J..O ·'-

·dipole moment of adsorb'ed ion at zero,coverage 

dipole moment of adsorbed particle at zero coverage 

·M -G(G) 
0 

V~j ( l + ajR3) _ 

2 evaporation flux of atoms, atom/em 

evaporation flux of ions 

sec 

flux of atorr.s incident on emitter surface · 

surface concentration-of adsorbed partic;Les, particles/cm
2 



.. 

'f 

pa 

p ' a 

* p 
a 

p 
ao 

P. 
~ 

P. 
~0 

p; 
~ 

Qa 
. ' 

.. 

.. 
~ 

.'' 
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probability per unit time that an adsorbed particle evaporates 
as an atom 

probability per unit time that an adsorbed atom evaporates as ' 
an atom 

n /N = K' ce) P a - . a. 

probabil.ity per unit time at zero coverage that an adsorbed 
part:i,cle evaporates as an atom 

. probability per unit time that an adsorbed particle evaporates 
as an ion 

probability per unit time at zero coverage that an adsorbed 
. pa::r;ticle evaporates as an ion 

probability per unit time that an adsorbed ion evapor9:tes as 
an ion. · 

· g ro, . atom freq_uency-term 
. a 

Q ' · ao. . > -. -g ro , atom freq_uency.:..term at zero coverage 
. ..... ·. a- o ·- -

Qi 

Qio_ .. ·· -· :. 

r. 
~-

R 

R c 

.Rg 

's ' 
'f 

s m 

t 

... ·.,: 

'• ·,· 

- · · g.ro, ion freq_uency term 
. : ~ -

" 

.. 
-: 

g.ro , ion freq_uency-term at. zero coverage 
~ 0 - ' - ' ' 

radius of adsorbed ion 

interaction distance bet-vreen adsorbed particle and substrate 

metal ( eq_ual to sum 'of adsorbate and substrate covalent radii) ' 

·current-measuring resistor in series with collector 

current-measuring ··:besistor in series w·ith guard ring 

angular strength of valence orbital of adsorbate 

angular strength of valence orbital of substrate 

~ 2/(s ;s + . f m sjsf) 

time 

cesium-reservoir temperature 

electron te~perature 

emitter ter:r;Jel·ature 



~-· --- ·--_!._ __ ·-----~----

TEO 

v 

V. 
c. 

vd 

VE 

v. 
~ 

v 
0 

w a. 

w. 
~ ~ . 

a: 

..... 200-

·threshold:temperature for 100% surface ionization 

volt 

applied collector voltage relative to the emitter 

interelectrode potential C== v --- v
0

} . c . 
' ~ ;· 

applied emitter voltage relative·tp·collector 

ionization potential of cesium (, .. 89·.ev., Ref. 21) 

(~ - ~)/e contact potential '~-'c .· '~-' ' 

probability that an adsorbed par'ticle is an atom 

probability that an adsorbed par'ticle is an ion 

degree of ionization, ni/na '. · 

ionization coefficient, n./n 
. . . 1 0 

number of sputtered atoms per ion incident on the collector 
(sputtering yield) ·, · 

:. F(e2/R- vi)/¢ 

e fractional surface coverage ( = N/ C5) 

. e .. fractional surface coverage ·.of atoms 
a 

. '. 
e . . .. fractional surface coverage of ions . 

1 

a surface concentration of a mol').olayer of adsorbed cesium 

am surface concentration of substrate. atoms· 

¢ emitter work function c~sual1y with adsorbed cesium) 

¢* 
a 

¢. 
~· 

'. 
energy required to remove an adsorbed atom (adatom) to 
infinity as an atom 

(¢ + E) energy to desorb an adion as p.n atom· (o.bserved C a . . s 
atom desorption energy).· 

energy required to remove an adsorbed ion (ad ion) ,to infinity 
. ·~ 

as an ion 

emitter work function at zero coverage (bare surface) 



-- / cpc 

C/J ' ao 

6(/J 

6¢ 
a 

* -61J 
a 

6(/l. 
l 

6cf1. 
J. 

1\ 'if! 
a 

(1) 

(1) 
0 

* 
rpao' cpio 
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collector work function 

same meaning_as without subscript o but for zero 
coverage 

(~ - ¢), emitter work-function depression 
0 

(c£; - ¢ ) 
ao o 

(¢* ¢*) 
ao a 

(¢. - ¢. ) 
l. lO 

potential energy drop across adsorbed ion' dipole-layer · 

potenU.al energy rise across adsorbed atorn dipole-1:J.yer 

frequency of vibration (normal to the surface) of an 
adsorbed particle 

vibrational frequency of adsorbed particle at zero 
coverage-



\. 

,.·. 

-202-

APPENDICES 

A. Cesi~-Plasma Diode 

The diode shown in Figs .. II.l through II.3 vras that used to study 

the (110) crystal emitter. The diode vras built so that either. the elec-

tron gun or the whole emitter assembly could be replaced several times_ 

by filing off the brazed flanges on >oJhich they were mounted. The windovlS 

could be replaced by filing off their welded flanges. It was also poss

ible but more difficult to replace the collector-guard.;.ring assembly. All 

of these replacements w~re done when the (100) crystal emitter was sub-

· stituted into the diode. The replacement of the collectbr guard-ring 

assembly was necessitated by the need for making certain minor design 

changes which are described in Appendix B . 

. The emitter was heated by electron bombardment fro~ a spirally wound 
' 

·filament [(F) .in Fig. II.3] located 0.10 in. from the end of "the tantalum. 

support tube.·.· The filament evolved from an axial stem and spiraled out to ·· 

a heat shield that provided the return path for the filament current. The 

·electron-gun chamber, confined by the tantalum support tube, was operated 
. . 

in a 9taticvacuum .. _ · 

. :. . The moJ.Ybd~num heat shield surrounding the emitter. assembly was· 
': 

electrically i~s~l~ted from both the emitter and 'the guard ring (most of 

the di~de b~dy: w~s ;atg.uard~ring p~tential) s~ that the heat shield could 
··', 

be operated as a guarding electrode if desired. To minimize radial heat 

' . 
losses from the· emitter, the heat shield was' 'extended above the emitter 

face. The iriterelectrode spacing and the emitter.holhraum would.)1ave been 

completely hidden from view v1ere it not that several narrm-r slots were cut 

along the heat-shield peripher;y. 
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The interelectrode spacing -vras adjusted 'dith four scre1vs that could 

be linked together or actuated individual]~ to adjust the parallelism of 

the electrodes'' (Fig. II.2). 

The diode body was air (or inert gas) cooled by forced or natural 

convection, and it was heated by several independent windings of Kanthal 

wire sheathed in Fiberglass insulation. By a combination of cooling and· 
. 
heating, it was possible to achieve a fairly uniform temperature distri-

bution of the diode body. 

As mentioned in Sec. II, the cesium reservoir was inserted tic;htly 

·into a h~avy copper jacket .(visible in Fig .. II. 7) which, could be both 

water cooled and electrically heated. For the (110) diode the copper 

jacket was electrically insulated from the cesium reservoir by a mica 

sheet 0.002·in. thick, to prevent current leakage from the guard ring 

' to ground.-· The need for the mica foil was eliminated in the (100) diode 
r 

by providing a.ceramic insulator betweenthe cesium reservoi~ ahd the 

diode body . (Fig~· .. B.l) • 

, . . . 
'.,. 

. . ~ . . . ' ·, . .-

•.· . 
·.· ... . · .. -.· . '• . 

.; '. 

···. 

; ' 
·::··· ' 

··.·',• ··. 
. . ~ .... 
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B. (100) Diode Alterations 

. . 
Several significant changes in the description given in Sec. II ivere 

incorporated in the diode after the ( 110) crystal study ivas terminated. 

Then the (100) crystal was substituted into the rebuilt diode. 

These design alterations are demonstrated in Fig. B.l and ivere as 

follows: 

a. The width of the gap (1) between the collector and the guard ring 

was increased to 0.010 in. to prevent these two electrodes from shorting 

out, .as occasionally happened 'in the original diode assembly. The effec
~ 

2 
tive collector area was kept unchanged at 0.71 em . 

b. · The collector and guard belmv the insulator joining them lvere made 

. equal in length · ( 2) so that the faces of both would remain in. the same 

plane regardless of thermal expansion. (Both collector and guard were 

. maintained at: approximately the same temperature.) 

c. Placement. of a ceramic insula tor ( 3) in. the connecting tube between . 

· the cesium reservoir and the diode body eliminated the needfor mic·a foil 

'between the· cesium. reservoir and .the .copper jacket controlling its tem- . ·. 

· perature, and thereby improved the heat transfer between the reservoir and 

·. the jacket . 

d. The inside diameter of the tube ,(.4) connecting the cesium reservoir 

to the diode body was increased fran 0.125 to 0.5 in. to increase the 

rate of transfer of cesium vapor between the reservoir and the diode · 

chamoer. · 
...... ' 

e. A copper slug .( 5) was brazed onto the bottom of the cesium,::!escrvoir. 

A thermocouple imbedded in the slug accurately measured the tempcrD.ture 

of the bottom of the cesium reservoir. 
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Fig. B. 1 



C. Diode Processing 

Before assembly, each par~ of the diode was baked under vacuum. The 

assembled diode was then evacuated with a multistage oil-diffusion pump. 

A charcoal trap cooled with liquid nitrogen was placed betl-reen the diode 

and the pump. Both the gun and diode chambers were evacuated simultan-

eously. During evacuation the entire diode (except for the part of the 
. 
appendage containing the sealed Pyrex-glass cesium capsule) was placed 

in an oven: ·and baked out in air for 24 hours at a maximum diode-body 

.·temperature :of 600°G. The temperature of the Cs ampoule was maintained 

. below 300°C.: Then with the diode still in the oven the•em:i.tter 'vas 

he~ted to 1750°C for 4 to 18 hours. During this baking-out process the 

diode was periodically isolated from the diffusion pump and a static 

pressure. reading taken with an ionization gu~ge; when ~he static pressure 
' 8 . . . 

dropped intothelO- -torr range, the diode was cooled:to roo~ temperature. 

The pressure just prior to the sealing off of the electron gun and diode 

chambers vias about 2><10-9 torr. The chambers were sealed off by severing· 

with a pinch-off tool the copper lines connecting them to the pump. :,Total 

evacuation time for each diode varied from 30 to 60 hours • 

. -..... ·. 

. ', ... 

... :: '. :· ·,· 

~ . . ~ . ., .. · 

··' 
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D. Environmental Chaxnber of Diode 

' The diode- was suspended fr~m a, large_- metal flange that· l·;as part of 

·· a metal wat-er-cooled vacuum chamber, as shown in Figs. II.7 and D.l._ The 

·._diode could be operated either outside (in air) or inside the chamber in 
,.-

vacuum or ine~t-gas). -The chamber could be evacuated to abo~t l.5Xl0-~ torr 

... '. 
or filled with argon or helium; the prL~ary object in either case being_ 

prevention or reduction of the oxidation of the diode body and lengthening 

_of the life of the diode. The chamber also contained a hot zirconiwn 

· ' < filament to getter any oxygen that might be present.· The top flange 

--.contained all the "necessary electrical and thermocouple ifeed-throughs-
. . ' . : 

:plus two coolant feed-tbroughsand four 0-ring feed-throughs into \'lhich 

four connecting· rods were· inserted to actuate the spacing-adjusting 
.i: 

· _ scre1·rs of the- diode. · 

... :· 
. The. chamber also served as a shield against stray electrpmagnetic 

· ... '.• 

... ,. ·. 

·. •' .. 

: .. :--· -.:, 

. -:·· 
:·.·. ·. 

.. ,., \,• 
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:'.·. 

···.;' ·' 
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.: .. 

_-· ... 

. -~·: ' •· 1: . . . ' . \ 

.. -'' 
.. ··.: 
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A Pyrex-glass ampoule containing .lO g of high-::rmri.ty td.])li~-Cii:~tilJ,:d 

cesiwn metal was placed in the Pyrex-glass distillinG app<:tratu;.; shown in 

Fig. E.l. A typical chemical analysis of the cesium is shmm in T.1ble E.l. 

The cesiwn was encapsulated by the supplier at a pressure oi' about 10-1~ torr. 

The apparatus was evacuated for 36 hours 1vith a Vacion pwnp :i.n series Hith 

a cha~.ccoal trap cooled with liquid nitro,sen, Hi th the glass thoroughly 

torched several. times during the evacun.tion. Before the ccs:i.wn tran::;:L't.:;r 

began, the final pressure in the system was exlo-9 torr at the Vacion 

pwnp and l.xl0-7 torr at the ionization gage. The cesiwn capsule was first 

broken by dropping the steel balls onto it, and the cesiwn was then melted 

and transferred into several small ampoules containing l/2 to l g each. 

After being· heated for some t :i.me to expel trapped gases, the small ampoules 

of cesiw"Yl were sealed off, nearly full, one at a time. The pressure, 

recorded by the ion gage at the time of each seal-off, ahmys rcmG.ineJ 

6 -6 -8 
below l. xlO torr and that of the ion pwnp belm-r lXlO torr. One of 

these small ampoules was then inserted in the appendac;e of the diode. 
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. Table; E.I 
. . a 

Typical impurity analysi·s· of ceslW11 

Ele..'llent. 

Al. 

Ba. . 

B 

_·_ca.-··· 

·:.1·.· 
··:.cu 

.. ~ . .. 
·.· 

Fe 
··_, ..... ·· .. · >; ... 

Mg .. 
_; .. 

Mn-.-· 
·-:· 
···; 

Ni 

"· · 'Pb 

··::. 

" ,' ... ' : . ~- ' .. ·.·' 

•' .. ' 
... · 

. ,. 

··.' 

-Si 

. -~ . ~-- .. ' 

Sr 

L:i.>.'····· 

: .-:, _: .. ' 

-' 

Tl, 

: .· 

'':., 

·.:·: .· 

..-.·--·.Rb· 

·· ... 

. _ . 

. -.:.,·:. 

.. '~ 

.:-. .. 

·.,' 

::_ :.· 

Sn 
·_::.> ~.: -----~-------'-------------------:------------~--------·-.: 

:a 
Chemical analyses by Dow Chemical· Co., supplier. 



F. Preparation of Single-Crystal Tungsten Emitters 

Both the ( 110) and ( 100) cr;ystals were cut· from roughtly cylin<irical 

single-crystal stock· (manufactured by Linde Co., Cr;ystal Products Div., 

Los angeles, Calif.) 5/8 to 3/4 in. in diameter and several inches in 

length, oriented with the [110] direction vrithin 3 ° of the rod axis. 

The stock crystal was first ground on a lathe to a maximum smooth 

diameter of about 5/8 in., after which a l-in. section was ground to a 

final diameter of 0.524 in. To minimize surface deformation, all subsequent, 

cutting of the crystal, including drilling of the blackbody hole, 1-ras done 

under kerosene with a spark cutter. Several vrafers of each orientation 
. / 

were cut and then ground optically flat on a precisio: cer~ic lapping 

· vrheel vrith a suspension of Al
2
o
3

. powder in oil. The .laces\of each 1mfer 
·, 

were madeparallel towithin o:ooo1 in. One face of each wafer ~Vas 

·. electropolished with a solution of 2 wt .% NaOH for 20-30 minut
1
es, l·lhich. 

. . 

. vras a sufficient time for the removal of several mils of metaL The 

negative electrode was of stainless steeL Best results were obtained 
• . 2 

with an applied voltage .of 5 volts at a current of about 0.3 8:mpere/cm . 
. . . . .. . 

Great care wak. ~~ercised to maintain the flatness of the crystal. face 

· peing electropolished. To this. end,. a polycryf!talline tungsten annulus 

acting as a guard ring was cemented around the wafer, and the crystal 

face was placed in a near-vertical direction and rotated sla.·1ly about 

its axis as shown in Fig. F.l. 

This procedure produces a very lvell-polished flat surface, although 

not optically flat. The surface has an orange-peel type of finis~ char-

acteristic of the electropolishing process. The final thickness of the 

crystal 1vafers vras about 0.18 in. 
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At this point the c~Jstals were brazed to their tantalum support 
. . . 

and electropolished again to eliminate the slight surface deforrrntions 

that sometimes occurred during brazing. To insure a clean surface the 

crystals vrere then reheated in the brazing furnace to 2000°C, and finally 

they were installed in the diode. 

At various stages of the process described above, the crystal orienta-

tion vras measured and adjusted. The orientation of the crystal lattice 

relative to the surface normal vras measured by means of x-ray Laue 

22 ) patterns. . Figures II. 4 and II. 5 shov; the Laue patterns of the ( 110 

and (lOOJ emitters, respectively, ta~en normal t_o the q·ystal surface 

just prior to their insertion in the diode. For ~mitters the surface 

normals.lie within 1° of the desired lattice orientation. This does not 

necessarily mean that either the (110) and (100) planes 1-.rere ever exposed 

to the surface .. X-ray diffraction cannot guarantee the surface orienta-·· 
r. 

tion because the rays penetrate too deeply into the crystal. Nor is it 

implied from Fig~·. II.4 a~d II.5 that the emitters ~rere perfect single 

( 

crystals throughout, although the clarity of these Laue patterns. suggests 

that the crystals were relatively free of def·orrntion. Microscopic· ob-

servations of the· crystal surfaces revealed a structure of grains approxi-
' 

mately 1 mm square. Laue patterns taken at different points on the sUrface 

sometimes ~howed close-grouped double-spot patterns. (Fig. II .6), indicating 

·that the crystals actually consisted of many small crystals all oriented 

with each ·other to within a fraction of a degree. 

•. 

'. 

.,._ 

.. 
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q.. Bra.zing of Crystal Emitters 

As mentioned in Sec. II, the emitter crystal \·ras brazed to o. tantalum 

supporting cup, \vhich was a tube of 0.524-in. outer diameter, 0.020-in. 

wall thickness, and 3-in. length, and closed on the end supporting the 

crystal. The wall thickness near the closed end was reduced to 0. 007 in . 

. . over a 0. 75-in. length to reduce heat-conduction losses. The tube, made 

from a flat sheet • of tantalum, draWn through a series of dies to its final 

shape •. · This difficult manufacturing technique 1vas necessitated. so that 

the grain· structure of the tantalum cup l·rould be ever;[l·rhere parallel to 
~ 

its surface, thereby minimizing the possibility ~ac'uum leal\: between 

the diode chamber and the electron-gun chamber. The. ·o~er alternative 

was to braze the c;rystals onto an open-ended tube, but it 1vas not lmmm 

whether the brazed joing could be made vacuum·-tight and· maintained so at 

.the high· temperatures of the emitter. 

The crystal 'was brazed to the tantalum by first inserting a 2-to-4-mil 

molybdenum foil between the two and then heating the crystal in vacutun to 
. 0 . . . . 

2750 C by electron bombardment from a hot surrounding tantalu:n filament, · 

as shown in Figs. G.l and G.2. The-electron-bombarding poi,rer needed was 

·about 700V at lA, whereas the filament required lOOA. In order to mini-

mize thermal stresses and to facilitate reprodud.bility, the crystal v.ras 

heated at the rate of 100°C/minute. Although the foil melted behrecn 

. 2600 .. and 2700° C, the temperature was further raised to 2750° C nnd held 

, .. for one to two minutes, after which the crystal vTas again cooled at the 

rate of iooo C per minute. ·:: 

As mentioned in Appendix F, after brazing the' crysta.l surfa.ces 

generally shmved some defects having .about the same .syrmnetry a.::: the heat-
1 
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ing filament. The origin of these defects ·Has undetermined. It. was un-

clear whether they were due to electron erosion, etch:i.r,g 'by evaporation, 

or thermal stresses due to uneven heating that caused dislocations or 

slight uneven crystal growth, or a combination of 'all of these. Micro-

scopically the defects had the geometry of the particular crystallographic 

orientation of the surface. In all but a couple of instances lvhich re-

quired additional lapping, these surface defects were eliminated by 

further electropolishing. 

Although molybdenum vras selected to braze the crysta~, t1·10 other 

same ~ra)ing procedure metals--rtickel arid copper-- :vrere also tried. The 

described above was used for.all three materials. Figure G.3 sh01vs the 

metallographic analysis of the resulting bonci for each case. Poly

c;rystalline tungsten buttons were used in these tests to economize on 
. 

the single crystals. Nickel was rejected on the basis of the large 

voids which formed .in the bond (Fig. G.3); the voids were probably due 

to either dissolved gases in the nickel or large density changes brought on 

··by alloying. · · The other two brazes were each subjected to 50 ·Severe thermal 

cycles, according t.Q the following scheme: The tU.l'lgsten buttons brazed to 
' ' 

. the tantalum ·cups were heated with an electron gun (identical to the one 

. used in the diode) from 90Q° C to 2100° C in fou:r· .. minutes. The l::ombardinG 

power was then abruptly cut off for 2 minutes, the time necessary to cool 

·.,the button. to 900° c·. The total cycling period. was therefo~e 6 ·minutes. 

·.Although the copper and molybdenum brazes successfully \veathered this 

treatment, there was evidence of extensive crystal grmrth in the tantalun1. 

The copper braze v:as finally rejected on the be.sis that the bond. 'is ex-

tremely thin, as can be seen from Fig. G.3; therefore a g,ood bond. 1·/0uld be 

obtained only if the tvro surfaces to be brazed i·.'ere absolutely smooth and 
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flat. ·This left molybdenum, l·ihich goes into solution 1·1ith both tantalwn 

and tungsten -v;fth<?ut forming a __ lovi-melting eutectic a,?d Hhich has a lovr . 

... 
:vapor p:::-essure up to 2000°C. As ·seen • in Fig. G. 3, the molybdenu.'Tl bond 

is fairly -vride and free of large voids. 

H01-rever, the molybdenum bond may possible be brittle, becaUse· one 

did fail after it was accidentally dYopped to the floor. 
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H. Radial Temperature Distribution on Emitter Surface-Experimental 

Considerable attention vras. given to the radial tanr;e rature distribu-

· tion on the surface of the emitter. A theoretical analysis described in 

Appe~dix I was carried out to determine ho~ the surface-temperature pro-

file varied with the thickness of the emitter button. The theoretical 

model assumes either a uniform temperature or a uniform heat flux into 

the button from the electron gun, and heat losses linearly proportional 

·to the surface temperature along both the periphery and the face of the 

emitter, but with different heat-transfer coefficients for each of these 
~ 

t·;·;o .surfaces. However, due to uncertainties in the hea ~-transfer co-

efficients, the physical properties of t~ngsten, and the radial uniformity 

of the he~t source: we dec~ded to actuall,measur~ the temperature distri

bution on the face of the emitter under conditions closely,approximating 

those of the diode. 

A dummy diode shown in Figs. H.l through H.5 was built for that pur-

pose. The device is actually a holder for the very emitter and electron 

gun subsequently incorporated in the diode .. The spacing between the 

electron-gun filament and the end of the tantalum cup could be adjusted 

so that the resulting effects on the temperature profile could be observed. 

A copper collector with four radial rows of 0.016-in. diameter holes 

drilled into its face was placed opposite the emitter.~ The emitter tem-

perature distribution was measured by sighting an optical pyrometer 

through each hole. The position of the holes can be seen in the mirror 

on top of the dummy diode chamber in Fig. I-I. 5. 

The absolute temperature of the emitter ~t each hole position could 

.not be accurately measured because the effective emissivity .of the emitter-

collector arrangement was not knovm, but the relative temperature could be 
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measured to the precision of the pyrometer, namely about 0 .2~~ of the 

temperature. It is'. important, ho'llever, that both collector and emitter 

surfaces be uniformly polished to ensure a constant radial emissivity, 

otherwise the relative temperature will not be accurately measured. The 

absolute temperature of the emitter vias obtained by measurinG the tem-

perature of the blackbody hol~ on its side. 

Figure H.6 shows the radial temperature distribution on the surface 

·of a (ilO) crystal 0.18-in. thick, and Fig. H.7 shows the same plot for 

a polycrystalline button 0.165-in. thick. As can be seen, for all prac-

tical purposes the emitter surface temperature is uniform at all tem-.. 
peratures. The temperature of the heat shield in these t1.;o tests 1·ras 

only about 3% _higher than the heat-~~t~~perature measured in the 

·cesium diode·.· 
' '_. .- ' 

It was observed also that the temperature profile was very insensi-
. r 

· tive to the spacing between the electron-gun filament and the emitter. 
. . . 

The cold spacingin.Fig.H.6 was 0.100-in. and that of Fig.-.H.7 was 0.020-in.·· 

A cold.spaCingof 0.100-in. was selected for the cesium diode because its 

use resulted 'in a· somewhat better electron-gun current-voltage character-

istic. 

The dummy diode described here was also used in thermal cycling of·the 

various brazes discussed in Appendix G . 

. ·.·. 
.·. ,. 
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. Consider a finite solid c~~~irider of Y:J.diu.s R 2.no. ti~icl-cr:ess 2 ~'-$ shmm 

in Fig. I.l. Heat q(r,O) is being added through the plane z = 0, andre-

moved from the plane z = 2 at a rate q
1 

cc h
1 

T(r, 2) and fr.om the cirCTh'TI

ferential surface r = · R at a: different rate q2 cc h2 T(R, z), -vrhere h1,:n2 

are the heat-transfer coefficients of the surfaces and T is the temp\=ra-

ture. 
18 

Extending· the treatment of Carsla-;.r and Jaeger,. we snall solve 

this heat-transfer problem for the follovTing t1w cases: 

a. The plane z:: 0 is kept at a p~escribed-temper~ture T(r,O) == T
0

• 

b. A prescribed heat flux q(r,O) == q
0 

is.incident~on the plane z == 0 • 

. . · . ' . -; . ·. 

Case a. / 

The heat-conduction equation is 

0 < r :S R, 0 <· z < 2 

The boundary conditions are as follows: 

where 

z - 0 T(r,o) = T 
0 

z = •2 
dT~r 2 z) 1

2
+ H1 T(r, 2) dz 

r = 0 T(O,z) < 00 

·· dT( r z z) · 
r = R +H T(R,z) dr R 2 

H:::: h/k .. 

k = heat conductivity of cylinder 

h == heat-transfer coefficient at surface. 
\ 

•. 

0 

= 0 

( I.l) 

(I. 2) 

( I.3) 

(I.~) 

-
(I. 5) 
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The function J
0 

(a:r)[C sinh a:(.e-z) + D cosh a:(.e-z)] is :.=t solution to 

Eq. (I. i) with the boundary conti tion of Eq. ( I.l~). The complete solution 

has the form 

J
0

(a: r)[C sinh a: (.e-z)+ D cosh a: (.e-z)] . n n n n n 
n=l · 

From Eq. (I. 3) we find 

Therefore 
\ 

oo I l 

T(r,z) =.L Bn J 0 (a:nr) [H1sinha:n(.e~a:ncosh a:n(.e-z)] 

n=l 

D 
where B = n_ 

n 
a: n 

- The coefficient B . is found by,applying Eq. (1.2) . . ._,_.. .. n 

where 

.. 00 

T(r,O) T
0 

= L Bn J0 (a:n~) [H1sinh a:n.e + a:ncosh a:n.e] 

n=l 

00 

To = L A~ J 0 (a: n r)' 
'il=l 

-.A B [H
1

sinh a: .e + a: 'cosh a: .e ]. 
n n n n .n 

Substituting Eq. (1.9) into Eq. (L7), ive obtain 

T(r,z) 

00 

L An J 0 ( a:n :r) 
n=l 

l-L sinh cc ;: 
. .L ll 

(I. 6) 

(I. 7) 

(I.S) 

(I.9) 

( I.lO) 
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The term a is found frOJr; Eq. (1.5). 
n 

vrhere X = a R. 
n n 

(I.ll) 

( 1.12) 

[!).vcn in· Befs. 67 and 95. Table 2 of Hef. 67 i:; reporducf'd here a::; 'l':,bll; 

- 1 J. • .L. A is obtained by applying the orthogonality relatio:; to Eq. (I.~)). 
n 

A = n 

or from Eq. {I.l2) this becomes 

A = 
n 

2 a 2 
n 

2 T P 
0 

(P2 + X 2 
n 

1 
J (X ) • 

0 n 

( I.l)) 

(I.l'5) 

The general solution of Case a in. its final form is 

T(r,z) == 2 T 
0 

C'O 

p > 
L...; 

n==l 

l 
n

1
:3inh an( £-z) + Ct co:::h ex ( 2.-:c) 

n r1 
H

1
sinh a £ + a cos!1 an.e 

n n 

( r.10) 

and the radial temperature distribution on sw:fQ,ce z = 2 is 

CAJ 
- \~ 

2 T P ) 
o L, 

n=l 
Jo'x J n 

r) 0 

(Pc. + X.,'-) + G: co::i1 C( .<' 
n 11 

( 1.17) 
~ ·; • .; ' 1 ;., Ci '·l•.J .......... ll 

u 
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X 
x]1 (x) 

X 
x]1 (x) 

X. 
xft (x) 

lo (x) lo (x) lo (x) 

o·oo o·oo 2'20 u·o83 8·oo . 10'936 
·ox ·oooos . 2'4048 co 8·2o ' 17'3 IO 
'02 '00020 2'50 - 25'64 8·40 32'890 
'03 '00045 2'75 - 7" 137' 8·6537 co 

'04 ·oooSo 3'00 .,.. 3'91 I 9'00 - 24'442 
·os ·oox2s· 3'25 - 2'355 9'25 - 13'125 
·o6 ·ooxSo 3'50 - x·268 9'50 - 7"795 
'07 ''00245 3'75 - 0'310 9'75 - 4'393 
·o8 '00320 3'8317 o·ooo xo·oo ' - 1'769 

. '09 '00405 3'85 0'0703 IO'I735: o·ooo 
'IO ·oo501 3'90 o·2644 10'20 0'2705 
·xs ·ox 13 3'95 0'4624 xo·25 0'7830 
'20 '020I 4'00 o·665x 10'30 1'3053 
'25 '0315 4'05 o·8738 10'35 I·8305 
'30 ·- '0455 4'10 x·o894 10'40 2'3704 

~ '35 ·o622 4'15 I'3I32 xo·6o 4'7I38 
'40 ·o8x6 4'20 1'5464 xo·8o 7'5563 
'45 '1039 4'40 2·6o69 I x·oo '· u·360 
·so '1291 . 4'60 3·98so I 1'20 I7'167 
·ss '1573 A·8o 5'9592 I 1'40 28· I I I 
·6o ·x886 s·oo 9'2222 I 1·6o 60'314 -
·6s '2243 s·xo I I ·967 II'79IS CIO 

'70 ·2614 5'20 16·x82 12'00 · .. - s6·2I. 
' '75 '3031 5'40 45'252 12'25 .:.. 24'32 

·8o '3487 5'520I CIO 12.5 0 '-------. _.14'08 
·8s '3984 5'75 - 24'06 I2'75 -. 8·448 
'90 '4524 . s·8s - I6·s8 13'00 - 4'418 
'95 '51 12 6·oo - Il'03 13'25 - 0'981 

x·oo '57 51 6·25 - 6·474 I3'3237 0'000 
x·o5 ·6444 6·5o - 3'843 13'35 0'35II 
1'10 '7197 6·7s I - I'873 I3'40 I '0216 

· I'IS ·8ox8 7'00 I ·- 0'I09 13'45 I'7000 
I'20 '8909 TOIS6 I o·ooo I3'50 2'3892 
1'25 '9882 7'05 0'2421 I3'55 3'0937 
1'30 I'0944 7'10 I 0'597I 13·6o 3·8x6o 
1'35 I '2 I I 7 7'15 l 0'9577 I3·8o 6·9886 
1'40 I '3385 7'20 1'3257 I4'00 I0'9I 6 
1'45 1'4792 7'25 

I 
I'7028 I4'20 ) 16'333 

x·so I ·635 I 7'30 2'09I3 14'40 25'022 
x·6o 1'9976 7'35 2'4935 I4·.6o 42'998 
x·8o 

,., 
3'0789 7'40 2't}I I6 14·8o . 112'92 

2'00 5'27I9 7'60 4'8092 14'9309. co 

2'IO 7'I627 7'80 7'2910 

( 
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T(r,£) 

__ vrhere 

T 
Ao 

n 

2 T P ex o n 

( I.l8) 

( I.l9) 

The boundary cortdi tions are the same as above except for Eq. (I. 2), 

. -which . is. now -

:"• ... :-: .... 
' I . .; 

.~ .. 
( I.20) 

still deter-
. : .. ·.:. 

_The general ~olution is still given by Eq. (I.7) and exn··is 

to~ (I. 7), ."e 

. ;_ .· 

· ' :. min~d by Eq ~ (I.l2) • ,• Applying Eq. (I. 20) 

,·; :· 

. \ .. ·. . . 
: ·~ .. 

~ : . '• 

.. ·. '. 

. · q ( r, 0) = -k 
'·· .· .. :.· 

· ..... I,.·· 

'· .. · .' ... 
' ·,_ 

dT~rzzL !,'' -- k dz 
0 

or. 
' ·.· ' ' ·-. ·-.''. '' o6 ,;·" 

00 

\' B' Jo .L n 
n=l 

obtain 

- -~ 

(ex r) c( [H
1

cosh ex £ + ex sinh ex 2] 
n n - nn n n 

. ' .. · 
.. _ · (I·. 21) 

( I.22) ... _. •q(i,-o) ~ ;,l A~ J~(exnr); 
-::.·- ''- ·· _'n=l:-: · · . ;· . 

',. 

· · whe.re. A' 
.. n 

• ,1-, 

The term T.(r;, z) then becomes 
.:.· .. 

(I. 23) 

Applying the .orthogonality relation to Eq. (I. 22 ), 1·1e obtain :':;, 

2 A I - ~---:::-----.,::-----
n 2 [ .,2 ( .,.., , . _2 ( \ , R 0 1. ex ~J ~0 0- ex R;J 

. . _ n n 

,: ·. 
'· 

','!··. :·.:·, 

R . 
J ,.0(-.- Q\ T (rv 'Y·)·a·y 

· ...._ ..._ .._ ) ) f.J 1"' \.,.i;,V'C ...._ 

0 u i! . 
(I. 24) 
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l 
> (X ) 

0 n 

and the general solutL. :: of Case b is 

( I.25) 

T(r,z) -o n . a . Ioo JO (ex r) 
= 2 k P J rx )ex 

l 
H s·inl" -: i:-z) + a cosh' a ( 2-z). l -- ' . n n ___.,=------::-

. n=l 0' n n (p2 +"' 2) H1co:3b ,;; __ /!. +a sinh a f 
/).. !.l n n 

n 

( I.26) 

·The radial temperature distribution on the su:cface z = 2 is 

00 

l T(r, 2) = 
2 g_~ · P I 

. n=l 
(H

1
cosh a 2 + a sinh a 2) 

; n n n 

( I.27) 

n=l 

( 
i . 

( I.28) 

00 

T(r, 2) = I·· A:0 
J 0 (anr) 

· . where· ... 

+ a sinh a 2) • 
n n. 

( I.29) 

Comparing Eg_ s. (I. 29) and ( I.l9), we obtain 

(I.30) 

We are interested· in calculating the difference, or the fractional 

difference, 'betwe~n the surface te..'liperature at the center· and at· the • 

·. edge of the ·emitter. · The latter is given by 

T(O,p) - T(R,2) 
T(0,2) 0) 

r 
n=l 

0 
Ab 

n 

( I.3l) 



A similar result is obtained for Case a. If the e.."Xpe:cimento.l con-

ditions allovr terminating the series. expansion after the first term, as . . 

they did in our expe.riment, . Eq. ( I.31) becomes for both Case a and Case b, 

T(O, 2) - T(R, 2) 
T(0,2) 

(I.32) 

:_.;here x
1 

is the first root of Eq. ( I.l2). The heat-transfer coefficients 

·_ h
1 

and h
2 

were calculated in the following -vray. If the radial change in 

temperature is small, then 

( I.33) 

and 

_ where E:{, €2 are the effective thermal emissivities, and r:; is the Stefan-
' . .- . . . . ' 2 0. 4 

·.Boltzmann constant .equal to 5.67 watt/em (1000 K) . Let us ·calculate 

.· > h
2 

at .1960~ C, whi~h is near 'the top of the temperature range in Figs. 

H.6 and H. 7. ·· .. Assuming that the side, circumferential surface of the 

. emitter is radiating out to space, 1-le choose E2 = 0.3. Then from Eq. 
• . . - ... : . . . . . 2 

(I.34), h2 = 0.19-watt/cm °K. The heat conductivity of tungsten in the 

. temperature range 1500· to 2300°K is about l l.;att/cm°K. The radius of 

the emitter was 0.67 em .. Therefore P = H2R =h
2
R/k = 0.013. Substituting 

this value of Pin Eq. ·(I.l2) and solving for x1, we· get x1 = 0.16 or 

_ J(X1 ) = 0.994. ·Hence, 

T(O,£)- T(R,£) 
T(O, £) 

or T(O,£) - T(R,£) :::: 0.006 T(0,2) :::: 13°K. This temperature change is 

about twice that observed in Fig. H.7. 



J. 

ture calibration of the diode sapphire >·rindovr. and the enviromr.ental cl;amber 

w·indow·. We determined the absorptivity of the idndOI·rs by observi:.1g the 

change in the measured temperature of the errtitter hohlraum vlhen a sapphire 

. \·rindovr, similar to that installed in the diode, and the environmental 

chamber w·indow· were placed in the line of sight of the py:cometer. 

·The window·-temperature calibration curve thus obtained is sho-vm in 

Fig. J. J-. Whenever the diode vras operated in air outside the cha;'nber, the 

chamber window· was.placed in the line of sight of the pyrometer so this 

lamp standard. In both cases the pyrometer gave the correc,t temperature 

reading, w·i thin the precision of the instru<'nent (±0. 2%), in the range of 

·.·brightness temperatures 950 to 1750°C. 
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K. Laboratory :Layout 

Figure K.l shm,rs the laboratory layout in ·which this study 1·ras per-

formed. Starting on the left side of the photograph and going clock-

l·rise around both benches, we see first the helium and argon tanl:s for the 

diode environ;11ental chamber. On the bench are the potentiometer usec:t to 

measure the thermocouple outputs, followed by a 6-channel Brush recorder, 

then the diode in its chamber. On the :rack behind the bench is the cesiwn-

reservoir temperature cont:roFll~r and :recorder, and under it is a 12-point 

:recorder for thermocouples. nder the bench -is a mechanical pump to 
. ~ 

·evacuate the diode chamber a:nd water in a thermally insulated water tank 

serving as the temperature sink for the cesium reservoir. At the far end 
I 

of the bench is a rack containing povre:r supplies :for the diode electron 

gun and for the various heaters wrapped around the diode. Then there is 

an X-Y oscilloscope w·ith a mounted Polaroid camera and nextr to it a lovr 

rack containing the various electronic circuits used in diode operation. 

At the far end of the front bench is a tall rack containing the varioL:.s de 

and ac power supplies used in the diode circuit. On the bench are several 

voltmeters used to measure the diode current-voltage characteristics, and 

· an X-Y plotter, and in the front there is the dummy diode used to measure. 

the emitter temperature distribution and to test the endurance to thermal 

cycling of the emitter brazes. The bottom of the picture shm·rs a de T.JO\·rer 

supply used fo! electro_:rolishing. Not shovm in the picture and ofi' to tl1e 

right are an all-:purpose high-vacuum pump station, mainly used for vacut~m 

brazing, a 3}-:..VA de pmver supply with a lO~:A 10-'! ac pm·:er supply att:::.ched 

(also used for vacuu.c1l brazing) and finally o. large \·:all ra.ci-: for rnou..l'ltinc 

glass1·rare and doing glflss b1m·iir;g such as buil<iin[~ ti;e cesiu.::;-tr::Jn::::::;,"er 

apparatus. 
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L. Circuit Diagrams and Perfomance Characteristics 

The circuit ··diagram for the operational power amplifier [Fig. III. 3(b)) 

used to maintain the voltage difference between the collector and guard ring 

w·i thin 1 mv is shown in Fig. L.l. The amplifier, which had a current 

rating exceeding 10 amperes, was designed for use in the ac-sweep method 

. of obtaining the current-voltage characteristics of the plasma diodes. This 

technique is a convenient way of acquiring data, especially, as discussed 

in section VI, when the current output of the diode is large (~ 1· ampere) • 

. A 60 c:gs ac te'st-circuit (Fig. 1.2) with a sampling capability was designed 

·and built for this purpose. 

sampling units are shown in 

The circuit diagrams assodated with the 

Figs,.G L.6. The test circuit in Fig. 

1.2 was not used to gather any of our data because the sampler was not 

completed in time. · H6w·ever, the operational amplifier· wa·s used w·i th great 

. I . 
effectiveness.to measure, point by point, the current-voltage characteristics 

of the (100) diode, operating in vacuum and in cesium vapor. The general 

characteristics of the amplifier are as follow·s: (a) The range of input 

signal is 0 to ±4 V; (b) the voltage gain is 1 w·i th a linearity of about 

0.3%; (c) the de input impedance is > 200 Mn; (d) the ac input impedance 

decreases with increasing frequency due to phase shift in the feedback 

. loop; with a:· low-impedance source the gain is unity from de to about 4 kc, 

.. ; 
and w·ith a 1-Mn impedance source the gain is unity from de to about, 800 

cps; above these frequencies the phase shift causes distortion in the wave 

form; (e)· the B+ and B- voltag~s in Fig. L.l should be about 10 V. 

The characteristics of the sample}. amplifie.rs · a~e similar~'.to those 

above except, ·of course, for the current rating. · The current gain is 
. 14 . 

about 10 and the voltage gain is unity.· The output impedance is about 

lOO.Q. 



The output of the samplers is linear w·ithin 1% but has a constant de 
.. 

··offset which can be corrected by placing a voltage suppressor between each 

sampler and the X-Y plotter. 

The sampler has a sampling width of 15 IJ.Sec and a sweep time con-

tinuously selectable from 3 to 60 sec. Because both the starting and 

· ·ending points of the sample are continuously adjustable, the capability 

,-.·' 

is provided of examining any desired portion of the diode current~voltage 

curve.· 
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' M. Theoretical Effectiveness of Guard Ring at Zero Field 

In calculating current densities, we assumed that the effective area 

, of the emitter is equal to the area of the collector plus half of the area 

of.the annular gap between collector and guard ring. 

There can be little doubt that this is a good approximation in the 

.Presence of an applied electric field, since the electron or ion trajec-

tories w-ill be -essentially perpendicular to the electrode surfaces. One 

. ·may question the accuracy of the assumption, however, near the region of 

.· zero inperelectrode potential,-~\the angular distr~bution .of emitted 

charges could become important. What has been assumed ,in effect is (a) 
· ..... 

.. · .. 

.that the collector is surrounded by a guard ring of infinite extent, and 

(b) that the emitting plane is also infinite,· so that any charge that is 

· __ emitted from the region of the emitte-r directly f~cing the collector but 

that misses the collect~r is made up by contributions from the infinite 

'remainder of the emitter. But in fact both guard ring and emitter areas 

are finite and the collector current w·ill be reduced to the extent that 

· it is not collecting charges emitted from ·the emitter region bounded by 

··the diameter of the e~itter and infinity. In the_ follow·ing analysis we 
,,:_· 

evaluate this effect. 
·,; I 

~ . . 

. ~ ·... . . We assume for. simplification that the angular distribution of emitted 

.charges is the· familiar ·cosine ditribution (Lambe-rt's law-), so that, the 

'-
results already available in the literature for thermal radiation from 

. . 

sUrfaces can be applied. Obviously if the angular distribution is _more 

peaked tow-a~d''the sU:rface normal, then "the effect under considci-ation is 

even more negligible. 

44 ~' 
The following analysis is from Jacob. The emiS'tion from tvro disl~s 

\. 
,4'1 I 
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having the same axis is shown in Fig. M.l(a-). If J
12 

is the area A
1 

emission which· falls on ~; then 

(M-1) 

where · w
1 

= total emission per unit area from area A
1

, 

F
12 

= ·fraction of emission from A
1 

which falls on ~ · 

(M-2). 

j 

where r is the ·length of the vector :r, joining elementary areas dA
1 

and 

~ and ¢1 and ¢2 ~::\angles between ~ and the suf~ace normals o~ 

~-and d~. resp~ctively. In gene;al, 

or A_ Fke=A F. -K. e ·ek 

For ·two disks on the same axis, 

= l + B2 + c2 - [ ( l + B2 + c2)2 - 4 B2 c2 J l/2 

2B
2 

: (M-3) 

. (M.-4) 

. (M-5) 

where B = b/a, and C = c/a; the dimensions a, b, and c are shown in 

Fig. M.l(a). 

The geometry of the electrodes is represented in Fig. M.l(b ), where 

~ = collector , .. 

~ = emitter ~ 2A 
l 

~ = collector phis guard ring = ~ 
... 

'· 

A = emitter of infinite radius. 
00 
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· The emission that comes from the emitter and that falls on the collector 

is 
(M-6) 

However, we, have assumed that 

(M-7) 

where 
(M-8) 

Therefore the fractional' error in our assumption is 

= l-Fl2 • (M-9) 

The diameter of the emitter was 0.52 in., so for interelectrode spacing 

a = 0. 030 in~ , w·e find that 

l-F12 = 0. 7% \' 

Since practically all the data w·ere obtained at spacings smaller than 

0. 030 in., the error in the assumption that the effective emitter area 

is equal to the collector area is negligible • 
... 

For the conditions just considered F
23 

= 0.95, ·which means that at 

least 95% of the emission or radiation from·the whole emitter surface was 

collected by the collector-guard assembly.· 

i 
I 

i' .·, 
\: 

' . . • 



N. Determination of P in the Space-charge Limited Case 
--------- ao -

Let P = probability per unit time of evaporation of a neutral ao 

.~ 

-l atom, in sec 

· P. = probability per unit time of evaporation of an ion, in 
J.O 

p = 

n = 
0 

N = 

-l sec 

P. + 
J.O 

p 
ao 

incident 

= total evaporation probability per 

in -l sec 

flux of cesium, in 
2 

atom/em sec 

surface concentration of adsorbed particles, 

unit time, 

in particles/cm2 

I = cesium-ion current leaving emitter surface of unit area, 

in ions/cm2 (the subscript Cs has been omitted here for 

· convenience ) • 

Initially at t ,::S 0 w-e prevent the evaporation of' ions by applying a 

r 
retarding electric field for ions at the emitter surface. ·Therefore,. the 

I 

initial surface c<mcentration N is 
0 

n 
N

0 
= N( 0) = p 

0 
. 

ao 
(N-l) 

At time t :;::;· 0 w-e reverse the polarity of the electric field and allow· the .. 

ions to evaporate. The rate of change of the surface concentration is 

then 

~ - n I(t) - P N(t), dt - o . ao 

where I(t) is the ion current leaving the emitter. 

(N-2) 

We assume that n , 
0 

P , and P.. are constant in time and independent of N; thus t):i __ e general ao . J.O 

solution·of Eq. (N-2) is 



N(t) == exp(-P t){f·· \n -I(t')] exp(P t') dt' +N(O)l, (N-3) 
ao 0 o ao J 

or solving for N(O) = N , we obtain 
0 

. . t 

N
0 

= N(t) exp(Pa
0
t) + 1 [I(t')-n

0
] exp(Pa

0
t') dt'. 

0 

(N-4) 

Let us assume that the ion current I(t) varies in the manner shown in. 

· Fig. N.l. That is, 

I(t) == I , 0 < t < t 
0 0 

.,,=I + (I -I ) exp[-P(t-t )], t < t < oo • 
00 0 00 0 . 0 

' The final surface concentration and ion current will be 

n P. n · 
N(oo) = Po ; ·I(oo) = Ioo = pioN(oo) = l~ o ... 

We .now· solve Eq. (N-4) for t = t
1

, t
0 

< t
1

. < oo r. 

tl 
N = N(t

1
) exp(P · t

1
) +j [I(t)-n ] exp(P t) dt o ao o ao 

0 

. . . tl 

= N(t
1
.) exp(P t

1
) + J (I -n ) e~p(P t) dt : ao oo o ao 

. . 0 
t 

+ J 1 _ .. [I ( t ) -I ] exp ( P t ) d t oo ao 
0 

I -n 
.. ~ N(t1 ) exp(Pa

0
t 1 ) + ; 

0 
[exp(Pa

0
t 1 )-l] 

ao 
.·· . t ··. 

+ J l [I(t)-I
00

] 

0 

exp(P t) dt. 
,, ao 

If we let t 1 go to infinity and make use of-Eq. ·(N-7), then· 

(N-5) . 

(N-6) 

(N-7) 

(N-8) 

(N-9) 

(N-10) 
., ~ 



-256-

I ( t) 

Iro - ------t---------~~,_ __ 

o~~--~--------~---------
0 

Time,t --

MU-36610 

Fig. N. 1 



. ~' . . ' 

n 
= ; :exp(Pao t 1 ) · 

n I 
Po [exp(Pao tl),-1] = r (N-11) 

lO 

.. 

and Eq. (N-10) becomes. 

I. · oo 

=· p~ +',J [I(t)-I
00

] exp(Pa
0
t) dt · 

lO 0 
(N-12) 

... 

. \ 2 2 
, ... . : '· p t 

·If :'we e~pand ·'exp(P .· •t) '= 1..+ p t +-a_o_ .... + •· 
···. . . , .. . . ., . · ao ao 2 •· . ·.' we obtain. 

. '· 

.. 
. . ' . 

• -_)<,. 

'\ 
. ,. 

! : 

'••·.' 

. (N-13) 
,:· .. _. 

·.-·.:·,. ·'·.' 

1: ' .. 

·,; .. 

·· · •we 'will; keep the. :first ·integral in Eq. · (N-13) in· integral form, as is, 
.·... . .·r ... ._ ..... '•.. . : 

and solve ·th~ last two integrals, which are first- and second-order terms, 

,:-
·. ,·_. 

. ·.'· 
•'.' ' ' r. ·, •; !. 

•· · ... by \lsing·. Eqs.; .(N~5) S:Ud · (~..:6), as follow·s ,, · .' .. ...... 
.< ... ·-:- . . 

'.· ,": 

• • '/ • I .. ~ ' . . . ' ,' ' 

:--._: .. !-.". 

·,- .. ·' 

,•' 

. . . . 
•• 1 •• 

·-.. 

.. :-· 

.-' ·-:.·· 

..... ·.~·· [cid)-I]t~b ~P t{r -I ) t dt ..•.... •· 
, ..... ao!.'O :.:•,\ .. ,· ::.oo .... · .. ,' ~o ,O · o ... :~ . \ · !' ·. ··.·' .. , :. ',' 

' •. _.;, .::.._ .. ,_) ' .· :· ."• ,,CX)•'''•,',l)<:' , ' ' . ':· L, I.• 
1 

' ~-: (, •, ' 

'\{··· 

+ Paol ( I
0
-I

00
) exp[-P(t-t

0 
)]t dt '(N-14) 

. t . ',· . 

.. ··· . 
: .. :. 

(I -I ) 0 '.. . P , . 
= . o2 oo p.aoto2 + (:t -I')·~ .(Pt + l) 

.. ·o oo 2. o 
· .. ·. ,: , ·. ,P :: . ··. . . . '._;.:··.; 

.' ... 
·: ... 
.. ''• 

··' ,·.,, 

. . ·.·. 
·. ' ' '_: ··:>' '•. 

' : '·· .' ~ : . -~ 
· .... 

··,, .. 

. ·. (N-15) 
',• •.•' 

>.'•. 

·." · .. · ... ·. ... . ·. 2 ...•.. 't·· •' ....... ,-:, .. · 
. ;··p. 2:·.·. . . • ..••... ·· . .. •. 

.• .. •• ~o· :f [I(t)~xjldt ~ p ~0 1o 0 

<r ~~I )t2d t · ·· · · · .· ... · · 

. . . . ' 

. . . _-,: . 

.•:. .. 
· .. .. , ' 
I .o•' 

.p 2 

+~ 
2 

.._.·· 

[. . . . . .. . ·• .2 . 
(I -I ) exp[-P(t-t )Jt dt 

0 00 • 0 
(N-16) 

0 

. . . ! . 

, .. ' 

.'--:•,· .. I ; 
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(I -I ) p 2t 3 (I -I ) p 2 
0 00 ao 0 0 ro ao (P2t2 + 2Pt + 2) (N-17) = 2 + 

p3 
. 

3 2 0 0 

We will'neglect the second termin Eqs. (N-15) and (N-17). It can be 

shown 'that for t < 1/P , each neglected term is not greater than the . . . o. . ao 

·factor Pa~/P times.the first integral term in Eq. (N-l3)[the analytical 

evaluation of this integral is (I
0
-I

00
)(l + Pt

0
)/P]. Because the condi

tions P /P < 1% and t < 1/P prevailed in the complete range of our 
ao o ao . · . · 

experimental observations, ~~e are justified in making this approximation. 

So, incorporating Eqs •.. (N-15) and (N-17) into Eq. (N-13) andre-

~ 

arranging terms, we obtain, to a second-order approxiJ!l3.tion, 

< N, . : no . = Ioo • +f .. 00 

[I( t )-I] dt + t 
o . P · P. . . oo o 

ao. ~o . 0 

(I -I ). 
0 oo, 

2 

(P t )
2 

[P t + ao o 
ao o 3 J • 

(N-18) 

The first term on the.right side of the equation represents the final 

equilibrium surface concentration afte; the field reversal and 'is essen-

. tially negligible. The integral is the net number of ions removed from 

the surface, and the last term represents the net number of atoms that 

··.·· .. ··.leave the surface during. time t • The terms that we neglected in Eqs. 
0 

(N-15) and.(N-17) represent the net number of atoms that leave the surface 

after time t • 
0 

We did not use the analytic evaluationof the integral in Eq. (N-18) 

. because the oscilloscope traces did not ex~ctly follow· our model, (Fig. 

N.l) and we felt that it would be more accurate to integrate the actual 

enlarged traces with a planimeter. 
) 

The last term in' Eq. (N-18). 1·1as 

usually a few· percent of the integral and was never more than l5%, so 

that P could be evaluated in one or t1vo iterations. ao 
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0. Heat-of:..Evaporation Data for the 

(110) and (100) Crystals 

Tables··o. I through rv comprise all of the significant data obtained 

·for both (110) and (100) crystals. The definitions of the symbols used 

in the tables are as follow-s: 

· TE - true emitter temperature 

. V -voltage applied to the emitter at time zero •. The instantaneous 
.E 

applied voltage between the electrodes is equal to V.,., less the 
_.t; 

voltage across the current measuring resistor. This resistor 

was 10 kn for the (110) crystal (Table 0. L:;) and the low--es-tem

perature (Tables O.ILand.III) experiments on the (100) 

:,obtained by subtracting, in addition, the contac:t potential 

[about 3.5V for the (110) crystal and 3V for the (100) c,rysi:;al ·· 

·experiments]. 

t - elapsed time noted at the knee of the oscilloscope traces 
0 ~ . 

.. · (I -I )'·a - difference between inl tial and final ion currents to 
o·. oo 

the collector after field revers~l. 

a n - observed current of cesium atoms incident on the emitter, 
0 

assuming no secondary electron emission. It is equal to 

I P. /(P. + P ) ~ I 
· oo J..O . J..O ao oo 

a - To obtain current (or atom) densities (i.e., per unit area), divide 

·2 
these quantit.ies by the collector area (0.71 em); also, 1 ampere= 

6.281Xl0
18 

charge/sec. 



N a initial surface concentration of cesium on the emitter 
0 

N'a - surface concentration of cesium on :the emitter at the be-

ginning of the exponentially decaying part of the oscillo-

scope trace 

P. ..;. .reciprocal of the 
J.O 

mean adsorption lifetime for ions 

p - reciprocal of the mean adsorption lifetime for atoms ao 

,._ 

a- To obtain.current (or atom) densities (i.e., per unit area), divide 

these quantities by the 

18 6.28lxl0 charge/sec. 

2 collector area (0.71 em ; also, 1 ampere = 



Photo 
no. a 

A5 

A9 

1193 

1242 

1295 

n 
0 

(!lA) 

V· 
E 

(V) 

18 

15 
12.5 
10 

7-5 

18 

15 
12.5 
10 

.7·5 

18 

15 
12.5 
10 

7·5 

{ 

· .. :. 

. . . 
. ~ . . . . -· . . ·~ .. - ...... . -- - - .. - .. - ·.• ·- .. -~- -· .. 

t 
0 

(msec) 

14;2 
18.0 -

23.5 

32.8 
60.3 

I -I 
0 00 

(!lA) 

244 

179 
•t29. 

82 
41 

N . 
- 0 

( 10
12 

atoms)" 

26.5 
25.2 --23.8 
21.5 
20.6 

11.3 262 24.8 

24.0 

·23.5. 
15.~ ! ·:195 
20.1-
29.2 

52.8 

7.4 .· 

9.8 
13.2 

19.3 
34.8 

- ·._ ..... 
138 
88. .·. 

39 

23 .1· 
·.· 21.5' 

. . . . 
... 299 . . 18:7 ,. 

. . / 
- 222 .. 18~7. 

156 . 18.1 

101 18.0 

48 17.0 

. . . ~- . . :· .. . 

N' 
10 (10 atoms) 

5} 
·1oo· 

77 

. 73 

80 

41 

67 
68 

·- ... ··.· 

P. . 10 ~ 

( 
-1 

sec ) 

. . ~ .. 

352 

814,.. 

540 
. 381 

.·-:' .. -.. 

-.1140 

:766 

557 

p 
ao 1 (sec- ) 

1.85 

1.94 
2.06 

2.28 
2.38 

4.80 
4.96 

5.07. 

5-17 
5-55 

8.05 

8.07 

8.33 
8.39 
8.88 

I 
1\) 

0 
f,--J> 
I 



.. 

Photo TE n 
a 0 no. (oK) (!-LA) 

V· 
E 

(V) 

Al6 1348 34.0 18 

". 15 
12.5. 

... 10 

7-5 
• .. • . 

Al9 1399 54.0 18 

15 

12.5 
. :· · .. ' 

. · ... 10 

7-5 

18 

15 

12.5 

10 

7-5 

.. ·. 

'· ... 

. '·.· ... 

. . . ·. . 

TABLE O.I ·(continued) 

t I -I o· ·o oo· 

(msec) (!-LA) 

4.9 .. · 349 · . . . 

.6.3 
-.: .·. 258 

8,5. .. 185 

12.6 117 . 
21.8 .. 56 

,. .. 

2.25 424 

2:85 315 

3:65 / 232 

5.25 152 .· 

'9-05. 75 

1.17 4Tf 

1.50 ·347 / 

2.00. 237. 
.. 

2.95 128 

5.26 33 

N . 
12° . 

(10 atoms) 

15.1 

15.0 

14:6 

14.5 

13:3 . 

-8.47 

8.15 
8.03. 

8.00 

j.6o 

6.43 

6.o6 
5.67. 

5.19 

.3 .4ci 

a. Pictures A5 to A22 correspond to Fig. IV.5(a) to (f) respectively. 
- ... 

b. ~1easured interelectrode spacing = 0. 26rn.ro.. 

·., 

' .... 
.. 

N' 
10 (10 atoms) 

P. 
1~1 

(sec ) 

39 
. 53 

83_ 

.. 24 

\ 34 

50 '< 

65 .. 

. 63 

58. 

. 1340 

. .... 984 
.: . ' ~ ... 

637 

3270 

2340 

• .. 1570 

.... · ... ·. : 

3240 

·.2370 
.1960 

.. . ~--. . ... 

p 
ao 

1 (sec- ) 

14.1 

14.2 
14~7 . 

14.7 

16.0 
'. 

~ 
L~O .• l ·~ 

. I 

41.6 

42.3 

42.4 

44.6 

152 
162. 

173 

189 

288 



Table 0. II., Heat-of-evaporation-data analysis for the (100) crysta:)-, with 
emitter temperature increasing and TC = -196°C. s.. -. 

Photo T- n VE t I -I· N N' -- P. 
E 0 0 0 00 

10 ° 10 - lO 1 no. (oK) (~) (V) (msec) (~) (sec- ... ) (10 _ atoms) (10 aton:.s) 
I 

·1078a 0.04 
2 

B2 30 - 0_ 12. 7. 9.05 8. 82xl0. 

B3 1078a 0.04 8 0.23 - 9.50 5.46 

B3 - 1078a 0.04 6 0.91 5.10 5.38 

B~- 1078a 0.04 5 1.60 - 3. is 4.86 

B3 1078a 0.04 4 3.64 1.60. 5.20 
~ 
& 

l.l8Xl03 ' B4 1078a o.o4 15 0 13.1 6.96 

B5 1141 0.08 15 0 7.3 0.974 4.70Xl03 

B6. 1141 0.08 15 0 7.0 0.934 4.70Xl03 

'-

B8 1194 0.19 10 0 3.92 0.195 l.26Xl04 

B9 1194 0.19 10 0 3.08 L27Xl04-
:· . ... 

Bll 1241 0.38 10 0 4.2 0.0908 
- 4 

2.90x10 



' . ' 

Table 0. II. (continued) 

------

Photo· .. T n . . ~- " v ·.' 't I -I N N' ·E 0 E. 
0 0 '?? 10 ·0 "10 no. (OK)' ( fl.A) (v) (msec) (I-Ll\·) (10 : atoms) (10 atoms) 

B17 l295b 0.83 10 0 6.1 0.0679 

B2l l346c .. 1.60 25 0 20.4 0~ 121 
.J •• 

1322 1346c 1.60 10 0 lLl.J.:: 

B23 l346c l. 60 4o,. 0 8.6 

l398d 
r 

B24 3.15 40 .·. 0 6.4 0.0416 

B24 l398d 
. 

3.15 10. 

(a) to (d): interelectrode spacing was: (a) 0.76 mm, (b) 0.66 mm, (c) 0.43 mm, (d) 0.41 mm. 

(e) Estimated from.B24 U:sing the ratio of P. (4ov)/P. -'(lOV) .obtai~ed from B22 and B23. 
. lO lO . 

. ·; .. 
::· . .... 

P. 
lo_1 

(sec ) 

5.64xlo
4 

1. o6x105 · 

; l.l3Xl05 

4.82Xl04 
.I 
[\), 

0'\ 
l.f=7 

9.67X10
4 t 

2.28x1o5 e 



TaJ5]:e-: O.III Heat-of-evaporation .data analysis for the (100) crystal, with emitter 

temperature decreasing an~ TCs -196°C. 

Fnoto· .. T n· VE t . I -I N . N' P . 
no·.· E 0 0 0 co . 10 ° 10 lO 1 · 

(OK). (1-1A) (v) (msec) ( IJ.A) ( 10. , atoms) (10 atom::) (sec-_,_) 
------

Cl 1372 2.39 30 0 9.8 0.0586 1.05Xl05 

c4 ·. ·1372 2.39 15 0 7.5 0.0386 1.22x1o5 

C7 . 1316 1.19_ 10 0 4.5 0.0332 S.5QXl04 

c8 1271 0.61 25 0 5·5 "0.109 ,.3 .l8Xl04 

C9 1271 0.61 15 0 5.5 3-57Xl04 
I 
1\) 

ClO 1271 0.61 5 0 4.7 4.37Xl04 0'\ 
\Jh 

4.26xlo4 
I 

Cll 1271 0.61 4 0 4.7 

Cl3 1216 0.26 10 o· 5.6 0.183 1.92Xl0!~ 

Cl4 1158 0;10 10 ,0 9·5 0.832 7 .17Xl03 

Cl7 1110 0.06 20 0 69 20.1 2.l6Xl03 

Cl8 "1110 0.06 10 o.4i 28.9 .. 15.6 3·7 2.54Xlo3 

Cl8 1110 0.06 8 0.71 ~ 19.6 14.4 . 
Cl8 1110 0.06 7 1.00 1~~6· 14.3 

cts 1110. 0.06 5.4 l. 76 8.6 14.1 

Cl8 1110 0.06 4.3 3.13 4.5 12.8 



. ·'" 

Ta1iie 0_. III . (Continued) 

Photo 
. . -

TE v~ 
.. t: I -I N N' P .. n 

nci. 
0 0 0 ,!X) . 10 o. . 10 . 10-1 

(oK) (!-LA) (v) (msec)- (!-LA) (10 atoms) ( 10 a to:::.::. ) ( <=er· -) 
~ -

.. 
C19 1110 0.06 6 1.46 10.53 14.-4 

C19 1110 0.06. 5.3 1.89 8.09 14.6 

C19 1110 0.06. 4.7 2.66 6.38 15.8 

C19 1110 0.06 4.0 4.38 3.50 14.2 

C21 . 1053 0.06 25 0 78 93.7 . 5.23X102 

0.06 0.58 55.'8 73.6 
.], 

. C23 1053 15 [\) 
~a;\ 

~8.6 
2 f' C23 1053 . 0.06 12 1.4~ -1~L36 ~7 7!02>:;102 

§5 _10?5 o.o§ 10 2.0 .3 1: 48><102 
10 O.Oo 8.5 3.18 19.5 56.5 8.1 ' . '{bXlO . 

C23 1053 0.06 6 6.55 10.3 5~. 7 

C24· 1053 0.06 6 . 5.6 11.31 55·9 
C24 1053 0.06 5 9.0 7.06 52.2 

C24 1053 0.06 4 17.8 3.26 1;8.4 

C27 102i 0.07 25 0 . ~ 110 301~ 2.27Xl02 

C28 1021 0.07 15 1.7 56.8 207 

c28 1021 0.07 10 6.7 26.9 171 8.0 3 ·9.5Xl02 

C28 102J. 0.07• B 11.1' 17.6 155 

C28 1021 0.07 6 19.9 10.1 139 

·C29 1021 0.07. 6. 18.8 10.63 151 

C29 1021 0.07 4 . 61.5 3 )J-3 142 
--r- -



. 

TABLE 0.11[ Heat-of-evaporation data analysis for the (100) crystal, T = Cs 0°C.· 

·-·~_......,. 

P"noto - TE n VE t :to •• I -I N N' P. p 
0 0 0 00 10° 10 l~l ao _

1 no.· (oK) ( pA) (V) ( l!Sec) (l!A) (10 atoms) (10 atoms) (sec ) (sec -) 

Dl 1503 . - 15.1~ 4o 4.50 569 3.08 . .· 3140 

D3 1503 15.'-~ 4o l.O 2.39Xl05 

Dl~ 1503 . ' 15.!1- 15 22.3 104 1.75 546o 
D4 1503 . ~-5 .}1· 12 29.i -· 68 1.59 i 6o4o 
D4 1503 15.11. 10 36.9 1~9 .3 . 1.45 6590 
D4 . 1503 l).li 8 51.5 30.2 1.31 7300 _!I 

; 1\) . 
I . •CJ'\ 

D4 1503 l) .I~ 7 66.6. ,.. 20.8. 1.23 7790 -:--J 
'J 

D5 1503 15. t~ ~5 .. ·.'. 0.09 l~. (9Xl05 
-

D8 l479a :u.o 40 l.l 2 .2.5Xl05 

D9 1479 1:1..8 15 23.5 94.0 1.72 4310 
D9 1479 11.8 12 30.3 67.2 1.60 11620 

D9 .1479 11.8 10 38.8. 49.) 1.53 !~Biro 
1479 

. 
D9 1l.8 8 54.3 30.3 1.37 5390 
D9 ·;" 1479 :u .. 8 6 90.1 15.0 1.22- 61.00 
DlO l479a 11.8 15 0.05 ~ 4.62xlo5 

Dll 11~53 9 .l~ 4o 4.85 520 3.34 1.8 i.8QXl05 1770 
Dl2 1453 9.'1· 4o 1.8 .l.80Xl05 



TABLE o.rv (Continued) 

--
-· 

?~no to 'I' n" VE t I -I -N N' P. p 
E 0 0 0 00 10° 10 . l<21 ao _ 

1 no. ("K) (~) (V) ( J.13ec) (JJA) . • (10 atoms) (10 atoms) (sec ) . (sec -) 

D13 1453 9.4 15 24.7 101.0 . 1.96 3010 

D13 1453 9.4 . 12 33.6 .66.0 1.80 3290 

D13 1453 ·. 9.4 -10 42.9 49.1 1.75 3360 

D13 1453 9-4 8 61.8 30.3 1.55 3800 

D13 1453 9.4 6 102.3 - 15.3 1.43' 1~120 

D14 .1453 9.4 15 O.d§ · 3.38X105 ~ 
I ,0\ 

D15 1424 7-7 40 : L42x1o5 
'()) 

3.0 I 

D16 1424 7. 7 . 15 33.1 97.0 . 2.54 1910 
. D16 1421~ 7-7 12 44.1 . 66.6 .2.:35 2060 

D16 11~24 7-7 10 59.8 46.·o 2.15 2250 

D16 11~24 7-7 8 84.2 29.4. 
.. 

1.93 2500 

D16 1421~ 6 
... 

136.1 1.84 2620 7-7 15.0 

Dl7 1424 7.7 15 o.tl .2 .58Xl05 

D18 1398b 6 .l~ 4o 8.7 ~ 4o8 4.98 807 

D19 : .. - 1398 6.4 40 2.3 ·1.07X105 
.. 5 D20 · 1398 6 .1~ 15 46.3 92.6 3.28 0. j_;2 1.93X10 1220 

D20 1398 6.4 12 63.0 61.5 2.94 1370 

D20 1398 6.4 10 81.7 43.5 2.73· 111.80 



'-

' 

- . 

TABLE O.r/ (Continued) 

?:.-~otc T . n VE t I -I N N' " P. p 
E 0 0 0 co JDO 10 l~, ao 1 !"lOe (oK) (~) (v) (ltsec) (~t\). (10 atoms) (10 atoms) · (sec -) (sec--) 

D20 1398 6.4 8 115.8 28.1 2.58 1560 
D21 1398b 6.4 15 0.12 1.8!~x1o5 

D22 1398c 6.4 40 3.60 783' ' 6.38 631 

D23 1398 6.4 4o .· 2.2 1.16x105 ; 

D24 1398 . 6.4 30 8.3 514 4.91 819 I . ~ -. 1\) 

D2!~ 1398 6,4 I 25 9-7 385 4.43 908 . .d'\ 
\.0 

D24 1398 6.4 20 15.0 269 3.76 /' 1068 I 

D24 .1398 6.4 15 23.2 167 . 3.33 0.15 2 .33X105 1208 
' 

. D24 1398c 6.4 10 43.8. 81 2.91 1373 

D25 1347 6-.5 4o 14.6 707 14.7 277 
D2S) 1347 6.5 40 5.2 . 6 .02X10!~ 

'. 

D27 13!~7 6.5 35 25.5 584 16.3 250 
D27 1347 6.5 . 30 30.0 454 13.2 309 

• .. 

D27 1347 6.5 25 38.6 328 11.0 371 
D27 

;·;.:: 
1347 6.5 20 50.3 232 9.65 0.43 1.l2X105 !~23 

D27 1347 6.5 15. 73 .l 141 . 8 .l!~ 502 
D27 1347. 6.5 12 100.0 93 7~42 550 

-



TABLE O.IV (Continued) 

?:wto T n VE t r ..:r N N' P. p 
E 0 0 0 co 10° 10 lO~ 2.0 1 r10. (oK) (~-tA) (V) c~ec) (I-tA) 

-.L (10 atoms) (10 atoms) (sec ) (sec- ) 

D28 1347 6.5 30 1.9 . 8.37><104 

D29 1347. 6.5 12 94. 102.9 7.57 539 

D29 . 1347 6.5 10 120 79.5 7.-47 51.1-6 

D29 1347 6.5 8 191 49.0 7.37 55)_~ 

D29 . 1347 6._5 7 244 37 .o 7.16 570 

D29 1347 6.5 6 340 25.4 7.13 572 
. I 

l\) 
--.1 
0 

D31 1296 6.0 4o 51.5. 596 34.9 108 I 

D32 1296 6.0 4o . ' 4.5 2.S2x1o4 

D33 1296 6.0 35 55. 498 29.0 
.) 

130 

D33 1296, 6.0 30 69. 399- . 24.8 152. 

D33 1296 . 6.0. 25 87 292 21.5 175 

D33 129~ 6.0 20 117. 200" 19.1 0.94 5.07Xl04 198 

D33 1296 6.0 . 15 ·. 176 12~ 17.0 2~)2 

D33 1296 6.0 . 12 250 . - 80 15.9 235 

D33A :· . ... 1296 6.0 12 255 90.7 17.8 212 

D33A 1296 6.0 10. 338 66.4 17.3 218 

D33A 1296 6.o 8. 503 42.8 16.9 223 

D33A 1296 6.0 7 644 32.1 16.7 227 

D33A 1296 6.0 6 894 22.8 16.9 22t~ 



TABLE O.IV (Continued) 

Photo TE n VE t I -I N N' P. p 
0 0 0 00 10° )._~1 . ao _1 

. 
no. (oK) •(IJA) (V) (~cc) (IJA) 10 (10 atoms) (10 atoms) (sec ) (sec ) 

D34 1243 6.1 4o 155 !55 110 34.8. 

1243 6.1 ·4o 12 
.· . 4 

D35 1.09X10 

D36 1243 6.1 35 180 457 85.1 45.0 

D36 1243 6.1 30 20!~ 360 71.0 54.0 

D36 1243 6.1 . 25 306 251 59.2 6!~.8 

D36 1243 6.1 20 388 176 .· 51.9 l.T 2 .L~0x104 73.8 I 
1\) 

D36 1243 6.1 . 45.9 . 83.6 
---::.;] 

15 553 111 .. "f--,-1 
I 

D36 1243 6.1 12 .· 775 73 42.1 91.0 
.. 

· D37 1243 6.1 9 1170 51.1 4~.3 86. L~ 

D37 1243 6.1 8 1500 39.2 1~4 .3 86. L~ 

D37 1243 6.1 7 1880 30.9 44.3 86 .l~ 

D37 1243 6.1 6 2580 2],.7 43.7 87.6 

D37 1243 6.1 5 3900 13:2 43.0 89.1 

D38 1189. 6.1 4o· 528 . ~ 546 4o4. 9. 1!·9 

1189 6.1 
.. 

4o 18 ·3 .64xl03 D39 :.·;,_-. 

D~O 1189 6.1 4o 510 551 380 10.1 

DhO 1189 6.1 30 710 341 237 16.1 

D40 1189 6.1 25 910 248 . 198 19.1:. 



. '· 

TABLE O.IV . (Continued) 

F:-wto TE .· n v· t I -I N N' P. .P 
0 E 0 0 co 10°. ·. ·c 10 ) l'21 ao 1 no.· (oK) (~) (V) (J.l.Sec) (~) (10 .·atoms) 10 atoms (sec ) (sec- ) 

D40 1189 6.1 . 20 1300 165 168 22.8 
D40 1189 6.1 15 1910. 99 148 25.8 
D41 1189 . 6.1 }5 620 450 . 307 12.5 
D41 1189 6.1 30 785 341 244 15.7 
DL~1 1189 6.1 25 1065. 250 204. 18.8 
D41 1189 6.1 20 1370 174 173 5.0 9.64x1o3 22.2 ~· 

fi\)J 

DL~1 1189 6.1 1945 . 147 26.1 
.,...:)• 

15 109·. t:Y; 
•·. ll 

DL~2 1189 6.1 15 1900 113.1 158 2!~.3 

DL~2 1189 6.1 12 2560 78.7. 150 25.5 
D42 1189 6.1 10 3480. ,. 55·5 144 26.5 
DL~2 1189 6.1 8 5060 35.7 138 27.9 
D42 1189 6.1 7 . 61~50 . . 2.6. 7 135 28.11 

Dl~3 i136d. 6.2 4o . 1490 47,4. 991 3.93 
Dl~4 1136 6.2 !~o 36 1.33X103 

Dl~5. ;;.~ 11,36 6.2 40 1340 472 901 1~. 32 

D45 1136 6.2 30 .1980 304 576 6.76 
D45 1136 6.2 25 21~20 225 477 .I 8.16 
Dl~5 1136 6.2 20 '3220 154 4o6 4.6 l~·.O'(X103 9·59 
D45 1136 6.2 15 5130 91 360 10.8 



.. 

. , 
. ' • . 

.. . 

TABLE O.IV (Continued) 

·Photo TE n . ·v t I -I N. N' P. p 
0 E 0 0 co 10° 10 ~ . 1<21 . ao 1 no. (OK) (tJA) (V) (f.LSec) (tJA) (10 atoms) (10 atoms) (sec ) (sec- ) 

D46 1136 6.2 15 !~950 102 366 10.6 
D46 1136 q.2 12 6350 71.5 346 11.2 
n1~6 1136 6.2 10 8750 ?1.1 328 11.9 
Dlf6 1136 6.2 8 13,050 32'.5 317 12.3 
Dl~6 1136 6.2 6 23,350 17.5 316 12.3 

. D1~7 1136 6.2 35 1600 389 . 704 5.53 tv 
D47 1136 6.2 30 2020 299 6.97 

,--..J 

559 VJ· 
I 

Dl~7 1136. 6;2 25 2620 219 468 8.33 
nln 1136 6.2 20 3280 153 399 :.,., 9.77 
D47 1136d 6.2 15 5110 91 347 11.2 

·.· 

a. Intere1ectrode spacing o.46mm. -~ 

b. Interelectrode spacing o.47mm. 

c. Ix1te:ce1ectrocle spacing 0.35mm. 

d. Inte:relectrocle spacing = 0. 45nlrn. 
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P. Cesium-ion Emission Data for the (100) and (110) C:rystals 

'The effective work func,tion ¢ -vras evaluated from t1-:e Sana-Langmuir 

equation 

¢ = V. - k TE [£n l/2 (en /Jc -1)], 
l 0 s 

(P.l) 

where v. = 3.89 eV = first ionization potential of cesium 
l 

en = flux of cesium vapor incident on the emitter 
0 

JCs = field-free cesium-ion emission from the emitter 

TE = emitter temperature. 

The value of en for each observed cesium-reservoir temperature 
0 

TCs was obtained from the data. of Taylor and Langmuir (Fig. V. 2 ). T;.'1e 

field-free ion current-density JC was determined from the extranola.tion s ~ . 

to zero electric field of Schottky plots. Schottky plots were obtained 

for all data exc'ept those w·ith.in l0°K of the threshold te~verature TEo 

-fo:r: 100% surface ionization. The value of TE for each corresponding 
0 . 

TCs was obtained from Fig. V.lO. The results for the (100) and (110) 

crystals are shown in Tables P. I and P~.II, respectively. 

v 



. 100 

80 

.. v 

6o 
. ' . . 

.40 
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Table P.l. Swr.rnaTy of Tesults for suTface ioni'zation 
of cesium on ( 100) tungsten • 

1293 

1293 

1240 

1188. 

1135 . 

.·1240 ·. 

•1240 

.1188 

1135 

1083 

1135 

1083 

3.21 

3.04 

3-51 

3-51 .. 

; 3-37 

3.22 

... 3-07 

. 3.48 

3.41 

3-25 

l090b .. : ... 3. 48 

977 

3.48 

3-37 

en 
·o 2 

(ampere/em ) · 

-2 L48xlO 

-4 9.20Xl0 

6 -4 l. 5Xl0 -
. 5 .l.80xlO- · 

J 
Cs 2 

(ampere /em. ) 

-2 l.OOXlO 

2.25Xl0-) 

6 -4 L 7Xl0 

4 -5 L 8xlO . 

-7 9.30Xl0 

¢ 

(eV) 

4.05 

3-77 

3.48 

3.30 

3. 86x1o"'"3 • 4. 43 
-4 8.00XlQ 

5.27x1o-5 

4.80xlo-6 

2.35xio-:7 

3.52x10-5 

. L69xl0-6 

3.52 

3.30 

·3.04 

a 6¢ = r:p - r:p = l; .. 65 - ¢. 
0 

6¢a 

(ev) 

o.6o 

0.83 

Ll7 

L35. 

l. 64 

0.22 

o. 81~ 

1.13 

1.35 

.l. 61 

1.02 

1.29 

b 
Emitter threshold. tempeTature for 100% surface ionization at corre-
sponding Tc s. 



Table P.2. s~~ary of results for surface ionization 
' ( \ of cesium on. 110) tungsten · 

T . TE TE/TCs en J ¢ Cs ' 0 2 Cs 2 ( oc) ( oK) (oK/oK) (ampere/em ) (ampere/em ) (ev) 

100 1418a 3.80 4 -2 1. 8x10 

1335 3.58 4 -4 1. 5 X10 3.44 

1267 3.40 7.89x10 -6 3.14 

90 1380a 3.80 7.80x1o-3 

1340 3. 69 3.27x10 -4 3.60 

'1267 3-49 1. 42X10-5 3-27 

'' 

80 •·. 1342a 3.80 3.90x1o-3 

1339' 3. 79 1. 61x1o-4• 3.80 

1268 3. 59~ . 2.77x1o-5 r .3 .1;2_ . 
\ .. 

" '70 i303a ·. '3.80 1.90X10-3 

'I,. I 1267 3.69 5-77x1o-5 ). 59 

. ' 

"1228a. 
" . 4 

.'50. 3. so· 4.40x10-

1192 3. 69 
' 6 

5.45x10- 3.52. . 
a 

Emitter threshold temperature for 100% surface ionization at 
corresponding Tcs· 
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·Q. Thermionic Emission Data for (100) and (110) CTystaJ.s 

Exposed to Cesium Vapor 

.The effective :work function ¢ vras evaluated from the Richa1~.dson 

· ·. equation · 

... 

:where · 

. . 2 
¢ = k. TE [ £n A- £n J /T~ ] , so . .e.; . 

A = Richardson constant determined from the- vacuum 

da:ta (A = 238 ampe~e/cm20I~ for the (100) 

crystal and 207 ampere/cm2~ for the (110) crystal) • 

. J = field-free electron emission from the· emitter 
so 

TE = emitter temperature. 

Thefield-free electron current-density J was determined from the 
so 

extrapolation to 'zero electric field of Schottky plots. , The results 
. . ' . . 

for. the (100) and (llO) crystals are shown in Tables Q. :t and Q. II, re-: 

spectiveiy.· · ·.·· . 
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Table Q. I. Summary of results for thermionic er:-.ission 
from (100) tungsten exposed to cesiu,'i1 vapor • 

1505 

1453 

1453. 

1445 

. 1396~ 

1396 

1396 

1392 .. 
.. 

·.·1392 

1398 

14 

6 

100 

80 

100 

80 

6o 

.. 100 

80 

.. 6o 
-·~·-

1345 .·· .•. i. ·100 
·:: .. : 

1345 80 
·· · · · 1345 · 6o 

100 .. 
I 

1293 

1293 

1293 
. : . 80 ···••·· 

,. .. · .. · 

1242 

1242 
1242 · .. • 

1240 

1240 

1240 

; : .. ·. 

60. 

100 

80 
.. 6o··: 

100 

80 

60 

. ! 

5.25 

5.20 

3.90 

4.09 

3.74 

3.96 

4.19 

3-73 
3.94 

. 4.20 

3.61 

3.8;t. 
·. 4 ... 04 

3.47 

3.66 

3.88 

3-33 

3-52 

3-.73 

3.32 

. 3.51 
l• 3. 72 

- a 
.L so 

(amperes) 

8.40x1o-8 

2.ltOXl0-8 

8.00X10-7 

l. 53X10-7 

'·· 
7.70X10-7 

l. 4.6x1o-:-7 

4 -8 . 2. OxlO 

8.00Xl0-7 

l.30X10-7 

l. 70Xl0-8 

.. -6 

. l. OOX10 . 
1. 42x10-7 

. · l. 70X10-8 

4 -6 1. 2X10 
l.50X10_:7 

l.30X10-8 

-6 2.30X10 
-7 2. 30Xl0 . 

. -8 
.1.50X10 · 

. 6 
2.28x10-

2.20xlo-7 
-8 l.30x10 

¢ 

(eV) 

4.64 

4. 62 

4.22 

4.41 

4.05 
4.25 

4.47 

4.04 
4.25 

4.52 

0 D.cp 

( eV) 

0.01 

o. 03 ' 

0.43 

0.24 

0.60 

o.4o 

0.18 

0.61 

o.4o. 

0.13 

3.87. 0.78 

4.09 0.56 

. 4;34 0.31 

3-92 
4.19 

3.46 

3-71 
4.00 

3.46 

3.71 

4.01 

0.98 

0.73 
0.46 

1.19 

0,-94 
6:64' 
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Table Q. I. (continued) 

.TE Tcs TE/TCs 
(oK) (oc) (oK/oK) 

1188 100 3.19 

1188 80 3-37 
1188 • 6o · .·. 3-57 

1135 " ' 100. 3.04 
' .. 

.· 1135 80 3.22 
.113). 6o 3.41 

.. 
1083 " 100. . 2.90 ,. 

1083 : ·' 80 .3.07 
... 

. ·1083 ' '•, 6o' .. 3.25 

1030·· ... 100.' 2.76 
.. 

.· '. .. 1030 . . 80;. . .•. 2.92 

1030 ·.·· ,· ·• . . 60 .· < . ' 3. 09 
:: 

. ' . ' 977 .. • 100. . • ..•.. ·. 2. 62 
. , __ . . 80 2. 80 

: ' . . . 
.. ' .. 

988 . 

988·' 

·988 

. ' 60 .. ; . 2 97. 
.. ... ~- : ., . . 

·.:· .· 4o.:: .. ··,: 3.16. 

... 
'903c · .: · ·. 100 : 2. 42 . 

. .. . ' .• 903 : .· .. .80. ·. 
' . ;': ,'• .. ·,. '.; 

.'903 ·.:_;··. 60.-: :2.71_ 

' ...... ' 

2.56 .' .. 

.·.:. 

: 903 ,. ; . . . 40 .. ·.. . ·: '2. 89 
· ... ,· ' 

" " 
,• .' . 

. ' 
,, ... 

. 8486 .. 
100 2.27 ... 

. 848 
:,. 

80 2.40 

848 6o 2.55 
848 4o 2.71 

' . . · . 

. ' 

I 
a 

so 
(amperes) 

4. 84xlo-6 

3.90xlo-7 

1.20x1o -8 

' · 1. o6x1o-5 

8.40Xl0-7 
~. ; 

2. 70X10-8 

2. 53X10-5 ·•· 
2.08X10-6 

7.30Xl0-8 

7. 30Xl0-5 

6. OOX10-6 ·. 

< 2.35X10-7 

.. 2. 02X10-4 
' . 5 

1. 8oxlo-:-

6. 80Xlo-7 

1.40X1o-8 . 

.. 1.23><10 -3 

l. 58><10 ""4 . 
6.10Xl0-6 ·· 

1. 35Xl0-7 

3.25X10-3 
. -4 

3. 91·~><10 
6 -5 2.5 XlO 

9. 80Xlo-7 

0 
( eV) 

3.23 

3. 49 

3.84 

3.00 

3.25 . 

3.5q 

2.'17· 

. :3.00 

3.32. 
" 

2.53 

2.75 

3.04 

2.30 

2.54 

2.82 . 
.·3.15 

1.98 
. ... 2.14 

.·2.39 

2.69 

1. 78 

1.93 
2.13 

2.37 

. . -r . 

L4Jb 

(eV) 

1. 42 

1.16 

.0.81 

1. 65 

1. 40 

1.07 

1.88 

1. 65 

1.33 

2.12 

1.90 

l. 61 

2.35 
2.11 

1.8} 

.1.50 

2.67 ' 

2.51 . 

2.26 

1.96 

2.87 

2.7.2 

2.52 

2.28 
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Table Q.II. (continued) 

a .. · To convert Isoto curreD::td·er~sity Jso' ampere/cm
2

, divide by 

2 
0.71 em (effective collector area) 

. b. 6¢ =:= ¢0-. ¢ = 4. 65 - ¢ • 

c. _Emitter temperatures 903 and'·84S°K w·ere estimated vrithin 2)~ from 

. extrapolation of a heating povrer versus T curve. 
E 

All other emitter 

.temperatures were measured w·ith an optical pyrometer having a pre-

cision of 0.2% . .. 

;_~ -.~.. ' 

, : 

•·· . 

\ ;. ' ~. .-. . ·.· 

: ,• . .';,. 
. >; > ~ . ' ., .. ·· . 

; r 
•. .... .. '., ~ 

\ ) 
;, 

. ·:. 
:\, 

. ,:· 

·. ~ ' 

-::.: 
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. : ·.····· 

. '.' . : ~-.' 



Table Q.. II. 

TE T Cs 
(oK) ( oc) .. 

1335 100 
1340 90. 

1339 80 

1330 71 
1330 

l 
50 . 

,, 1268 ~· 99 
. 1268 89 

1268 80 

1268 70 
1268 51 

1192 101 .. 

1192 88 
1192 80 
1192 70 
ll92 • .. 50 

1117 ·101 

1117 89 
1117. 80 
1117 70 
1117 60 
1117 50 

-28;1 ... 
... 

Summary of results for thermionic emission 
from (110) tungsten exposed to cesium vapor 

T /T E Cs 
(oK/oK) 

3.58, 

3-69 .. 
·3. 79 
3.87 
4.12 

3.41 

3.50 

3-59 
3.70 

3-93 

3-19 
3.30 
3.38 
3.48 

. 3. 69 

2.99 
3.09 
3.16 
3.26 

3-35 
).46 

J 
< so 2 

(ampere/em ) 

. -4 l.lJXlO 
2. 76x1o-5 · 

8.6oxlo-6 

6 -6 3. OXlO · 
4.o6xlo-7 

2.40><10-4 

7.05x10 -5 

2.18Xl0-5 

5.30Xl0-6 

' 4.51><10-7 

8. 74Xl0-4 

. 2. 6ox 10-4 · 
. -5 

8.87Xl0 . 
2. 48xl0-5 

6 -6 1. 9Xl0 

2.90><10-3 

7.32Xl0 -4 

2.44xlo-4 

6.90Xl0-5 

1. 42xlo-5 

3.94xlo-6 

Q 

(ev) 

3.32 
3. 49 
3. 62 

3.70 

3-95 

3.05 
j.l9 

3-31 
3-47 
3-74 

. 2. 73 

2.85 
2.96 
j.09 

3-37 

2. 43 
.2.56 
2.67 
2. 79 
2. 9).~ 
3.06 

" .. 

J· 
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R. Theoretical Evaluations of -'che Ho:cl-~-Fcmction Depression of 

Polyc:rystalline and (100) Tungsten Due to Cesium Adsorption 

This appendix contains the numerical comp~tations (Tables R.I 

through· R. V) from which Figs. VI. 2 and VI. 9 to VI. 12 ·were dra·wn. It also 

.·includes a tabulation of the experimental results of Taylor and Lang

muir88 (Table R.II). Tne physical properties of polycrystalline tungsten 

that we used': in each analysis -vrere those suggested by the authors of the 

theory. These properties did not alvrays agree with the data of Taylor 

. and Langmuir. In particular, Carabateas et aL
16 

and Levine and Gyfto-
. . 8 
poulo~5 used a value for the cesium-atom desorption~energy q/. of 2.9 eV 

. . ao · 

instead of the measured value 2.8 eV. vle w·ish to uoint out that 6¢ . ~ m~ 

and the horizontal position of the 6¢ versus T.,/Tc curve are both . ~ s 
. * strongly influenced by the choice of ¢ . 
. ... ao 

depression of the (100) crystal, we used a 

In evaluating the 'I·JOrk function 
.4 ' 2 

= 2.5x10
1 

atom/em , ¢ = 
' r 0 . . * . . . 0 

4.65 eV, ¢ · = ¢ + ¢. - V. = 2.81 eV (see Sec. IV.'D) and TE = 1000 K. ao · o 10 1 

·:Although this temperature was not exactly in the midrange of our data, 

it was chosen arbitrarily to facilitate the computations. 
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Table R.I. Tabulation of K(G) versus G • 

0.01 
. 0.02 

.· 0. 04 .. 

0.05 
:: . . : 0.06 

0.08 _· .. · 
•,,r' . I 

.. 0.10-. 
. . :- "··.. ~-- . : 

.. 0. 20 

. o. 30 
. . 
0.40 ·._ .. 

.;:_- 0. 50 

.. ··. 

-4.58 

-3.87 

. -3.14 
.. -2.89 

-2.69 

-2.35 

-2.09 

-1.14 

-0.42 

+0.26 

+1.00 
·. o. 6o · · · + 1. 91 · 

·, ~ ·.. • • t'' 

.· . ' 0. 70 ' .·•. . . . + 3 . 18 

>: · :: ·o.8o +5.39 

K( G)b K(G{ 

-4.55 -4. )_~5 

-3.81 -).64 

-3.02 -2.83 

-2.74 -2.55 

-2.51 -2.31 

-2.11 -1.91 

-l. 79 -1.58 

-0.54 -0.38 

+0.48 +0.59. 

+l. 46 +1.53 

+2.50 . +2. 59 

+3.71 +3.91 

+5.28 +5.80 

+7. 79 +9.1)5. . 
.. '• · ... .' . ,',\· .·' ·.·,;0.90- ~. ·.-+11.20 +13-90' +17. 92'' 

'·. 

,···· 

j 8 \ · 8 
__ .a ,Rasor and Warner,(.Ref. 76),K(8) = L\l-8 )~~ · 

, . b ccirabat:as etal., (Ref. 16); .K(8) : 1n(1~8 )+1~8 + 38 · 

·· ·· r~l/2' 
59),K(8) = 1nl 8 

l-
8 -~ Ji 

. · L (1-8· 1 -2 }. · 

·',' .· •: 

···;· ·.' 

~- ·. . . . . . . 

·c ·- Levine ·and Gyftopou1o s; (Ref~ 

\ ,•' 
:· 

·========~===================== 
·. '• 

· .. ' 

. ,·· .· 
. . . ... ,. 

. f 



Table R. II. Data of Taylor and Langmuir f'or 
cesium adsorption on polycrystalline 
-Ll~_ll.§S ten. 

e -)(-

¢. ¢ 6¢ T /T 
l a E Cs 

(eV) (ev) (ev) ( °K;oK) 

0 2.04 2. 79 0 
0.01· .. 2.13 2.77' 0.11 4.40 

0.05 2.43 2.70 0.48 3-98 
0.10 2.73 2.61 0.87 3-69 
0.20 3-19 2.44 l. 50 3-32 
0.3.0 3-55 2.30. . 2.00 ).00 

.0.40 3.84 2.17 . 2. 42 2.75 
0.50 4.04 2.06 2.73 2.52 

0.55 ·.· 4.09 2.00· 2.83 2. 42 

o.6o '4.10 1.96 2.89 
0.65· 4.08 1.91 2.92 2.16 

' 
0.70 r •. 4.04 1.87 ·. 2.92 ' .. 

· .. 
0.75 3-99 1.84 2.90 
0.80 ·. 3-93. l. 81 . 2. 87 

a These data were obtained from Ref. 88. 
-x

Values for ¢., ¢ , and 
. * 6¢( =6¢. + 6¢ ) ·were obtained 

· . l a . 

l a 
from Table I and values for TE/Tcs 

were obtained for TCs = 290° from Fig.· 15 in that reference~ 

.. · , .. 

· ..... ·.·.· · .. 
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Table R. III. Theoretical evaluation of 6¢ versus "' /T by -E Cs 
means of the theory of Rasor and Harner 

(Refs. 75 and 76) · 

(poly) tungsten l T.., ( 100) tuncsten T == l000°K 
o t ) E 

L 

e 1-f cp 
·X·b 

0.00 .0'. 0.188 
0.01 0.09 0.190 
0.05 .0.42 0.197 
0.10. 0.80 0.206 
0~20 1.47. 0.224 
0.30. 2.01 0.241 
o.4o~ 2.44 0.259 
0. 50. 2. 73 0.277 
0.60 2.93 . 0.295 
o·~7o. 2.95 0.313 
0.80 2.88 0.330 
0.90 2.79 0.348 

( eV) 

2. 79 
2.77 
2.71 
2.63 
2.46 
2.31 
2.16 
2. 03 
1.93 
1.87 
1.84 
1.82 

4.03 
3.82 
3.67 
3.36 
).11 
2.86 
2.64 
2.43 
2.25 
2.05 
l. 61 

d 6cp 
(eV) 

E 
(eV) 

0. 00 l. 054 
0. 06 l. 042 
0.3i 0.994 
0.59 0.932 
L n · o. 8o6 
l. 5~- 0. 684 
1.89 0. 564 
2.17 o.l.t-53· 
2.37 0.358 
2. 48 0.278 
2.52 0.222 
2.51· 0.177 

cp 
-:·:-e 
a 

(eV) 

2.81 
2.80 
2.75 
2. 69. 
2.56 
2.44 
2.32 
2.21 
2.11' 
2.0) 
1.98 
1.94 

4. 21 
).94 
3.78 
).48 
).24 
).00 
2.77 
2.53 
2.28 
1.96 
1.24 

a 6¢ was determined from Fig. 4 of Ref. 75. It ''as evaluated by Ro_sor 
2 

.·and Warner w·ith the values A== 4ne crr. == 8.92 eV, B == 27Tcra. r. = 4.51 

and E == 1.054 eV. 
0 

l l l 

b -)(-
¢ = 2. 79 eV is the measured value of Taylor-Langmuir (Table IV. II). 

ao 

c TE/TCs calculated from Eq; (3) in Table VI. I i·rith h == 0. 75 eV, K(G) 

given in, Table R. I. , and ('Q ajc) = l. To fit the Taylor-Langmuir_ · 
.. a· " 

data at 6¢ = 2. 0 eV, we must use Qa a/C = 3. 9 .. 

· d 6¢(100) and E evaluated:·.by iteration w·ith A== 8.92/ .f2 = 6.30 eV, 

and B == 4. 51/ .f2 == 3.19. 

e * . . . . . . -1(-

. ¢ evaluated from Eq. ·(2) in Table VI. I with ¢ (100) = ¢ + ¢. a · . ao o 10 

-v. == 2. 81 ev. 
l 

·. f TE/TCs. evaluated from Eq. (3 ), in Table VI. I vr;i.th Qa cr/C == 3-9/ .f2 == 2. 8. 

NOTE: The factor .f2 is the. ratio of surface densities for ~ .. rnonolr~yer 
adsorption used.b"Y Rasor and Harner for polvcrvstalline tuncsten· 

.. ( -;;• 5ocXl014 a-'-"w/c~-2 ) "~u;· "·l·,.,-'- -Po-,· ( 100)· +u.·n,_"_r,.~+c"·n. (2 '"''l 0ll+ .. "-oJ···•/r·"·',2) ./ VI....JJH .... JJ. C<..LJ lJ.l.C.. u -L ...... • . v ~ -,.. ... \. • ..)/\..1. r.:..l V .,.1 l• .....,.,.i.:. • 
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Table R. IV. Theoretical evaluation of 6.¢ versus Tr/Tcs by 

means of the theory of Carabateas et al. (Ref. - r) lO • 

(poly) tungsten, T E = 800°K (100) tungsten, T 
E 

= 1000°}( 

e. §- t::.rj/ 
c . -:.·u 

m /m e 91 6.7/J. typg .·--·n T /T l 6.¢ cp L, 1
0 

(j) 
l l a ~ s l D. E Cs 

(ev) (ev) (eV) (ev) (ev) 

0.00-0.00 0.00 0.00 2.90 0.00 0.00 0.00 2.81 
:_ 0. 01 o. 01 0.08 - 0.08 2.88 -4.26 0.01 0.06 0.06 2.80 4.21 

0.05 0.05 0.39 . 0.39 2.80 3.99 - 0.05 0.28 0.28 2. 73 3.91 
.·_ 0.10 0.10 -0.75 0.75 - 2. 70- 3-77 0.10 0.54 0.54 2.66 3. 72 

0.20 0.20 _l. 39 1.39 2.53 3. 42 0.20 1.03 1.03 2.52 ).)8 
0.30 0.30 ._1.94 -_ 1.94 - 2.38 3.12 0.30- l. L~6 l. 46 2. L~l ).J.l 
0.40 0.40 2.41 2.41 2.25 - 2.87 0.40 1.86 L85 2.)0 2.G6 
0. 50~ 0. 51 2.80 2.74 2.14 2.61 0.51 2.21 2.17 2.21 2.60 
0.60 0.63 3-13 2.91 2.05 2.35 0.63 2.52 2. ~-0 2.12 2.32 
0.70 0.80 '3.40 2.71 1.98 1.92 0.78 2.79 2. 4L~ 2.05 1.87 

a ··e ~ (ei +B), w·ith ea = 2ei exp(-E/kTE), E
0 

= Ll eV, and f' = 0.73. 
b - - . ' . - 2 

t~:if;i evaluated w·ith A = 47ie ari = 8.0 eV, k
1

· = 2Tiai'cr(l-f)/ri = 0.35. 

- c 6.¢ evaluated from Eq. (1) in Table VI. I, ·with k
2 

= 4rr.b-(l-f)/r i ~ 2. 5· 

d . q/ = 2.9 eV is th~ val~e sug~e~tecl; i~- Ref. 16. _- ao --

- e TE/Tcs <;!alculatedw·ith_h = 0. 75 eV and Qa cr/C = land K(B) given in 

· . . Table R.I. · To. fit the. Taylor-Langmuir ·data at 6.¢ = 2~ 0 eV, i·re must 

use Qa cr/C =:=. 2. 4. 
- -

f' e evaluated w·ith e = 28. 
a J.. exp(-E/kTE)' withE = l.Ol eV, f' = 0.7). . 0 

g 6.¢ calculated w·ith A = 8. oj .J2 = 5. 66 eV, k
1 

= 0. 35;!2 = 0. 247, 

k2 = 2.5/.f2 = l. 77. 

'•h * . * ¢ evaluated w'ith ¢ (100) = ¢ + ¢. - V. = 2.81 eV. a .- ao o J..o_ J.. 

- i TE/TCs evaluated w·ith Qa cr/C = 2. 4/ J""2 = ·1. 7. 

- -

NOTE: The factor .J2 is the ratio of surface densiti~s fay ~; monolayer 

adsorption used by Carabateas et al. for polycryct:::1li:ine tungsten 

(3.56x1o
14 

atom/ell) and that foy (100) tunc;sten (2.5XJ.011- 1 :::tcrr/~r:-12 ). 
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Table R. v. Theoretical evaluation of 61/> vers;us TE/Tcs by 

means of_the theory of Gyftopoulos and Levine 

(Refs. 35 and 58). 

(poly) tungsten, TE = 800°K (100) tunes ten, 'l'p = 1000 °K ... 
c(e) !Yj)a ·X·b 

TE/TC~ i:~.¢d ·:.:e 
TE/TCs 

f 
¢a ¢ 

a 
(eV) (eV) (ev) (eV) 

1.000 o.oo 2.88 o.oo 2.81 
0.999 0.11+ 2.88 4.17 0.07 2.80 h.25 
0.992 0.38 2.78 3.97 0.19 2.76 4.11 
0.972. o. 77 . 2.66 3.70 0.41 2.69 3. 89 
0.896 l.l.t7 2.43 3.28 0.88 

' 2.55 3.56 -· 
0.784 2.04 2.24 2.95 1.37 2.37 3.21 
o. 638 . 2 .2~4 2.09 2.66 1.81 2.22 2.91 
0.500 2. 69 1.99 2.43 2.16 2.10 2.63 
0.352 2.83 1.90 2.19 2.44 2.bl 2.36-
0.216 2.85 1.85 1.95 2.64 1.93 ,, 2.03 
0.104 2.82 1.80 1.61 2.77 1.88 1.63 

· a 6¢ evaluated with (<l>m - </>f) = 2.81 eV, k1 = 2.6, k2 = 1.22. 

b </>:calculated with F =: 0.256 G(B), e
2
/R = 4.o2 eV, v1 = 3.87 eV, 

·. ··. k4 = 1. 75 eV. .r~ 

c Calculated with h = 0. 75 eV, Qa a/C = 1 ·and K(B) given in Table R.I. 

To· fit the Taylor-Langmuir data at bi:P = 2. 0 eV1 lfe must 

use Q a/C = 0.65. a 

d 6¢ ev~luated with (</>m- </>f) = 2.85 eV, k1 = 1.2, ~ = 0.47. 

e </>:evaluated w·ith F = 0.218 G(B), 5 = 0, k4 = 1.84 eV • 

. f TE/Tc evaluated-with Q a/C = 0.34. . s a 
·X· 

NOTE: The parameters that w·e used for </> . w·ere chosen to yield .* a -
¢ (100) = </> + <1>1 - Vi = 2.81 eV, and H (e = o) = 1.80 eV, ao o o cc · 
the latter value conforming with estimates of </> used in the · ao 

. two other studies. Gyftopoulos and Levine used a(poly) = . 4 . 
4.8xl0

1 
atoms/cm

2
; the;>r also listed values for properties of 

0 

C and ~1 as follm·Js: R = 3. 65A, <i>,' = 8. 68 eV, ¢:,.. = 0. 80 cV, 
s ·./1 07 J. 

S :::: 2.62, S*~ = 1.01 ¢-~> ·= 1.81 eV, a = l3A;;. m J. J. · o 

'· 
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Fig. II.l 

Fig. II.2 

Fig. II.3 

FIGURE CAPI'IONS 

CesiUm plasma diode, front view. 

Cesium plasma diode, top view. 

Schematic of (110) diode. (A) Pyrex-glass ampoule of cesium, 

(B) bellows, (c) copper collector, (D) sapphire window, 

(E) single-crystal tungsten emitter, (F) tungsten filament,. 

(G) copper guard ring, (H) molybdenum heat shield, (I) ceramic 

insulator, (J) tantalUm cup, (K) cesium reservoir. The diode 

body was mainly monel. 

Fig. I~.4 X ... ray Laue pattern (actual size) of the tungsten emitter with 

'· 
the [110] d~rection normal to the surface. White radiation 

from a tungsten tube was employed, and the spacing betvreen 

the film and the crystal was the usual 3 em. 

Fig. II.5 X-ray Laue pattern of _the tungsten emitter with the [100] 

direction normal to the surface. This photogr~ph vras ob~ 

tained in the same way as Fig. II.4. 

Fig. II.9 ·X-ray Laue pattern of the (100) tungsten emitter showing the 

close-grouped double spots .. This photograph was obtained in 

the same way as Fig. II.4. 

Fig. II.7 Diode operating in air. 

Fig. III.l (a) Ideal curve of electron .emission J vs applied collector 

voltage Vc for a vacuum diode having an emitter with work 

function ¢ and a collector with work function ¢c such that 

¢ > ¢ . (b) Diagrams of potential energy (relative to the 
c 

emitter Fermi level represented by dotted line) of<_electrons 

traversing the diode; each diagram corresponds to a region of. 

the'curve in (a). 

• \ 



·-' Fig.III.2 

Fig.III.3 

Fig.III.4 

Fig.III.5 

Fig.III.6 
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Effects of individual variations in ~ 
'+' c' ¢, and TE on ideal 

log J versus Vc curve (1) drawn for ¢ > ¢c; (2) ¢c increased; 

(3) ¢decreased; (4) TE increased. 

(a) Circuit diagram for (110) diode; voltage difference VcG 

is nulled by manually adjusting the voltage divider in series. 

with RG. (b) Circuit diagram for (100) diode; the amplifier 

in series with RG maintaintS lv CG I < 1 mV · 

Current versus applied collector voltage for the (110) diode 

operating in vacuum, with the heat shield at the same applied 

potential as that of both collector and guard ring. 

Current versus applied collector voltage for the fourth 

vacuum-data set (increasing temperature) of the (110) diode~ 

Current versus applied collector voltage for the fifth vacuum-

data set (increasing temperature) of the (110) diode. 
·r 

Fig.III.7 Current versus applied collector voltage for tne fifth vacuum-

data set (decreasing temperatu~e) of the (110) diode.· 

Fig.III.8 Schottky plot for the fifth vacuum-data set (increasing tem-

perature) of the (110) diode. Vc is the applied collector 

voltage and V0 is the contact potential. 

Fig.III.9 Richardson plots for the (110) crystal emi,tter. The arrows 

along the lines point to the direction in which the data were 

taken. The bottom line (D) is a plot of'J(Vc = -2.04V)/TE2 

vs 1/TE for the data of set 4 (Fig. III.5). 

Fig. III .10 Current versus applied collector voltage for the third vacuum-

data set (increasing temperature) of the (100) di6de. 

Fig.III.ll Current versus applied collector voltage for the third vacuum-

data set (decreasing temperature) of the (100) diode .. 
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Fig. III.l2 Schottky plot for the third vacuum-data set (decreasing temper-

ature) of the (100) diode. Vc is the applied collector voltage 

and V0 is .the contact potential~ 

Fig.III.l3 Richardson plots for the (100) crystal emitter. The three 

lowest lines have been drawn only through the descending-

temperature points (black) of each vacuum-data set (l to 3). 

The top lin.e was drawn through all the points of the fourth 

data set which was measured with cesium in the reservoir at 

Fig.III.l4 Schematic Richardson plot for the (100) crystal emitter, 

showing the chronological, grossly exaggerated behavior of 

the data shown in Fig. III.l3. 

Fig.III.l5 
. 0 

Saturation current at 2025 K versus accumulated time in vacuum 

at or above 2025°K (but less than 2078°K) for (100) crystal 

emitter. 

Fig. IV.l Schematic potential-energy diagram for the adsorption of an 

electron, and an alkali atom and ion on a metal surface. 

Fig. IV. 2 Hypothetical cycle for evaporation and re -adsoprti on of an 

alkali atom on a metal surface. 

Fig. IV.3 Ion current I(t) versus time t resulting from the step change 

in emitter voltage VE(t), relative to the collector voltage. 

Fig. IV. 4 Test circuit for measurement of the des-orption energies of 

"Fig. IV.5 

. cesium ions .and a toms evaporating from the emitter surface .. 

Cesium ion current versus time after reversal of applied 

electric field for (110) crystal. (a) TE = 1l93°K;· en = 

7.8 f..l,A; (b) TE = l242°K, en = 19.0 f..l,A; (c) TE = l295°K, 
0 . 

en
0 

,; 24 f..l,A; (d) TE =. 1348°K, en0 = 34 f..l,A; (e) TE = l399°K, 



Fig. IV .6 
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voltage VE between the em,itter and collector after field 

reversal in the traces a through e was, in consecutive order, 

18, 15, 12.5, 10 and 7.5 V. 

Cesium ion current versus time after reversal of applied 

electric field for (100) crystal. TE = 1243°K. (a) en0 ' 

:::: 0.05 JJA, VE = 10 V; (b) en
0 

= 6.0 JJA, VE = 4ov; (c) ·same 

as (b) but with oscilloscope trigger delayed about 300 ~sec. 

Fig. IV.7 .Cesium ion current versus time after reversal of applied elec-

Fig. IV.8 

tric field for (100) crystal. TE = 1243°K, en0 = 6.0 JJA. 

The applied voltage VE between emitter and,collector after 

field reversal for each trace was, in order.of descending 

current maximum, (a) 35, 30, 25, 20, and 15V, (b) 9, 8, 7, 6, 

and 5V. 

Cesium ion current.versus time after reversal ~f.applied 

·electric field for (100) crystal. TE = 1398°K, en0 = 6.4 JJA, · 

VE = 4ov. The interelectrode spa'cing was (a) 0.47 mm, 

(b) 0.35 mm. 

Fig. IV.9 Apparent cesium-ion current Ics versus emitter voltage VE, 

for (100) diode, with the cesium reservoir at -196°C. 

Fig. IV .10 Observed cesium.:.ion current, Ics' versus emitter voltage VE, 

for (100)' diode with the cesium reservoir at 0°C. 

Fig. IV.ll Cesium-atom evaporation probability per unit time P versus ao 

applied. emitter voltage VE' for the (1~?) crystal. 

Fig. IV.l2 ,;!Cesium-ion evaporation pr'obability .per .unit time i?io versus 

~ applied emitter voltage VE, for.the (100) crystal. 

Fig. IV .13 Cesium-ion evaporation probability per unit time Pio versus 

1/TE for (100) crystal. Cesium reservoir at -196°C. 
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Fig. IV .14 · Cesium-ion evaporation probability per unit time Pic versus 

1/TE for (100) crysta~. Cesium reservoir at 0°C. 

Fig. IV.l5 ·Cesium-atom evaporation probability per unit time Pao versus 

1/Tg .for (100) crystal. Cesium reservoir at 0°C. 

Fig. IV.l6 Sputtered cesium-atom yield,-y , versus interelectr~e potential -

(applied voltage less contact potential), evaulated f:i:'am the 

data for Pio and Pao· 

' Fig. IV.17 Cesium-atom evaporation probability per unit time Pao versus, 
\ 

Fig. V.l 

Fig. V.2 

Fig. V.3 

Fig. V .4 

Fig. V.5 

1/TE for (100) crystal. The straight line through the data 

is not characteristic of the .bare surface because the surface 

' coverage for each data point was not negligible. 

" 

Cesium-ion current Ics at 100% surface ionization versus applied 

collector voltage Vc measured with the (100) diode at an emitter 

temperature of 1293°K and interelectrode spacing of 0.44 mm. 

Cesium-ion/current density Jcs at 100% surface ionization 

versus reciprocal cesium-reservoir· temperature 1/Tcs• 

Cesium-ion current Ics versus collector voltage Vc, emitted 

from the (100) crystal emitter at 1135°K under conditions of 

lovr fractional ionization. 

Typical Schottky plots of cesium-ion currents Ics emitted from 

the (100) crystal emitter under conditions of low fractional 

ionization, Vc is the applied'collector voltage and V0 is the 

contact potential. 

Saturation cesium-ion emission JCs from the (100) crystal 

emitter versus recipr<?cal emitter temperature 1/TE, for various· 

cesium-reservoir temperatures.· The arrows indicate the cesium-

ion current densities at lao% surface ionization measured b,y 

Taylor and Langmuir. 

' ., 

:--\. 



Fig. v.6 

.~ ' 

Fig. V.7 

Fig. v.s 

Fig. V.9 

Fig. V.lO 

Fig. VI.1 
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Saturation cesium-ion emission Jcs from the (110} crystal 

emitter versus reciprocal emitter temperature 1/TE, for 

various cesium-reservoir temperatures. The arrows indicate 

' the' cesium-ion current densities at 10o% surface ionization 

measured by Taylor and Langmuir. 

Work-function depression .£::,¢ of the '(100) crystal emitter 

versus the emitter-to-cesitim-reservoir temperature ratio 

TE/TCs' determined from cesium-ion emission. · The dashed 

lines show tl).e corresponding result obtained from· electron 

emissiono ~ = 4.65 - ¢. 
.• 

Work function ¢ of the ( 110) and ( 100 ). crystal emitters versus 

the emitter-to-ces_ium-reservoir temperature ratio TE/TCs' 

determined from cesium-ion emission. The dashed line shows 

the corresponding result obtained from electr~n emission. 
r 

~esium-ion current Ics versus collector. voltage Vc emitted 

from the (100) crystal emitter at two threshold emitter 

temperatures for 100% surface ionization. 

Cesium-vapor flux en
0 

versus reciprocal emitter threshold tem

perature 1/TEo (TEO is the emitter temperature below which 160% 

surface ionization of the flux en0 no longer occurs). The 

right ordinate is the cesium-reservoir temperature which 

gives rise to the cesium-vapor flux eno, as measured by 

Taylor-Langmuir. 

Potential energy ¢(x) of an electron at a distance x from a 

metal surface when .a positively charged, transparent grid is 

placed at x'. The electric field has been made zero for 

x > x'. 



Fig. VI.2 
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Comparison of K(e) versus 9· The analytical expressions for 

K(e) are given by .Eq. (4) of Table VI.I. 

Fig. VI.3 . Change in work function, 6¢ , versus the ratio of emitter to 

Fig~ VI.4 

Fig. VI.5 

cesium-reservoir temperature, TE/Tcs, computed by Rasor and 

Warner. Here n is the incident flux of cesium (atoms/sec.cm2
) 

0 

corresponding to the reservoir temperature Tcs· (Reporduced 

from Fig. 5 of Ref. 76. 

Field-free electron emission, Jso' from the (100) emitter 
-

versus reciprocal emitter temperature 1/TE for various cesium 

reservoir temperatures Tcs· The straight lines of constant 

negative slope give the corresponding values of the emitter 

work function ¢. 

Field-free electron emission, j , from the (110) emitter so 

versus recirpocal emitter temperature 1/TE for various cesium 

reservoir temperatures Tcs. The straight line~/ of constant · 

negative slope give the corresponding values of the emitter 

work function ¢. 

Fig. VI. 6 Work_;function depression typ of the ( 100) emitter versus the 

emitter-to-cesium-reservoir temperature ratio TE/Tcs' deter

mined from electron emission. · The lower line was drawn through 

the data obtained at TCs = l00°C. The upper line is the best 

fit for the data obtained at all lower cesium temperatures. 

The dashed line shows the result obtained by Taylor and 

Langmuir for polycrystalline tungsten. 

Fig. VI.7 Work-function¢ of_the (110) emitter versus TE/Tc~~ determined 

from electron emission. Also included are our results for the 

(100) emitter and the data of Taylor and Langmuir for poly-

crystalline tungsten. 



Fig. VI.8 Comparison of the (100) crystal and.Taylor-Langmuir 6¢ versus 

TE/TCs ~urves. The latter has been displaced to the left by 

6(TE/TCs) .= 0.15.·· 

Fig. VI.9 Theoretical curves of 6¢ versus e for polycrystalline tungsten. 

Fig. VI.lO Theoretical curves of 6¢ versus TE/TCs for polycrystalline 

tungsten. The curves have been displaced horizontally to 

match the data of Taylor-Langmuir at f:::lP = 2.0 eV . . , 
Fig. VI .11 Theoretical curves of I:::£P versus e calculated with our measured 

14 
parameters for bare (100) tungsten and for a(lOO) = 2.5x10 

. 2 
atoms/em. 

Fig. VI.l2 Theoretic~l curves of .6¢ versus TE/Tcs calculated using our 

measured parameters for bare (100) tungsten and for 

. 14 I 2 a= .2.5x10 atcms em . 

Fig. VII.l Ideal Current-voltage curves for a diode 'having a uniform 
r 

collector and an ~mitter consisting of two patches of equal . 

area with ¢1 > ¢2 • 

Fig. VII.2 Electron and apparent ion currents versus applied emitter 

voltage for the (110) diode. 

Fig. VII.3 Electron and apparent ion currents versus applied emitter 

voltage for the ( 100) diode. Tcs = -196° C. 

Fi~. VII.4 Normalized ion current versus applied emitter voltage for 

the ( 110) diode. 

Fig. VII. 5 Normalized ion current versus applied emitter voltage for 

the ( 100) diode. 
. .. 

Fig. B.l , Schematic of (100) crystal diode. This is a revision of 

Fig. II.3. The alterations indicated by the numbers are 

described in this appendix. 
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Fig. D.l 

Fig. E.l 

Fig •. F.l 

Fig. G.l 

Fig. G.2 

Fig. G.3 

· Fig. H.l 

; .... 
Fig. H.2 

. . " 

. Fig. H.3 

Fig. H.4 

Fig. H.5 

Fig. H.6 

. Fig •. H.7, 
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Diode operating in the environmental chamber. 

Cesium-transfer apparatus. 

Method of electropolishing the tungsten single-crystals. 

Apparatus for brazing the crystals by electron bombardment. 

All heat shields have been removed. 

Top view of brazing apparatus, top heat shields removed~ 

Metallographic analysis of the bonds obtained from three 

brazing materials. (a) molybdenum; (b) copper; (c) nickel. 

The magnification was the same in all three cases. 

Schematic of dununy diode used to measure the radial 'temperature 

distribution on the emitter surface. The copper cylinder 

Exploded view showing major components. of the dummy diode • 

From left to right front, flange for clampirig.the Ta cup, 
·· .... 

. . W emitter and supporting Ta cup, M<? hea.t shieid,. copper 

cylinder simulating diode body, perforated collector-flange • 

In the rear, the electron-gun assembly is already mounted in 

placeo 

Dummy diode with emitter and collector installed . 

·Dummy diode with collector removed. 

Dummy diode in operation. · Note the perforations in the 

collector reflected from the mirror on top of the glass 

vacuum chamb'er • 

Radial temperature distribution on the (110) emitter: surface. 

The crystal was 0.18 thick . 

Radial temperature distribution on the. surface of a poly-

cyrstalline tungsten emitter 0.165 in thick. '-'· 
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Fig. I.l 

Fig. J .1. 

Fig. K.l 

Fig. L.l 

' Fig. L.2 

Fig. L.3 

Fig. L.4 

Fig. L.5 

Fig. L.6 

Fig. M.l 

Fig. N.l 

Heat transfer through a disk of radius Rand thickness £. 

Combined temperature calibration of the diode sapphire window 

and the environmental chamber window. 

Laboratory layout. 

Operational power amplifier. 

60-cps ac test-circuit with sampling capability. 

DC to 60 cps sampler - master sampling unit. 

DC to 60 cps sampler - slave sampling unit. 

DC to 60 cps sampler - current-gain amplifier (one for each 

sampling unit) . 

DC to 60 cps sampler - power suppLl.es. 

(a) Emission between ha parallel djsl':::: of areas A1 and A2 

located GD the sam~ axis and separated by distance a. (b) Con-

:Ciguration ·of the electrodes in the cesium diode. A1 repre-

s:;nts the area of the collector ~ that of the ,enitter and 

·.·~ :.,; A2, that of the collector plus guard ring. 

Cesiurr,-ion cur:r·ent I( t) versus time t resulting from the ;step 

change in applied electric field at the emitter surface for 

the case that the ion current is space-charge limited until 

time t = t . 
0 

L 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or us~fulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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