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PR~]i'ACE 

This dissertation describes the author's research at the 

Cambridge University Engineering Laboratories between October 1966 

and January 1970~ under the supervision of ,Dr. K.C.A. Smith~ to 

whom I am indebted not only for suggestin~ the subject of this 

disse r t ation, but also f or his conti.nued help and encouragement 

throughout the \vhole of the re8e:1rch period. 

The Hork IvaS directed to"\mrds thc practical application of 

field emission ca thodes in electron optical instruments s in par­

ticular, the scanning eJ.ectron microscope . Although it has been 

realized f or many years that the fie~d emission cathode offers 

the possibility of an extremely bright electron emitter 1 its 

e xploitation has been prevented both by practical difficulties 

of operat ion t which normally requires an ultra high va cuum envir­

onmcnt, and by electron optica l problems arising from the extremel.y 

small size of the source. 

A field emission microsc ope ,.,ras constructed 'iofith ult ra high 

vacuum capability, in \vhich the behaviour of field emission 

cathodc s 1/ms investigated over a "lide range of operatb1g con~ 

ditions. The results give bette r understanding of the physica l 

processes involved, ann. providc design data sui t able fo!' predict ­

ing emitter lifctimes and emission noise, both of which are 

necessary for the future development of clectron optical applica­
tions. 

'1'0 investigate means by Hhic11 the stringent vaCULUll requi re­

ment s for field emission might be reduced, a study was made of 

the operation of cathodes at elevated temperatures and under pulsed 

conditions. In both cases it I)Toved possihle to obtain stable 

clllissi.on i n con siderably 'V'lOrse vacuum levels. 

A scanning el('?ctron optical coluJID1 1'-1"3.8 8.1so designed and 

constructed, on the basis of convent ional vacuum t echniques , w':Lth 

a differentially pumped f ield emissi on gu.n built to ultra high 

vacuum standards. A single magnet ic electron lens was used to 

form a prOb E) t and facilities \vere similar to thos e found in the 

fina l stages of the scanning electron microscope • 
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Using the apparatus~ measurements were made of probe dia­
meters, currents and brightnesses f:com field emission sources LU1der 

particular imaging conditions. Brightnesses were obtained which 

were significantly greater than may be achieved with conventional 

thermionic emitters. 
This work formed the basis of papers delivered at three 

conferences organized by th e Electron Microscopy and Analysis 

Group of the Institute of Physics and the Physical Society, in 

1968 9 1969 and 1970. 
The author gratefully acknowledges the laboratory facilities 

and initial funds made available by Professor C.VI. Oat1GY9 a 

researCh grant from the Science Research Council r also the loan 

of an ion pump pO\.\Ter supply by GEC -A,EI Scientific Apparatus Ltd. ~ 

and an electron beam welding machine by the Allen Clark Research 

CentrepPlessey (UK ) Ltdo 

1'hanks are due to my present employe:-cs, Cambridge 

Scientific Instruments Ltd. f for thei:c help anu understanding 

during the preparation of thi s disserta tion, also the Science 

Research Council f or a three year maintenance grant, and the 
Engineerin~ Laboratories for support during a further three months . 

The author would like to express hi s appreCiation to the 

staff of the Engineering Laboratories and fellow students, for 

their advice and for many helpful di scussiomduring the course 

of the research. 

Al so 9 the [ .. mthor is indebted to the many assistant staff who 

llel ped Hi th the cO::.1struction of apparatus: J'1r. 11. C < .A spler and 

the l aborat ory staff of the North Wing , in particular Mr. G. Saylc s 

and 1'1:c. K. Kettol'ldge; Hr. A. A. Barker and the staff of the in­

st:rument HorkshoPf especially 1'1'11" . B. Peck, H:r-. J. Say-los and 

Mr. S. Laurence; and to Mr. H. Road and Mr. R. HolmeB of the main 

l<lorkshops. 

F:ln an~ ". , the author would like to than~ his Hifo for her 

patience and encourag(~mont t and for her help in the prepar~t ion 

and typing of the manuscript. 

The contents of this dissertation are th.8 author"s original 

work, except where due reference is given. This dissertation has 

not been s'..lbmi tted to any other University. 
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CHAPTEH. 1 

IN'I'RODUCTION 
... - .~'~~..=:!:~fl 

High resolution electron optical instruments have, until 

verY ,recentlY9 invariably employed a tungs~en thermionic cathode 

f or theit electron s ource. The reasons for this lie mainly with 

the mechanical and electric~l robustness of this type of cathode~ 

and the development of the triode electron gun 9 1"hich effects an 

economy of heating pmvor and beam current, Hhils t vcr'Y nearly the 

full tbeo:r'etical performance of the cathode may be achieved 

(Ha ine and Einstein (1952 )) . 

In th8 electron micros cope the electron current 1·rhich may 

be used to il1umlnate a specJ.rnen9 and hence to derive in:formatioll f 

is limtted fundamentally by a property of the electron source 

called its brightness. 

The transmis s ion electron microscope is affected o~ly at the 

highest magnifications v,Then direct obs ervation of the image 

bec ome s cHfficul t p requiril1{S considerable dark~ad3.ption of th8 

eye, or alternatively, the use of an image j.ntens ifier. 

The scanning electron rnieroscope ( SEI'1 ) suffers severely 

from the bl' i ghtnesA l :i.mi tatj_on. Although the ultimate 1'8801 V'ing 

power of the SEM is identic al with thqt of the transmission 
a.a.t (:ac:;t (:'ra.rne ra.tes 

inst rument 9 direct ob ser\YrJ.t ~l on of"specim811 ), is only possible with 

a resolution of lOOnm 9 and the resolution of photographic roccrd-

ings is limit ed to about 5run (Pease and Nixon (1965)) by mechani -

cal and electrical stabilities required for exposures of many 

minutes. 
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There is therefore considerable demand for a br i ghter elec­

tron s ource 9 particularly with the SE1"v1. '],his is being rapid.ly 

increased by the d0velopment of ne'VT instruments and technique:3 p 

for example p in the transmission electron microscope the develop­

ment of dark fie ld and 1'leak beam techniques p and of X- ray' analysts, 

and in the SEM the development of Auger analysis p X-ray analysis 

and the use of the SEM for the f abrication of microelectronics~ 

The need for a higher brightness source has gained additional 

impetus through recent 'ivork by Crei..-re (1970 ) , 11ho has developed. 

a high resolution scanning transmiss ion electron microscope based 

on a high brightness field emission sourc e . This instrument has 

demonstra teel resolutions comparable vii th conventiona l transmiss:i.on 

electron microscopes. 

A scanning transmi.ssion electron microscope has several 

potentia l advantages, as no optical components follow the speci­

men. Thus loss in resolution due to inelaqtic collisions 

Observed in the conventional transmissi on instrument does not 

take place. Charac t eristic energy losses may be used to identify 

particula r materials, and under certain conditions thicker speci­

mens may be examined fo~ the same beam voltage. Also~ flexibility 

i.n the means of collecting Signal experienced ,'11 th the conven~ 

tional SET/[ is prcserved r secondary electrons, transmitted primary 

electrons, photor.8 or X-rays may be used to produce a picture. 

As the video Signal is derived as a time variant, it may be 

read ily processed, if necessary by the inclusion of an on-line 

computer. 

l.!..?.:-. P:cactical.....&m2.r.2£l£.hes to-Bif-1l.~r B:c:lp:htne Sl s ' Sou.rc e§. 

Considerable interest is 'currently beiug shoml i.n the poss -

bil.ities of electron sources of hip;her brightness J many publish.ed 



works appeari ng during the latter part of this research. The 

approaches to a brighter source may be divided into three d1s-

tinct categories. 

a ) InU?roved thernionic g8J,l};od~!L:. Some 'lOrk has been direc tied 

tow3.rds the deve l.opment of nev! cathode materials for use in the 

electron microscope p e.g. Albert (J.967), but most interest has 

been sh01\111 in l anthanum hexaborid e . ~'his material was :Lnyesti~ 

gated by Lafferty (1950 ) p and :Ls attractive because of :L ts 1o", 

work function of 2.66eV, and capability of high emission current 

densities p up to 2 x 105 A/ m2 , thus a ·theoretic8.l improvement' of 

an order of magnitu~c in brightness is possible compared with 

tungsten. It has been little used in the past bec8.us8 of its 

high chem.icaJ. reactivity 9 but recently a succcF'ofu: gun has been 

developed by Broers (1967 ) and (1969), \'lbich achteves tho tlleol"'e'Li-· 

cal improvement. In this gUl'l the problem of chemical reactivity 

has been oycrcome by making an LaBG cathode in rod fo]~ p ' cne end 

is mounted in a block of cooled cop:per ; .. vrhile tl1f:'~ other i8 

heated by ele~tron bombardment and forms the electron emitter. 

As ~ result of the hi gh reactivity of LaB6 at elevated t~m­

peratures 9 it has proved necessary to operate in vacu~ : 1etter 

than 1 x 10-5torrr in order to prevent poi8o~ing of the cathod es . 

normally been used 9 '\d.th it s tip e:Lther ground or etched. to a 

sharp pair t. Some Horkel~S 1"'8.\1'8 for s,1v r-)ral years clainlccl improve~ 

ments of 'orightness by up to 3. factor of 10 over conventional 

tungsten cathodes (e.g. Fcrnandez-Moran (1967 ) and Hibi ( 1964)~ 

Also a considerabJe improvemont in beam coherence has been 

demonstTateCl. in th~ transmis::.3ion electron microscope. Pointed 

filaments aTe ()ffered 1-lit11 some cOITtlnej,'cial e18otron optica l 

instruments. 



Fig 1.1 Field Emission Pattern from Tungsten 

Improvements are attributed to the presence of a relatively 

high el ectric fie ld. at the t ip 9 I<1h).ch may lower the potentia l 

barrier at the surface, or simply prevent the build-up of space 

charge at higher filament tempera tures 9 as described by Haine 

and Einstein (1952 ) . The l att er seems a more likely explanation 

particularl.y in view of the results obtained with T-F emission in 

section 4. 3 .2, this i s consistent with the short filament lives 

usually obta ined. 

c ) }1\i ~l.2-.-§llliss~ on ca~hod £§. . Although an ord el'- of magni.tude 

brightness improvement is possible wi~h therm:i.onicmi.tters, and 

"rill undoubted l y be soon. brought about in conm1ert i al :Ln s t ru.meJ'lt ~J , 

any really si.gnificant improvement mu.st involve the use of field 

emitters. 

Field emiss ion ha s long offered the possibility of an 
b 

extremely bright source of el eL-:trons 9 br'ightnesses 8.S much as 10 tD 

106 greater than those obtainable ",1th .therm:Lonic emi tte:cs being 

theoretica lly possible. 

Despit e the deve:l"opment of much of the necos::::ary tecbnology 

with the Field Emission Microscope f field emission has remained 

1mexuloi. b ;} d for electron optical purposes until very recently. 

This has been partly due to the hitherto adequacy oJ thermion:Lc 

sources, but the main obs tacle has been the necessity for the 

u] tl'a~high vacuum environment "Thieh is required to obtain stabIe 

- em18si.on. 

Recently. there has be en renewed interest in field emission, 

and the development of the first practical fielct Gm~s sion electron 

gun by Crewe (1968 ) . This gun produces a real focus 'hich may 

be used dire0tly as the probe of a scanning microscope, Cre't;ve 

(1969) • rfh e l)erformance cl' this instl'ULcnt matches the C'oDventi01:)al 

SEH "11th a :cesolution of a:oproximp..teJ.y lOnm 9 hut at [:C'. much Y'ec1Uc.8d 
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exposure tj.IDG p and hg.s r econtly become availa.hle commerically as 

a simple ~canning electron microscope. 

When the probe is demagnLfiecl with a high quali.ty magneti.c 

lens the resolution' may be further improved vlit:h transmi s sion 

specimens' (Crewe (1968 ) )9 and recent improvements to the system 

have produced point-to- point resolutions of O.5nm at 30kV (Crewe 

(J.970 )) . This is close to the theoretioal resolution limit 

imposed by the lens aberra tions and the electron wavelength. 

L.3 Fi~ld ~. ectron Emission 

The phenomena was observed by Wood as long ago as 1897, and 

has s:lnce been recognized as one of the principle causes of high 

vol tage breal{<1m'ffi i1'1 vacuum. 
a 

When,.\ hip.:h E-)lectric field is 8,ppliE'~d to a conductor, the 8Hr-

face potential barrier i s thinned . Thus electron~~ from the solid 

have a finite probability of tunnelling through the barrier and 

being emitted. This is callsri Field ·Electron Emission or mar'o 

si~ply Field Emission. 

).. ') J. The . Field Emiss ion ~Hcl'ogope 

The invention of the Pointed Projeotion Field Emis s ion 
IfL 

Microscope has result ed ~ its development as a u seful tool for the 

study of meta llurgical and physical phenomen8. The emitters 

used take the fo r m of w'ire etched to a fine roi.nt, typically l ess 
ihe 

thEm 1 ym dit:;1.meter r so that >).oca1 field Dt the tip is corlsid.o rably 

enhanced and emission take s place with a fe w kilo-volts applied 

to the ca thode. The anode is a conduc ting phosphor s creen. 

As the tip is so small, it invariably consists of a single 

crysta llite of the bul k material. The work function , and hence 

the he ight of t he potentia l ba rrl.er, varies over tl e diff erent 
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faces of the GI'ystal , thUfJ the emission pa t tern on the screen may 

be used to identify crystallogrE~,phic directionR. The rnanufactur--

ing processes for normal tungs t en "tire invariably result in the 

(110 ) axial orientation. rrhis f ac e has a high \'iOrk function and 

consequently gives little emission as may be seen in Fjg. 1.1. 

The development of a satisfactory field emission theory by 

Fowler and Nordheim (1928 ) p Nordheim (1928 ), provided a useful 

test of the ne\lJ'ly developed theory of I·lave mechanics. The full 
. 

expression for emission current density Jp was given as: 

J = 
8 

3E2 e ' exp -

where E, is the electric field strength at the surface of the 

emitters 9 and ill the ,.,ork function. Functions t (y ) and f ey ) are 

both near unity, and have b een tabulated. 

'vo):,k by Dyke (1956 ) and recently van Oostrom (1966 ) 3.nloJ'lgot 

other has established the accuracy of the above re l ationship. 

Field emission current / voltage daLa is often presented in 

the fOlm of a Fowler-Nordheim plot9 which is a plot of log (I/V2) 

against ( l / V). An example :Ls ShOi>ln in Fig. 1.2 fo.r a field 

emissi.on diode ov'el~ the limi.t ed ranf.Se of emi.ssi on current s 1'ihich 

could be measured in the field emis s ion microscope. Experim0ntaJ . 

conditions will be described later in section 4 .1.1. _ 

The Gignifi.cance of the FotTler-·Norclheim plot is th.qt it ls 
3/ ,> 

almost line8.l't and its gradient is :0l'opo:r' tiona l to m L ~ thus 

relative V'8J.ues of ~'lOrk function may b e m(~asul"8d over the surfa ce 

of an emitter. Also f using methods d.evised b./ Charbonnier (19G2) 

and Garner (1961 ) , an estimate of emitter size and emisoion current 

densi U.es nl8.Y be made from the I / V da ta only, with an ac curac;)r 
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of approxima tely + 2050. In the example of Fig. 1.2, we fi.l Cl. that 

at ~J 5 OJ 1T J ') 1071' / 2 d tl i'r' t . . , __ • Cl ~ == ,_ x _ ~ m , 8.n. 'le e Iec -lYe eIJllSS:Lon ar'ea 

, - ] 'j 2 is 9 x J.O - m . 

An example of the Hay in which the current from a tungst en 

emitter varie!3 ,v-ith voltage is shovm in I<'ig. 1.3.. '}'h18 iLLu,strates 

the very rapid rise of emission current with voltage onc e the 

threshold level has been pass ed. The rapid rise of emission 

current co incides with the appearance of the cha.rac teristic 

emission pa.ttern. 

A fie ld emitter is subjected to attack by residual gas atoms 

(or molecules ) t and ion bombardment. Both of -Lhese l'Dechanisms 

affect the s tahility of the field emission current from the region 

on the surface of the emitter at which the collision takes plac~. 

a ) R~~idual gas 0t·~ack. An atomically clean t'i<jld emitt er 

is not at equilibrium Fith its vacuum environment. 'rhe emitter 

may be heated to a temperature which is sufficient to remove a ny 

adsorbed matter, 20000 K for tungsten. Thereafte~ renidual gas 

atoms are readsorbe~ at a rat e determined by their par t ial pres-

suras in the system. Thus the surface covern.ge follOiVS al1 expo-· 

.f.\ ential variation to\'7ards equilibriuffi r which "rill normally be at 

a significant fraction of a monolayer. 

When an atom is adsorbed onto the surface of a field eud.ttel' 

it s effect is two-fold: 

i ) the local f ield is . enhanced p 

ii ) the local \'lork function ma.y eithor increase or decrease. 

Both of these effects caus e changes in the l ocal intensity of 

emission, which lead to continuous fluctuations of the total 

emi ss ion current. 
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b) Ion bowb:.ll'dment 0 Collisions bet1\r een ami ttecl elec-crol'is 

and residual gas atoms generate po s itive ions which are accelo -

rated tOHards the emitter. '1'he resulting ion bombardment damages 

the surface of the 6mittcr p causing a local change of geometry 

and consequently a change in the J.ooa1 electric fi eld. Al s o the 

ion may be adsorbed on the emitter surface. Thus loca l changes 

of emission current occur as before. 

The sDutterin 1q: damage is cwmilative, and as surface roughen,· 

ing and local field enhancement take place preferentially at the 

sites of previous ion c1 amago 9 elect ron emission, and hence ion 

bombardment arG enhanced in these regions. The result is an 

irregular increase of emission current 9 v/hich eventua11y l eads 

to a vacuum arc and the dest :r:uction of the emitter. 

Whereas both the effects described above ma y in princ~ple 

be reduced to any desired l evel by improving . the vacuum in the> 

system, it is very seld om · practicable to do so. The study of 

field emission cathodes has involved the development of sophis-
, 

ticated vaCU1.lIn techniques producing pressures of the order of 

lO-15 torr , in which stable operation for many thousands of hours 
et al. 

is possi bIe 9 Dyke ~ (1960 ) • HOVlever p in a practical s demountable 

electron optical system, "(,he best pre ssure \>rhich can be acfJieved 

j.n the vicinity of an emitter is abou.t 1 x lO- 9torr • At this 

pressure the time taken for a clean emitter to reach equilibrium 

"ll th the surrounding vacuum is about 30 minutes ~ and ldith an 

emission current of 10 pA. about 10 hours operat ion is possible 

bef ore the emitter i s destroyed by vacuum arc. 

It should be noted tha t the onse t of severe ion bombardment 

damage can re 8..dily be detected frolll the resulting inc rea~3e of . 

emission current, and the emiss ion stopped before catastrophic 



failure oceurs. Ion da.mage may be repaired by heating the emi tt ey' ~ 

Hhich inCreaBGS the mobility of surface atoms. Unde r the influ·-· 

ence of s~rface ten~ion the smooth surface is regenerated. This 

operation, knol-m as IIflashingll, also serves to rGmove adsorbed 

gases. 

When a tungs ten field emitter i s heate~ to around 1800K, not 

only are surface contaminants the rmally desorbed, but also the 

mobility of the tungsten emitter atolBs is increased , so tha t any 

small surface irregularities caused by ion bombardment are 

sDloothed over and do not accumulate. Thus the t'YlO mechanisms 

describ ed above 'vhi ch lead to emitter failure may be count ered 

by operating at an elevated temperature. 

This mode of emission is normally called T-F emission after 

Dolan and Dyke (1954 ) 9 \vho have successfully obtained stable 

emission in sealed ultra-high vacuum tubes for several thousaJ:Jds 

of ho·urs.. Its ar)plication in vacuum ccmdi tions 'Which ar' l~ much 

worse than those required for stable cold-field emission is an 

obvious apolication '''hich has been suggested by ~ am.ong others ~ 

Drechsler et al. (1958 ) 9 though experirnenta,l 1VOX-le seems lacking. 
et al. 

However, Dyke)( 1960 ) has reported stable T-F operation ~n a 

-6 pressure of 10 torr of h~lium. 

In the region of 180CK r the thermioni c e:nission cc)effic:LE.nt 

ple mechanism of electron em~.8G ion is by tunnelling through the 

potential barrier as in field emission. Fig. 1~4 giveR typic a l 

I / V characteristics and th e 'r-}i' E:mission pattern . obtr3ined from 

a tungs t en emitters ,\'hich 81'1o,v3 variations of vr0l'k ftU1ction '\.'11 th 

crysta llographic orien.tat:l.on on the tip. At 10\<1 applied Yolta g c 8 
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the e111 :t ssion current is due to thermionic emission from the 

relative bulk of the tip suppor t and heating loopy at h i ghe r 

fields the emission pa:ttern emerges anri the I/V curve show"S the 

steep rise of current characteristic of el ectron tmmelling . 

At the elevat ed temperatures required for T- F omission? the 

highl y mob ile surface atoms experience both surfa ce ten::don and 

e1ec~ trostat ic forces , t h e fo rmer tending to blunt t,11e emitter 

and the latter to sharpen it. These mechanisms have been inves ti -

gated by Dyke et al. (1960)9 \'Tho found tha t there is a practical 

ope-r'atlng range of t ip radii and surface fields at "ih i ch a 

balance occurs. The effect i s, hOH8ver 9 to 11mi t the maxj.mum 

current density avail able from the cathode a t 107 to l08A/ m2. 

An i mport ant consequence of o'Per~:l,ting field' emitters at 

e l eva ted tem?Cl'atures 9 is tha t it resuJ.tf~ In a larger onerg, 

spread of th e emitted electrons. To see how this occurs 9 wc refer 

to the mod els of surface potential dist r ibut ions shown i n F ~ . g. 1.5 9 

Hhich are based. on those publish c, d by Dyke and Do1an (1956 ) c 

In told f i eld cmiss j.on, th ere are no el ectrons in the met a l 

,-.)'i th energies great er tl1 an th(~ l"e:rmi energy. 1'he surfaee pot ,n~ 

tia l barrier i s thinned by t he presence of t he high surface fie l d . 

Clearly t oJ. ect2"'ons ,,!hiell have the Fermi en8rgy have th(~ highes t 

probabil ity of tunnelling t h rough the b~rrier 9 and this pr oba-

energies of the f i eld emitted el ectrons i s very narrow and 'i s 

cu toff abTLlptly a t the l~erm_,- energy . 

When the emitt er is heat ed there becomes a finit e probabil ty 

for eloc t ro~_1s to have energie s greater than the Fermi energy r 

and these electrons see a correspondingly reduced potential 
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b8,rrie:r p so tha t the pl'''ob :-:J biJ.:i.ty of emission is high. Equa lly v 

emission from b810w the Fermi. energy takes place as with cold 

field emission 9 so that the resul·ting spread of emitted electron 

energies is consid e~ably broadened. 

Measu.rements and calcula tions of emission energy spreads 

from cold field emitters have been reported. by Young and rJ[tnler 

( 1959 ) r Young (1959 ) ~ and Sh01f that a typical value iG O.2eV. 

In T-F eondltions 9 Dyke and Dolan (1956 ) have calculated allergy 

distributions of 2 - 3eV over a range of operating temperatur('!s 

and applied fields. 

It i.s vlorthwhile examining the effects of adsorbod gases on 

the emitter surface. The adsorbate layer is formed clo se to the 

metal surface, so that a very thin potential harrier exist s and 

electrons may transfer freely from states withj.n the metal to 

similar states in the 2.dgorbate layer. T 11. the . exa mple S )lO\ID in 

Fig. 1.5, the adsorbate has permissible energy levels Nhich soe 

a much thinner potential barrier than 1.JoLl.ld electrons in the 

clean metal, the omission is therefore greatly enhanced. With a 

different adsorbate 9 the :forbidden e:nergy band mi.ght be hi gher f 

so tha t there 'tlould be no exchallge of electrons betv18(m the 

l~etal and states abov(~ the forbidden band f thus the emifJf3~. 0n 

would b e reduced ~ It l s important to note that the (-mergy diE,~ 

tributionof electrons in the presence of ad$orbed Gas is not 

b:r()adened f since emission is solc1om obtained from an atomically 

clean emitter surface. 

k~2~.t!.LBri.EJ1i,neS~:L_of :f).ell };r'LL~iJion SO\:lI'C8g 

Lanp;muir (19:5'7) shOvlGU that the b]~ightnes8 of an e18ctron 

s 
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beam c cmnot ex.ce ed the brightne ss of the electron source. This 

is relatf)ll to the emission cUl":cent densi ty ~o 9 at the c athode 

and tbtal accelerating voltage V. For thermionic emission he 

d erived the relat ioriship 

B €,o '(av 
"IT ' leT 

+ 

by assuming a Maxwel],ian distribution of energy in the emitted 

For field emission, and T- F emission p the en ergy di stribu-

tion of the emission is not Max~-rellian. To take ac count of this 

we replace the te rm l{'.r, by eV t p ",here eVt represents the t ral1s ­
(+.uU wl.dt-h. Cl.C hal.~ m a)(.itTlu m ). 

verse energy sprc9.d of emissioD A Thus 9 since V ::i> V t' we obtain 

B = 

For fie l d emission ~ ~'" m8·Y be a8 . :1 arge as lO10A/m2~ \dth 

Vt -- O~2 volts. Taking V .-- 5kV, this gives 

In T·-F mode p ~o is li.ra't ed to about l08A/ m2, ~Nith typic a lly, 

Vt -- '3 vo lt s ~ ""Thence 

B'll_F :=: 

For comparis on, no rmal tungsten thermionic emission a t 

3 x l04A/ m2 , gives 

Clearly, f or an imaging sys t em in which the probe current 

is limited by the brightne~3 s of the electron [;ource 9 b oth r.I\ ~? 

and field emisGion 80Ur(;OfJ of fer the possibility of' greatly 

improved performance" 



1'3 

The b:rightneGs of an electron probe is given by 

B 

v1he1"e I is the probe current ~ d its diameter, and o( the sem:-· 

angu.lar aperture of the imaging system. By Langmuir (1937)9 this 

value of probe brightness may not exceed the brightness of the 

source. 

At first sight it may appear that an increase in brightness 

will give a proportional increase in , probe current. However. 

Cor:;olett and. Ha:l.ne (1954 ) have sl1m'll1 that a fi.eld emission source 

may not in practice be imaged under optimum condit10ns p and that 

the full potential ad~antages of field emission sources may not 

therefore be approached. There are considerable· gains, neverthe-

less~ in the use of field emisSion sources? compared with therm-

10nic emission :for producing probes of small diameter 9 l e8~:J than 

lOOnm a:pproxiJOately, 'vhereas for larger }')robes 9 more current ma~r 

be obtained by thermionic emission. 

Recent calculations by Crewe et al. (1968 ) , and Everhart 

(196'7 ) for fle1d emisElion system.s have shown that :for probes less 

than lOnm di.ameter 9 typicaJly three orders of magnit'ude .\ nCJ:'€'8.88 

in current may be achieved. Field emission sources are therefore 

particuJarly suited to the high reoolution operation of the 

scanning electron microscope. 

1.5 The §coDe of this Research 

This investigation has been d '.rected towards the practical 

application of field emission cathodes in elect r on optical 

instrument8. 
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I t has been necessary t o. develap the ba sic techniques far 

fab ricating PI.,nu aperatir.g field emi.tters 9 since little 0.1" no. 

experience af thi s made af em'ssien exist ed within the l aborat ary . 

Ta study the bas ic physical processes gaverning the apera­

tian af field emit ters p a fi eld emissian micrascape has been 

buil t. In thi s instrument the effects af operB.tin.g aver a "ride 

range 0.1' emissiancurrents and system pres sures dOy.111 to.' the ultra 

high vacuum r0gi an have been investigated. Measurements made 

inc1ude, principally, the aperating lifetimes af emitte~and the 

emissi an neise. 

Particular a ttentian has been paid to. t echniques Hhich might 

relieve the stringent eperating canditiens necessary to. ebtain 

stabJ.e fi eld emissian fram tungsten. These include a s tudy af 

the T- Ji' made af emissian, and an investigatian into. the effects 

af pulsed aperat ien of field emitters. An attempt was made to. 

fabricate field emitters fl"om singl e c r yst a l l anthanum hexaberide, 

since Wind s er (1970 ) has reperted that this material i s l ess 

S81'l sitive to th e vaeuum enYironment than tungsten r BOvl8ver, thi s 

was large l y unsuccessful an~ is de scribed briefly 1n Appendix 11. 

Al s o., ash r t investigatian 0.1' emissien fr om s ilicon carbide 

'<lhiskers ,'ras made" ·;md this is de s cr ib ed in Appendix Ill. 

A triode field emiss ien gun Has d.esigned~ vhich overcame 

s ome of t.he practica l epera.ting p'reblerns associated with the use 

of field era:Ltters ~ b3r pl'avidin.g independent cantral af accelera­

ting vo l t age and tetal emissian current. Ad.clitionally~ the 

t r iade r;e ome t ry permitt ed a.n in.ve s t iga tien ef the pul sed emissien 

mentjaned abave. 

Initially it waa int ended to study fi eld emiss ion systems 

both experimentally and th e o n~ '(;ic aJ.ly by the u ne of the Ui..1iv8rsi t y 

compntel' facilities. Hel{eVG1' , it s oon became clear tha t beth 
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COU1'ses represented maj or proj ect s v and th e computational Hork 

waS di scontinued. Some plots of elec t r ic f ield and electt"ol"\. 

t ra j ectori es for a simple tri.ode p;un were obtained a1 Cl tl is i s 

described in Appendix I. 

For the experimental study of f'eld emiss ion systems, a 

singl e lens scanning electron optical column Has built . It had 

a differ entially Dumped electron gun which pertnit t ed all but the 

gun components to be opera ted in much higher pressures th.an 1'Yere 

required in the emitter region. The instrument ,.,ras u sed to 

measure the brightness of electron probes from a number of column 

configurations. Brightn esses \-'ere obtained 1vhlch 1\'ere considor­

ably gX'eat er than may be achieved 1vi.th conventional. tbermionic 

cathodef3. 

Towards the end of the research,development of the facilities 

in the scannin~ electron optical column enabled it to operate 

as an indepen~ent, scannin~ electr on microscope, with a field 

emission electron source. 



16 

CHAPTER 2 

THE FABR ICATION OF TUNGSTEN FIELD 1MITTERS -...• -

Several 2.ccounts of t echniques for pr oducing tungsten fl e ld 

emitters have be en reported in the literature ( eg . Crewe (1968 ) t 

Dyke (1953 ) 9 Dyke and Dolan (1956 ) 9 Earnsha'v (1965 ) , Gomer (1961 ) , 

Hibi (1964 ) 9 Martin (1960) r van Oostrom (1966 ) 9 and Swift (1960 )) , 

though in gene~al no more than a bri~f desc r iptions of the pro-

cesses have been given. 

The bas ic requirements are for R suitably or iented wire 

( eg. ( Ill )) to be etched to a fine poin t v1hich forms the actual 

field emitter. This must be rigidly supported in a manner ,dlich 

is compa tible ,vo i th h e8.ting the tip. A number of po s sible geo­

metries have been discussed by Swift (1960 ) , Of these, the most 

suitable const r ucti.on i.f:'i achieved by ,'re ldtng a short length of 

the or1.ent ec1 wire to a sUPllorting tungs t en w'ire l oop. Thi s VTas 

t he method chosen by Swift. An additional lmportant factor in 

favour of t his construction is that it uses the minimuIfl l ength 

of oriented wire*. 

When at tempting to producs emitters by methods described 

in the Ilte-rature 9 it soon b ecame clear that l'e sul ts would depend 

very much on the ~kill of tb e op el'ator, and tha t even I¥'ith C011-

siderable P'f'8. c· i ce a 10\" success rate vToulcl bave to be tolerated. 

* 
---.-----------

At pre sent v single crysta l tungs t en '<fi res 9 . 005" cl' am. r 2'1 long 
are available from Field Emission Co r po rat i on, MCMinnarille , 
Oregan 97128 , USA at £100 ea ch. 
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The principle areas of difficulty are as follows: 

a ) The welding of the tungsten t ip wire to its tungs ten 

support loop is very difficult to achieve reproducibly. 

b ) Accurate positioning and orientation of the tip with 1"e-

spect to its support requires careful a l ignment i n a suitab e 

jig. 

c ) 'l'l1e etch procGss mus t . be made reproducJble 9 and automatic 

c ontrol is necessary to pr'odnce c onsis t ent] y hio;h quality t ips. 

It was clearly necessary to devGlop impr oved tGchniques 

for emitter fabricat ion vlhich vlOuld qe both reliable and repro­

ducible, not only to avoid wasta~e of the expensive oriented 

,'li re 9 but also to give consistently high quali,ty emitters. 

2 .2 Filament, Base and _ SUPPO)":L~012 

Tungst~) wire may conveniently be bent into a smooth? repro-

ducible radius by pressing tho idre around a suitable tool in to 

a rubbel~ bung . Th e tool in th· s case "TaS para 11el g).ded \>1 i th an 

approximately llmn r'adius edge'i' the bend thus produced fo rmed 

the apex of the hairpirl 9 ~"hich proyed satlsfp,ctory. A sharper 

b end was foun(l to ha'i'den and stress the ,,,,ire making subsequent 

tip weldin~ more dlfficuJt. 

The l egs of th e :l'1airpin s \'lore bent into a s::i.ll1:Llar radiuF ~ 
! 

and Holded to the pins of commercially "l.vc),ilabl0 A}n electron 

microsc ope fjlament base9 u sing a smal19~onventional spot welder. 

These bases were chosen as they were r eadily available and cou-

venient t o use and mount 9 moreover the mate:>:<tals ' sed 9 sintex'ed 

glass and nilo pins 9 are compatible with ultrahigh vacuum u se . 

Little difficulty was encountercd in this process other 

than occassional poor alignm ,nt of the hairpin. Due to tbe 101'1 

cost of the emitter at thi s stage the small rejection rate ,raB 
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tolerated. 

2.~ Weldin~ the Tip Wire 

A number of methods r,rer(~ tried for Folding the tip wires 

to the hairpins, including conventional spot welding 9 di scharge 

~.,elding9 and electron beam welding. Only the first method gave 

any significant success 9 though the other methods ,.rere interes-, 

ting as they offered a possibility of butt welding the tip to 

the hairpin. 

£.:.'3. 1 Emitter Vleld ~~lP Jt.g 

When a tUl'llSsten to tungsten ";feld bas been mach~ ~ the metal 

near to the '"eld becomes very bri tt J e. Thus r mechanica l shock 

introduced by trying to cut the tip wire after welding with 

oT'diriary wire cutters invari.ably results in a fracture near to 

tIle w'Bld. 

Al though metbods could clearly be d eV"ised for cutting the 
, . 

w1 re \,71 thout damaging thf.J Hf!ld, e. g. th e ,.,hol e area could. be 

encased in hard plas·tic and then cut id th a diamond S8.1'79 the most 

. convenient method f01.md was to use short, cut length s of oriented 

It is clear.l.y n ecessary to accurat(:')ly po s ition and al :Lgn 

the tip wire to the fl1g,ment, and to b e able to carefully con·~ 

trol the welding electrodes so that fracture does not result 

after the weld has bscn made. 

'l'he 'fe lding jig Shovffi in Fig. 2.1 '(ITas const ructed v \vith 

which it was possible to handle l engths of oriented wire of about 

3mm satisfacto:i:i.ly. Independe.n t movements f or the filament 

hold er , tip wire holder and electrodes were prov'dad, each being 

moveable in two orthogoual directions. Additional fRcilitiG B 
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to separate the electrodes and ,,,ire clamp by fine control s ,,,ere pro­

vid ed f als o th e wire could be rotated about the vertical axis 

for a lignment. 

The jig "laS set 'up through binocul ar vi ei<{ers. One disad·~ 

vantage v:as fou.nu to b e that '~ri sib ili t::r of the \'7i1"e8 VTas severely 

limi t ed 9 and there is no obvious 'I'lay of improving this. 

Electrical connections for welding were provided to t he 

elec t r odes 9 also to the filament holder and wire clamp. 'rhese 

were u sed for experiments on d:Lscharge1velding and could also 

b e us ed to te s t continuity of the w'eld b efore r emoving the clamps . 

2 . '3.2 '''eld inc,_Diffic1JltieJl 

'rhe reliability of spot 'Vre1ding "Tas not good and this C O'l~ld 

be t raced to a number of C~ls es : 

a ) Surface contamina tion on the hairpi~. This was r emovod 

by electrolytic cleanint< in 0 .5N NaOH solution 9 with 10V ao e . 

appJ.ied between th e hairpin wire and a nicke l electrode for 10 

seconds. Contaminat ion did not a ppear to be presen t on the 

single cryst8.1 ,Yire and treatment viaS not needed. 

b ) lliU.1:l):'(L of tl?8 tung?ter.L ... xr..i :('~. 'rungs t en ,4'1re is not a 

untversA.llJr cons t3nt a nd pure ma te r ial ~ it is fabric a ted almost 

entirely for the lamp anrl valve indust r ies p and manufactuY'ers 

have several t echnique s for producing the wire. These n earl y 

always involvo s ome fo rm of additive which can severely affect 

the physical nature of the wire by inf1u8I cing crys .al formati.on. 

Severa l sources of "lire 1'lere explor.d I and the most sat~ 

i sfactory ' tire for ,\-le ld ing '''as found to b e soft 9 s t raight wire 9 

,'Th l eh could b e read ily cut and formed. Suitable ,·,;ire v1i th 

potass ium and. a lumin t um Gilicc;tte doping to promote l arge crys tal 

gro'tlth t ",faB 8U tJp1j.od. u.no er the dcscription ' ~ cleaned and l ight l y 
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stra:lghtened" by rJIullard Ltd-l(·. The single crystal tungstcl1 for 

the oriented. tips is of Et similar nat·i.J.re 9 and Has found to "Held 

well to this type of wire. 

c ) Oxi.Qatior g,t '<le I d 0 ThiR can be prevented by ",Tel diDg in 

an inert atmos~lere ~ or under a protect ive liquid. Ca~bon 

tet rachlori rte \<Tas found to be sui t able and ·has the furth er advan-

t age that it effectively degreased the wire and electrodes en-

suring ~o od elect r ica l contact. Also if the wel d was fo r any 

reason uns atisfactor y, the short l ength of expens ive oriented 

viire I¥as cm,l tu -red by the surface tens'ion in the remaining liquid 

and was not los t . 
-

d ) 'poor Y' (~ ·oroducibiIUy:"_.Q:f Hel gj .. l1,q: cond~Lt:L.Qll£. It Ims found 

that satisfactory uelds could be produced ov-er only Cl Vent 
't 

limit ed range of discharge conditions. A S.T.P.* ca pacitance 

disch arGe I'ielder 1fas found mos t sui t able 9 and w'hen operated \'fi t h 

a capacitance of 1.2 ~F di s charging 55 voJ.ts gave ery good , 

repro~uc1ble welds. 

e ) Sticking to weldi~~_e l ectrod es . By keeping the elect rod0s 

clean and polished f stj,cking to the wire was l arge ly aV0j,d ed . 

Copper and tungs ten e l ectrodes \-le 1' e bo t 11 u sed wi th S'tlC(!e8S f U 8-

ing a very 10'1-1 \'Te ] ding pressure 9 but a bet t e:c combinat ion 1ms 

found to be with one elec t r ode copper 9 on the h&l r pin s~,de9 and 

the other tungsten . 

With reas onable care 9 the techniques described above produced 

yery consist .:nt ~ h:i gh qu.ality 'Te l de almo s t wi t hout failure. 

* 
--------

Mullarcl Ltd. 9 Hullard House ~ Torl'i.ngton Place 9 London \YCl. 

S-oembly Technical Produc" s Id.;d . p Trir!.i ty Tra(l ing Estate ~ 
Sit tingbourne, Kent. 
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2.4 Etchinp; of Emitter Ti12.§. 

The electrolytic forming of tungs ten wire ~nto fine tips 

i s usually described as an etch~ but is in fact an e1ect1"o­

polishing process. 

Characteristics of electro- polishing ac tion are described 

by 'rer;art on the bas is of t 11e formation of a vi.scous layer of 

reactj.on products over the anode. The effect of the layer is 

to inh'bit further at t ack, so that surface protrusions are pre­

ferentially removed and a smooth~ polished surface results. 

204. ~ __ Pract;ical Methods 

When polishing is t aking place the development of the inert 

surface l ayer may reduce the reaction to all undesirably 10~'1 

rate. Several means have been devised to overcome this d:Lffi~ 

culty: 

a ) l1~ical _~g~t.3tion.-.QL the elect.£.9.lyt~. . Anode rotation 

is often used in commercial electropolishing system as a means 

of stirring the electrolyte. Stirring was tried in these experi­

ments, however , the turbule nce in the electrolyte rendered the 

method useless for the etching of fine tips. 

b ) Agit.2:1"i o~ by inert gas. A non-reactive gas may be bubbled 

through the solut ion, and over the anode surface so that it is 

purged of inert l ayers , reaction then proceeds rapidly and a 

new inert surface layer builds up to produce the polishing action. 

This methodvlas used to produce some earl:)" emi.tter tiDs 

vlhich had ery good surface fi1 ishes f however v sc-lveral difficul·­

ties Here encountered: 

i ) Etch rate and current varied rapidly as each gas bubbl e 

pass ('ld through the system, this mad e th E') etch pr ocess difficult 

to monitor and imDc o~3ible to control ,·d th an. autoluatic cut-off. 
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ii) Bubblefl of electrolyte could rise up the anode ,,;-i1"e f 

and unles s the ',,"eld '~as Hell. a\fay f rom the surface of the 

electrolyte i.t came under severe attack. This <..'Jffect "('las reduced 

considerably by inse'r ting the vTire through a lmm diameter hole 

in the cathode 9 w'hich '-!as tb en mounted horizontally (,11 the sur~ 

face of tho electrolyte. .By this t echnique tips could be formed 

as close as trilm from the edge of the w'eld. 

iii ) .Bubbles in the solution made visual obs ervation of 

the process difficult 9 B1'1d hence determination of. the oomple ',ion 

of the etch was uncertain. 

c ) A. C, e_tchiD!?;. This provides alternately attack of the 

metal and liheration of gas 9 the l atter serves to purge the sur­

face clean of reaction products and thus permits a rapid reaction. 

Disadv~ntages are gener8lly as given above in (b) • . Tips 

produced by the A.C. technique were generally of a poorer surface 

f:lnish than those using D.e. technique8~ this is probably 

due to the severe attack which takes pln-c e at the beginning of 

each etch cycle, ",hen the surface is unpr otected by an inert 

l ayer, and t;be applied Iloltage is not at the vaJ:Cte requ:i.:ced fo r 

a polishing action. 

d ) The use of stronlL..eJectrolytp;'o UncleI" Doe. conditions 

the reacti.on wilJ. proceed at a SAtisfactory rate if a sufficiently 

concentrat eJ solution of elect r olyte is USGd. A reasonable rate 

is ohtain ed with IN NaOfi so l ution, 

Thi s method doe s not suffer t he di sadvantage s encountered 

in (a ) (b ) and ( c) above. As no D.gi t a t j.on is nec essary the tip 

fOl"ms 1'Tithout being subjected to mechani:.:: .;J.l stresses, the etch 

current varies smoothly so th~t a utomatic control of the pro­

cess is possible 9 aLe) . isua l obse:.('vation is not ,impaired. 



Some emi tters were prepared by this process p though it was 

found very difficult to obtatn reproducible etching characteri s­

tics and emitters. The reaction was oft en very difficult to 

start, and 'oJ'oulc'l. only proceed :i. f the tungsten ,\>las cleaned by 

A. C. etching. This method is believed to be u sed by Cre\'re "'ho 

reports tha t considerable care must be t aken to isolate the etch 

bath from mechanical vibrations, and carries out emitter et ching 

on a concrete block suppor t ed by antivibration mount s. As no 

similar precauti ons '"ere t aken it is likely that the lack of 

reproducibili,ty vTas due to mechanical: vibrations? ho\veve:c , the 

method vTaS not pursued as a more sat isfac tor y arrangement 1'l'aS 

developed. 

e ) ~use of c~emical reagent.,!s to remove re..§cti.ol1 pY:Qduct8. 

1york a t the Department of JI'1etal1urgy 9 Cambri.dge Uni versi ty has 

shmm tha t a very high polish is possible if a tungsten Hire is 

etcbec1. in cer t ain photographic developers 9 e. g. 11ford. ID 110 

The u se of photogranhic developers as electrolytes is report ed 

else,'There in the l i tera tut'e by Fasth (196'7 ) . Very highly polished 

. surfaces \'/e1'e :ceadily produced by this method 9 though rea ction 

w'ould' only proceed under A. C • conditions. 

The addition of d eveloper to NaOH solution, however, pro­

vides a very u seful electrolyte. Suitable concentrations were 

found to be obt a ined ,d th equa l quant ities of 2N NaOH solution 

and ID 11 stoC'k s olution p though quite v ?,r :J,ed. concentrations 

could be tolerated and were f ound to have little effect on the 

pr ocess . 

Thi s mixed electrolyt e 'o1as f ound to \-TOrk very 1'1811 under 

D.C . conditions and gave very reproducible etch characteristic s 

and emitters p it also had none of the starting problems associated 
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with NaOH solution alone 9 nor did it require an environment free 

from mechanlcFil vibrations. In addition the very highly polished 

surface l.,ras obta ined· as wi.th the developfH' a lonG. 

Cell characteris tics are s hown in 1"ig. 2. 3 . The polishing 

region may be identified from similar curves given in Tegart 

(1959 ) , and a voltage of 26V was used satisfactorily • 

All emitters used f or serious experimental work were pro-

duced by this t echnique 9 ,\'1hich 1ms completel y f:f.'ee of t he dis-

advantages found ~"li th others discussed above. 

Typical current varia tion during the etch process i s ShO'i'ffi 

i n Fig. 2 .4 . Initially t he current is very h igh, dropping 

rapidly as an inert l ayer of reaction ~)roducts builds up. 1.'11.0 

current steadily decreases as the surface area of anode is 
~ 

reduced. A nec1{ beglns to form in the vTire and becomes more 

pr onounced as the reaction proceeds. Eventually t he wire sepa-

rates a t tbe neck causing a sudden drop of current as t he surfac8 

area is reduced. The remaining wire tip is now at its sharpest, 

the etch should be stopped to prevent continued at t ack which 

would blunt the tip • 

A control circuit had beGll devised Hhi.c'h ,dll dete ct the 

rapi.d dr op in current 9 [::nc3. s\¥itch off t he cell vol tage, and is 

shmm i n Fig. 2.5. 

Operation of the control circuit is straightforward. The 

cell current is sampled by a 1 k-ohm resistor and the voltage 

generated compared with a reference using the l ong tail pair 

c ompari.tor 9 T8 and 9 ~ ~vhich is fed from the c oristant cu:['rent 

Source provi ded by TID. When thA 6urrent fal l s below a prede-

termined l evel the collector voltages in the comparitor swing p 
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ana. thif3 is amplif i ed through If7 and 1.r6. This sigJ .8.1 is u sed to 

t rigger t he bistable If") and T4 r '..;hi.ch acti3 us a memory fo r the 

sta te of th e system.. A simple s eries rE3gu.lato:r" 9 Tlp controls 

th e avai l abl e voltage 'which is supplied to the ou t put via a 

series switch p T5, controlled by the bistable to ei ther t he on 

or off condition. In the off state the ba se of the series switch 

transis to r is held to a slightly nega tive line proyided by II'2v and 

revers e current i s prevented by the inclusion of a low leakage 

ser ies diodeo The circuit is t riggered to the 'on ' state by 

moment ari. ly closing the reset cir cui i, '''hich changes the state of 

the bistab l e , cell current then f10· .. rs and maintains this state. 

Or der of magnitude ca lcu l ati.ons ShOiv tha t Et significant 

bluntin~ of the emitter tip would occur if the etoh were COll-

tinued fo r 10 to lOOps after the wire sepa r ates. Measurements 

ln t:la e on tl'te ci r cuit sho'VTed tha t the s~'T itching ttme Has b e lm1' 

100 ns and clearly adequate • 

~ .3 Conclnsi?l1§. 

In all~ about one hundrod tungsten field emitters were made 

by the 8.uthor using the ~mcef3ses described above 9 of "Thich about 

on. thi rd were of (111 ) oriented wire. Only three failures to 

make emitters from the pieces of orient ed wire occur ed 9 in all 

cases due to loss of the wire and no-(; f a ilure of the method • 

Occasi.oiJ.8.11y a vlcld \-laS not s 3.tisfactory 9 tll e or i ented wire ,·ms 

th en reve r sed an~ weld ed a t the other end to a n ew base . 

About 80% of the orient ed emit ters were suffj.cicntly well 

aligned. t o be of' us e in tb e el ectron optical co1umn r typioa l 

Variations being ± 50 The emission voltage of new emitters in 

the fi eld (:,missi on mic r oscope '!~8.S f ound ·to be consistently below 

3kV 9 inclicat:i.ng a ti"() radius l ess th3.n 300nm . 
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\'!herf-)F.tS t he method s riescri ben abov-8 a re by no means perfect f 

th e fabr icat ion of emitt ers has been dev8loped from a highly 

skilful art with a poor success r a te 9 to a sta te where , with a 

little practice an operator may obtain a very high SUGcess rate, 

producing high quality emltters. 

Photographs of a typica l emit ver at vaJ~ious magnifica tions 

are show·n in Fig. 2.6. 
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The need for a field emission micros cope (FEM ) capable of 

performing basic emission experiments in a cont r olled ultra 

high vacuum (UHV ) environment 'Has r ealized a t the beginning of 

the research. Although there had be en some work on fi eld emis­

sion a t the l aboratory by Earnshaw (1965 ) 9 no direct experience 

was avai l able on either the f abrication of emitters or the con-

trol of field electron emission. 

Further p the use of field emitters fo r electron optical 

applications requires tha t intense emission is direct ed along 

the optical ' axis. Thus 9 a s the proper ties of the emitters "'ere 

unlm o'(;rn p the obse r va tion of their emission patterns in the FEM 

as a routine measure would enable their emis s j.on characteristics 

and aligrune~t to be checked prior to use in the electron optica l 

coluJnn . 

AdditionallY9 one of the aims of the research was to develop 

fi eld emission techniques for prac tica l application by investi.-

gating the po ssibilities of operating in relatively poor vacuum 

conditions 9 using T·~:I!" or pulsed field emission mode s ~ The ccm-

trolJ.ed environment of the FEM, and easy observation of th~ 

emiS8ioY! pattern 1'lOuld provide an ide8.1 experimental arrangement c 

Unfor t u1.1atelY r at the start of the research 9 fund s were 

111'11i t ed 9 and i t l/.ras not possible to build a FE1'1 immedi.ately. 

The first part. of the research period was occupied l argely with 
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the fabricat ion of em' tters and the design and cons'l;ruction of 

the electron optical column. 

HOvTever 9 half '!;lay throuGh the research perioo_ a grant vTas 

made by tl e Science Rese8:r-ch Council which provid ed ~ arllong 

other thingDp for the construction of the FEM. This enabled 

almost all of the early field emission experiments to be performed 

in the FEM as had fi rs t been hopecl~ and an ability to operate 

field emitters satisfactorily was Boon generated. 

Throughout the remaining period of research many experiments 

11Tere performed in the FEM and these are d(:)scribed later in 

Chapter 4. 

The remainder of this chapter will be devoted to describing 

the design and construction of the FETVf~ its acuum performance 

and the associated eleetY'onies whieh inelude 9 in particular9 a 

high-voltage pulse generatOr Hhieh "\IlaS built for expGriments 

,,[i th pulsed field emission. 

7 2 
~-

It W'aS decided to base the design of the microscope on the 

range ' of commeri.cal UHV flanges and equipment 1<1hich vH~re becoming 

readiJ.y available. This would enable the system to be produced 

rapidly, it would be versatile and could readily be adapted to 

other applications in the future. 

The basic design of the FEH is shown schematically in Fig. 

3.1 . '1'he design was based_ on a stand.ar'cl 'T' 88ction suppli.ed 

+ by Vacuum Gen erators Ltd. -' , which Has lYlt dified by the incl1Isioll 

of four small ports , t,vo of ,vhich are not show-n but rtge ver-

tically from the plane of the 'T' section. 

+ Vacuum Generators Ltd . 9 CharhlOods Road, East Grinstead. 
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'r",ro of tb e small pod;s vTere in line "Ti th the tip of the 

emitters 0 One '('laS provided w'i th a llindeVl to pcn"mi t obserV"ation 

of the emitters with an optica l pyrometero The other port was 

fitted with an AEI * Vacuum 1'1.[810 mass spectrometer which 'YlaS us ed 

to obtain an accurate measurement of the pressures of residual 

gases t the emitter . 

Of the remaining sma ll port s 9 one Has us(~d f or rough pum'pi.ng 

via a 1ft diamet el all met al va l ve ~ t he other vTaS fitt ed vli"ch an 

all meta l leak valve ca pable of introducing fine ly controlled 

gas leaks into the sys t em t thus eX18,bling controlled envirOlunent s 

to be produc ed for experiments at higher pressures . 

Field emitters were mounted from on e arm of the 'T' section 

on a tubular pyrex g l ass insulator. Elec~rical l eadthroughs 

were of I mm tune;sten rods sealed into uranium gl ass 9 ,.,h].ch has 

a graded joint to the pyrex . At t he other end the tube was 

joined to a strmdard UHV sta inless steel fl ange fitted \')'1 th a 

n110 tube which has been gl assed and graded to pyrex . The leaa-

through ,,"as mount ed on a small~size fla nge fo r economy 7 and fer 

convenience of changing emitters. 

Fitt ed to the other arm of the 'T Y was t he viewing screen 

, ... h1ch ,'ms ba,sed. on a standar'd A1U 4tH diamete r ,vindoH conteci 

wjth phosphor. Preparat ion of the viewing screen will be des-

c r ibed in more detail below. 

* Ma i n fiN p'-'-m ~} in g ' '',':),(3 pr ovid ec1 by an {ITn P6 0 trj ode ion pU.mp, 

for ',!ld ch a po'''er supply was kindly loaned by t he manufacturers . 

The triode pump conf i guration is re'o'..1ted. to have better starting 

charac t eri s t:i,cs (~,nd hi t,:,:her pumping speeds than carlj, r commercia.l 

ion pumps 9 certainly 9. no ci:i.ffic1J.lt ies 'ilere encountered. i.n the u se 

of this pmilj). 

----------------------------~----- --- ---,-.~-

GEe-hEI Sc~eDtific Apparatus Division , Harlow p Esse~. 
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To pre rent tip destruction due to discharger) from the i,on 

pump s-preadinf!, throuR;h t he systeTD 9 particularly "-Th en s t arting at 

high presdures 9 an earthed stainloss steel mesh \-vas included at 

the pump flange 9 and no emitt ers "fere lost due to this effect. 

Rough pumning 1vas by a liquld nitrogen sorption pump9 

thr ough th e lit metal iralve . Thi s me thod of pumping was cheaper 

than convent ional .rotary pump rmd diffusion pu.mp tmd l eft no 

possibility of contaminati on from vacuum oils. 

).2.1 rfhe Vi e vrtD)2; Sc reerl; 
. 

A number of techniques for depositing phosphor screens suit -

able for UHV applications may be :t'ound in thc-! literature r for 

example, Gamer (1961 ) and Dyke and Dolan (1956 ) . A method des-

cI'ibed by C'olne I' :formed the bas i s of the t echniqu e used 0 

The surface of the glass was first rendered conducting by 

coa ting with a thinp t ransparent :film of t.in oxide. This i s an 

established t echni qu.e an cl was carried out by a local glass Norker. 

A bind er for the phosphor was provided by t reat ing the 

u rface with a few dr ops of ortho phoshoric a cid dis so l ved in 

a bou t lec of methanol. rrbis "rae spread evenly over the stlrfac 0 

by partly covering the screen 'Id th small glaos ba lls and agj,ta~ 

ting vigorously. Exc ess liquicl and the glass baIl s l<Te re tipped 

av7ay and the i'indo'i" al101·red to d ry. 

The phospho r used was blue Pll, chosen for its h igh light 

yield and suitability for direct phot ogra~]y. A suspens i on of 

about one gramme of the powdered phosphor was prepared in l OOmls 

of demineralized waterp ~lich was t ho roughly agitated in an 

ultrasonic batl'l. Heav1er part ic l es were a llowed to oettle before 

pouring t he S1)_S pc3l1f'.d.on into the ll:i.ndo1O}'. 

When the phosphor had . settled 9 ex ces s water 'vas removed. by 
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siphoning unt i l . only a thin surfacE) cmrering remained 9 1-{11ich l'laB 

a llowed to eva porate slowly ~y gently warning the window on a 

photographic hot plate. 

Th e method deBe r "bed above pr oved very diffi cult il prac-

tice due to th e cU:r78.tu re of the glass at the edges. Severa l 

attempts at the process were n ecc8sarY 9 the phosphor was simply 

washed off and the pr ocess es of applying binde r and phosphor 

repeated. The screen eventually obtained wqs not perfect as the 

phosphor 1'18.S not continuous a t the edges on the curv,d .Jection 

of the glass 9 hOvTever , an even deposi.t uas obta ined over the flat 

c ent ral region of the window. 

The vrindow "ras f itt ed di:cectly to the FE~1 and baked in the 

no rmal vacuum pumping cycle "'fithout suffering any ill effects. 

It; subsequent1y gmre satisfactory perfo r ma nce :for the remainder 

of the r esearch period. 

Fig. ~.2 shows t wo views of the complete FEM. The viewing 

screen may be seen in the loU'er photograph, 1d th the 35mm single 

l ens reflex camera used to record emiss i on patterns. Other 

i t erns of interest 1.,h1ch ma y b e identifi ed include the small obser-

va tion w'ind o\,l and optical pyrometer, the ion pump, ano. 9 mount ed 

ver tiea ll;y- f the mass Sl)ect r ometer h ead and leak valve 0 

The FEM was support ed on Et metal frame t able. The top vias 

made from sindanyo to give good therma l insulation during bake-

ou t of the mic:rosc()PE~, and was covered \vi th a luminium foil to 

conta in asbestos dust and to fur ther reduc e h eat losses . 

~l..~yaCU1Jm PerformanCE) of the }'EM 

F -9 '1'he l~I/f uas cyr;led from a i r to pressures b e lo"t·' 1 x 10 torT' 

Fig 3.2 The Field Emission Microscope 
on a routine basis. 'Ibi s involved a ba keout and pUlJlping procedu:ce 



l asting several hours 9 and once the procedure had b ,en established 

li ttle or no diffioul ty '\tlas encountered in achieving the desired 

pressures. 

Duri.ng ~he course of the experiments onJ:y a very feu leaks 

were encountered 9 'Vlhich illustrates the reliability no'-' possible 

vlith commercia l UHV equipment al1d crushed copper seals 0 Also no 

difficulties fere encountered whon starting the ion pump. 

). ").1 Bakeotl.t and Ply-mpdo m Cycle 

'rhe l iquid nitrogen sorption . Dump, rapidly roughed the system 

through the metal valvG p to achieve a pressure better than 

0_) f' 1 x 1 torr in. a' eVI mlnutes. At this stage balceout "TaS started 9 

pumping all released gases into the s orption pump. 

A simple box oven made from aluminium sheet 1'1as placed over 

the entire microscope 9 resting on the table top. The oven 

carried 4kW of heaters mounted on its sides. Thid waR a very 

convenient arrangement as both oven and heaters were completely 

removed from the FE1~ in normal use 0 

Temperatul'e vras monitored by thermocouples claJnped at \Tar~ 

ious points on the microsc ope. A simple tl.'ans isto::c amplifier' "raf:) 

built to give a direct metered output of temperature up to 4000Cp 

this was opera ted from a ba ttery supply to avoid problems with 

earth loops. The temperature could be regulated by varying the 

heater power with a domestic oven type controller. 

A nOl"mal bakeout cycl e consist ed of raisirlg tb e t emperatul'e 

of the microscope to 300°C in about 2 hours , and by regulating 

the hea ter pO"T01" this was maintained for a further 2 or 3 hour[~ 0 

The heaters were then turned off and the temperature ,,rQuld raIl 

to 1500C in ab'ut an hour, when tl;e oyen Has removed. 

The iOll pump "Tas started v-ith the system still hot to 8nh2"nce 
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degassing of the electrodes. After the first release of gas the 

ion pumping was rapldly established and the pressure w'oulcl b egin 

to drop. At thi.s stage the roughing valve was closed. 

Final cooling of the mic I'osco])e and pumpdo~m to below 

1 x 1 0-9torr wa s a lengthy pr ocess and took a fur ther 5 to 6 hou r s . 

It ~TaS convenient to bake out the sorp-t;j on pump at this stRge i n 

prepa ration for the next pump- down cycle. 

3.3.2 Pre ~sure Mea mlroment 

After fol lowing the above procedure the pressure in the 
. 0 

microscope w'ould normally be in the 10'\'1 10-1 region, vlhich 'vould 

j us t give a detecta.ble current on t he ion pump meter. This gave 

a very quick and uoefu1 check on the sta te of the system. 

For accurate monitoring of the pressure both a mass spectro-

meter (ABI MSlO ) and the conventional Bayard -Alp~rt ionization 

gauge '<Tere used. Ho,..,ever 9 at this pressnre the ioniza U. on gauge 

was fmtnd to be very unsatisfac tory, even lengthy outgas s:ng 

procedures failed to give consistent measurements, due partly to 

steady outgassing 0:(' the gauge on the one hand r and to its ten-

denoy to 8,ct as a small ion :pump on the other. 

The most satisfa ctory vla::! of mecwuring the pressure "ms to 

use; the mass speotl"ometer. This agai.n ne eded thorough deg8.ssing 

\'1h1 ch \"8,8 achieved by baking out the spectrometer at about . 500 e 

hotter than the rest of the microscope, the bakeout heater'S 

supplied with the spectrometer pr oduced this effect dur ing the 

normal b8keout cycle. By this procedure consistentreadings were 

obtairJed after it had been running for about an hour. After pump­
- 10 down , typio~l levels of residua l gases wouJ.d ,be! U2 = 2 x la - torr, 

N .~ CO ~ 5 x lO-lltorr , H
2

0 ~ 5 x l O-lJ torr . 
2 

Tile mass s pect r ometer had the additiona l advantageo tha t it 
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permi tted an accurate determination of the residual gases in· t he 

system 9 and uermitt -d very rapid detection of even small l enks 

,d th a helium gas pro}Je. 

') .4 Operati<ln of the FEJ:1 

The electronics used in con junction ui th the Fm1 is s ho -TT). 

schematically in Fig . 3 . 3. This provid ed facilities for mon:tor-

ing a pplied pot el'l.tials and emission current in addition to pIoto-

graphic recor ding of emi ssion pa tt erns and measurement of emit t e 

t emperature discussed above. 

Provision was ma~e for a third electrode to b e u sed in the 

FET.JI to a t a~3 a control grid. TrliE~ i an impor t ant feature as 

it ena bJed :i.nd ':> DEmdGllt contl'ol of emissioa CUrrel.1t f'Jl.d emit-tel" 

pote~nial to b e ob"t ai:cwd r ln both d. G. and pulsed operation. 

The pulse cJ..l'cn i try includirlp; th e bias uni t will be descri.bed :Ln 

sectton 3.5. 

Facill-ti es Ivc :ce pr ovided for observation of the em:l se ton 

pattern "d t h a 1)hotomultlplier, "Ihich h ad wide band\ddth capabili~ 

ties l imited "b J the responsE: time of th: phosphor sere ,119 in t.his 

case to about 501tHz for the Pll pho8phor u s ed. Thi.s a r rangement 

permi tted the fr equenc y .-,pectrum of emisf.'li.oYJ m.l.rren·\J to be an DJ y-

sed r al'd in addj.tlon enabled emiss ion fI'orn 11 small area oJ' the 

cathode to ba Gtudied. 

rChe recording o f operat:i.ll {'; }l8.1:"::l.Jl1cte1"S centred around the pen 

ree:order . Usnally. this ~'ms (lithe):' userl. to moni to r the val" i a tio:ns 

of emission current from a ll or part of t he ca thode with time, 

or to inve stigate t }w relationship b e"tv:reen emission current and 

applied po"tential to emitter, or by moving the connect ion of the 

pot entia l ai yld.el." n et' I'lork 9 to the grtd.. 
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~.4.1 The EHT Gonerator 
~~---.--,..----...~-~ 

A commer'cia l EHT gen el"at or manufactured by Brandenburt; 

"raS used in the exper:i.ments. Thi s h!1d an integral filaraent 

heater supply "lhich vraB conveniolJt for flashing emitters, and 

had Cl stability nom:tnall:r of lOppm 1>1111ch \'Tas adequate for use 

later on the electron optica l column. 

'L +l~ + 
~ v J • .. 

An a ctive grid supply for conventional thermion1c electron 

guns bu:i.l t; into the fi1a111811 t unit "ras not sui table for us e iT! 

, this n ew' application; D.l1d so wis by- passed by cOl1nec tin~ the EHT 

genera tor d ir'ectly to the :fi1ament c entre tap. 

A more extens ive modification was made to the EHT voJtage 

control. Originally the voltage was varied by a c oarse control 

c ons isting of El. fifteen po ~ i tion s~'litch9 and. a fine control 

w'hich did not over18,p with the coarse sett:Lns;s at lower ope.i:'at-

iug voltages. Since field emission current in~rease8 v~ry r apidly 

with voltage, the original arl"ang ment was clearly Ulls u. i ta.b l e . 

'rhe reference c:i.x'cu:l..try of 'vl1C unit "laS therefore ch anged to 

produc e o\rerlapp:Lng of the coarse sHi teh posi tiol'ls for' the full 

range of out.put 'v'ol tages. 

3..4.2 _. The Photo.l1illl tinl i e.! 

A' photomu1 ti )JJ.ier cha ' 11.,. deyeloped in the laboratory by 

C.D. Bunting to gj.ve good Jinearity in selected a rea diffraction 

work, was used with def i nite advantage s over the normal resistor 

chain, or res isto r chain with capac itors b e t we n the last few 

dynodes. 

The cir cuj t ls sho1m in Fig. 3.49 and stabil ' zeEl the voltage 

on the fir s t and l es t two stages of amplification by u s ing zenor 

.-~-~----" -_. ---
+ Bral1donb\lr[?~ Site}. ~ I,ond on Roa d 9 Tllornton H.C8:th 9 Surrey. 

Model HS0530 EHT Gene :cat or and 30'353 filament supply. 
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diodes. This has the effect of giving very good linearity as 

dYl"l.ocle voltages vary very little 'iii th aJ.'lode current. Since 

very nearly the 1"ho18 of the chain current may be drawn in the 

anode circuit a smaller anode load resistor may be used 9 which 

permi tted experiments to be carried ou t '''~ th the Pf~ output con~ 

nected directly to both the pen recorder and the i';Bveforru analy­

ser. 

Fig. 3.5 ShO'vTS the 1'1'1[ output as · field emission current 9 

the PJl~ tu.b e observing the uhole emiss ion pattern. In this exam-· 

pIe the chain current \lTaS approximately . 70 pA9 thus no signifi­

cant departure f r om linearity 11as ob.:Jerved '<Tith h:t1ocle current S Ul) 

to 60 J}..A. 

The use of a smaller load resi~tor a lso enables higher band­

",id th to be achieved f ~'lhich is important for applicatiOi.ls in con­

junction 1vith the scanning electron optjca l column describecl in 

Chapter 5. 

:3. '5 __ tIip~h j1~0~ t:~ Pul se Gen~rat.Q£ 

The add ition of a control grid to the sim~le field e~ission 

diode opens up the possibility of using pulsed emisr-:lion in elec­

tron optical applications. Since the emitter potential may be 

kept constant, a pul sed electron bea m can be formed which has a 

small energy spread and may be imaged ~ithout introducing severe 

chr oma tic a berrati on. 

'rhe electi~ode system vrhich has been developed ,..,ill be .des­

cribed in more det8.:tl :tn Chapter 4- < ~~he pa ranH3teY.'8 of impo:ctance 

in the desi.gn of the pulse generator ''leTe the load presented by 

the grid, which "m.B purely capaci ti ve of approximately 50pF? and 

the volt age swing required to modulat e the emission. Early ~xp0ri­

ments had hOl'm that a v oltage variati.on on the grid of 500 volts 

... 
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was ~ufficient to change emission from cu off to 0 .lmA9 the rc-

fo re the pulse gerlerator vas . designed to give 1000 volts output p 

'l<7hich ~<fas es t:1.ma ted to be sufficient to reduce the surface fi eld 

on the emitter' to very 101" levels 0 This output yolt g e 'WaD a 

convcmient choice 9 as sui tabl e p01ver supplies '''c::!re available "to 

give 1050 volt line;3 9 though th.e possibill ty of going to h igher 

volt nges was not e xcluded. 

").5 .1_
m

.1?;.;,nerimental Requirement s 

In order to specify the performance of thD pulse gGnerato:r.~ 

. 
more closelY9 it is necessary to consider in more detail the 

experimenta l use and possible prac tical a~plication of the unit. 

The fi e ld. emission electron guXl is intended for use in oon-

ventional electron optical inst. uments Hi t h demountable vacuum 

syst ems , where its potentially high brightness would be a con-

siderable a.dvantage. Clearl y f compa tibility ',Yi th the ul tr!>.. high 

vacuum systems necessary for continuous field emissi.on is a 

sertous obstac l e preventil (!, this a dva.nce. 

Und er normal operat inf!; conclitions, emi tte:r dest ru.ction iB 

brought about by ions f forned at tl1 e ~mode under electron bom-

ba-r:-Cl.ment 9 "'hieh are acce l erat ed and f ocused ba ck onto the eatl!od c 9 

and Efventually de :3"troy the emitter by sputtering. Ord8 :c of 

magnitude calcu.E:.:tions based on a plane, parallel elcctrode 

syst em have shovT.n that vlhereas el ctron t rarw i t times are typ:l~ 

caIly lns~ ion transi t times are in excess of lOOns. Thus, if 

a nul se of emission were drawn of shorter duration than the ion 

transit. times, then thG chane;e of grid potential would. a1.so 

serve to defocus the ions 9 and so roduce th.a emit t er dan:age due 

to 1011 bombardment. 

Pulses of (~mi88ion of ap:proxima t ely lOOns duration could be 
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us.d to build up a scanning microscope image uRing one puL, e 

pe r picture element. Clearly, in order to gain maximum advant aGe 

f rom this mode of emission ~ the pu'lse duty cycle ml)B t. be as large 

as po~sible. 

A second p ~eparRte approach to using pulsed opera tion would 

be to draw emiusion for sufficient time to build up a complet~ 

mie rograph , taking full advantage of the high brightness of the 

emi tt(~r. This picture could be stored and displayed for a !1TI..wh 

longer period before draw'ing emission again. T;ypically, a pic­

ture could b e formed in 10ms 9 "lhich might be repeated at a rate 

of one per second. 

A variant of this t echnique liould be to \'ll~i te one lil'l.e of 

a picture per emission pulse 9 abou.t 10 ps durm,ion p and to pulse 

\'1i th a repet:i. tion rate of lld-I?, so building up a complete pic-

ture every second. 

Ei thar of these techniques "rould give an artif:i.cial enha.nce-

ment of field. emitter l:i.fetime by a fae"tor equal to the recipro -

c a l of the duty cycle. 

We must now consider the effects of variations of amplitude 

beh;een successive pulses. For SEM operation rle ma,y a::-:lsume 

cl i stingu:i. shahle COIy'Crast levels of 15% after Smith and. Oatley 

(1955 ) . As changes in surface field~ at the emitter produce pro-

portional ch8.ngcG in cm:Ls8 ion current ,·,hich are typically an 

ord er of ma.gnitude .lal'ge:i.' CHarti.n et a l. (1960 )) p then for opera··· 

tioD. with one pulse per picture e l ement 9 the successive grid 
'7 

voltage pulses mus t not differ by more than 2 parts in 10.J if 

they 3.1'e to lle indistin{7,uishable on the 1'ln8.1 pi()' "l),X' O. 

The required s"()8cif:tcation :for the pulse g(:m.e rcctor is th(H-e-

fore to r;rocluce pulses of up ' to llr V' amplitude which a.re l"t,;peatable 



to 0 .2%, with durations frrn l lOOns to Ims 9 and at repetition 

rates of 1/ sec to several hundred thousands/ sec . 

Severa. l pulse generators have appeared in the lit erature 

i{bich fulfil some of the req' irements listed abov-e •. The tecbni~ 

ques used fall into two main categorie s: 

described a high voltage pulse generator wlJ.Jch has a class 'A' 

output stage. In principle these techniques could be used, 

howeve:r~ practical limitations prevent· serious cons ' deration. 

Consider a rise time of lOOns into a ca pacit i ve load of 50pF. 

This requires a standing current in the output stage of nea rly 

one amp at 1000 volts. Thus',uch a system WOll d be very l arge 

and expensive. 

ration is more commonly founa. Vli th t hyr atroy s perfo:cTfl ing t he 

svri tehing fUl1ctJ.ons, see 9 for exampl e Ruben (196,) ) 9 Chan and GUl.1n 

(1965) a.nd. Paz (1965 ) . Thyra tI'ons have high stand·~off v ol tage s t 

fast sui tchi.rl{S chaF).cterlstics and pass large peak currents 9 

however p the permissible repetition rates are low fu10 to the 

decay ti~e s of the ions? even with the best hydr ogen thyrntrons 

a rate cf 5 x 104; sec "muld repreGent an abso lute maxi.mwn. 

It is po,. s iole t o l~eplace the circuit fUl1ctiofl of the 

thyrat roll "it.h ha rd valves , Vlouk ' (1957) and de \'/.ijn (1961 ) . This 

arrangement is idea lly suited to a purely capa citive l oad since 

complica t ed extra circuitry to maintain the pulse shape is not 

required. Particular advant~ges of this type of circuit are th at~ 

compared to group (a ) above th menn power supply requirements 

and pm·rer d:;' ssipation a re greatly roduced. 1\101"80vc .c· 9 ri se and 
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fall times are not dependent on qv.iescent l evels p but on peak 

valve currents 9 \fhich can be considerably l arger. Thi s approach 

was used and is described below. 

~ Circuit . 'Fm c tion.§ 

A block diagr8JIl of the complete pulse generato:e .8 8ho','11 in 

Flg. ').6. 

Valves were only used where high voltages were necessary in 

the pulse itself and in the drive amplifi('lrs . 'ro povrer these 

units ± ~OOV. 0 .5A lines wore provided p and for the high volt age 

an additional + 250-45 0V p 200mA supply was floated above the 

+ 300V line, giving the possibility of a 1050 volts s wing between 

11nes. 

For convenience and compatibility wi th othe~ ch'cui t:c'Yt the 

timing pulses t'lere gener8.t ed in separate trflYlsj.storisGd mocluJ.es 

wo~{ing from ± l2V r ± 30V lines. 

Operation of the circuit is controlled by the clock genera-

tor f producing an output pulse "1hic)1 is amplified and controls 

the 11 series S1vi tch" sectlon of the p~lser-. 'rhe clock gei'le :l'ator 

alf.Jo trif:;i':;ers the pu.lse width unit, ,,:h:Lch g iv'3s an output pulse 

at the end of the chosen pulf.l8 durFltion 9 this j,s again amplif:i.ed 

and used to o~)erate the 'tshunt discharge" section of the pulser. 

~~ Clo q,l;: Puls e G(me~ 

The circtdt r Sh01ID in Fig. 3.79 is based on the emitter 

coupl ed lfiultivibra torp T19 ~r2 ~ fed from cU:r:'I'ent sources T3 and 

'1'4. This conf:Lgl .. n-"ation h as the advantage that its period can 

be svlitcherl over the ycry 'idc r ange from 1Hz to l mT:0 by chang-" 

ing a single capa. itor. 

In norma l opel'ation this gEme:cator fires the }t~ccles-·Jordan 

monosta ble 1'5 f 'r6, ~rhi(;h gi '.7E!S a lOOns prepul s0 output through 
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the emitter follovler ~\7 for ex ternal triggering , 8.n(J fires a 

similar multlvibrator T8, T9 9 on i~B falling edge to produce the 

l OOns clock pulse' output through the emitter follo~18r '1 TI0. 

To give good. ri3e a.nd fall times the transJstol"'S are kept 

out of satura tion by tlle d:l.ode clamp circuit sho~m 9 "'hich also 

gives easier tX·:i.ggering. Outputs Hre t a.ken from emiV~er fo110\'[81'8 

to avoid loading the monostables. 

Additional fac111 ties fo"c external triggering Cl.nd single 

shot operation are also provided. 

The cL cult 9 shoNn in Fig. 3.11 p produces a delayed pulse 

output of lOOns duration for each input trigger pULJE, . ~lhe 

delay may be continuously varied over the range lOOns to lOOrn.J? 

and ls used to turn off the high voltage pulse generator p tht'::):r·e~· 

by settlng the "ridth of the high vol tage puls(~. An aC!di tional 

output is t aken from the delay generatOl"9 so that a monitor puls e 

is providGd vrhich starts x'Ti th the incoming trigger 9 and :f'j.n:ishes 

on the l eading edge of the control output pu.lse. 

The monostable T2 , T3, produces the variable delay. Coarse 

control is obta ined by witching ca pacitor values , a1d fine 

corJtrol by varyi.ng the capa citor ch::- rging rate. Transistor Tl 

provides a volt::,. ge line 1vh:i..ch may be used 'GO preset th8 absolute 

values of pulse 1·1i.Clt}'1. 

Thi s pU.LH~ J..8 bu:t:foJ'ecl by the emittel''- fol101;;e1" T4 ~ and used 

to trigger the monostable T5 9 T6 on its fallins edgc p which p~o-

vides the delayed pulse output of lOOns duration through emitter 

follo,vor T7. 

As before r the tr~iils:LstorR in the monostables are k(?p ou.t 

of 8atu.ratio'.'l. using clamping (Hod.cs, and the ou.tputs 1:-),re pr ovid ed 

through omitter followers. 



r 

::.:: 
r--
N ~ I 

xU> I 

~ 

~ I 
I-
~ , 

~I 
°1 

~, I 
!;i , 
~I 
-' 

0::1 
w 
iLl 
~ I 
~ I 
w l 
(/) ...J, 
=> 
CL L - - - - -

> 
0 > > 
0 N > N 

' M - 0 'I 

Fig 3.9 High Voltage Pulser 

~ 
r--
N ~ 
X <D 

~ 

o 
o 

o 
o 

-, 

I 

I , 
------- -4 

I 
~ 
0 I~ 
~ I-

~ 
CL 
I-
~ 

° 
0 w 
X 
[I 

0:: 
w 
iL 
::J 
n.. 
2: 
<I{ 

w 
(/) 
...J 
~ 
CL 

0 
uJ W I-

~ (/) => > 
...J ...J CL 0 
W ~ Z 0 
0 CL - fT) 

I 

4 
~) 

-'. 

For cOl1venicmce of construction this "tas divided into thn:3e 

units as is indicated in Fig. 3.9~ h'hich ShOv18 the detailed 

circuit. The pulser consists of tyro pulse an'l)lifiers w'hi(;h drive 

t he se r i es 8i'11 teh/ shunt discharge output stages from the 101'1 

voltage timi.ng pulses. 

a ) lJllEULgnmlifier ~t.r~l~t 1. This is the simpler of 

the puls e amplifiers, and produc es an output relative to the 

-300 volt line. I t prov~d es two stage voltage amplification of 

t he de18,yed pul f,e through V'3 and V 4, t o, gt ve a posi ti ye outptIt 

pulse of 100 vol.'cs 9 'vhich :ts l"(")quired to d r i' (') the discharge 

valves of the output stage from cut -off into grid current. "r.r 
.L ) 1 

orde r to maintain risetimes of less than lOOns 9 h igh pOvlers must 

be dissipated in loa d l'eslstors and these "lOre constructed as 

al"rays of 6 vratt wire-,vou.nd re8istors 9 mostly connected in par·, 

allel to minimise stray inductanees. 

amplifier is s l i ght ly more complica t ed , as it produces a drive 

pul se 'vhich must :i1oa t '''i th t he c a thodes of the series 8v1i tching 

valves of the output stage. Isolatl.on is aehiGved b:)r usl.ng a 

puJ88 t :-c'al1s fOrm e:l' having tw'o \<D,ndi.n gp on opposite si.des of 12 '{mm 

fc rr:i te tor'oid ' (Mul l ard FX')008 ) , the prima.ry of '30 turns ~ and 

second l'y of 21 turns, both "Tound as single layers from ~36 sw-g 

Electrica l properties measure d at lkH 
7. 

were as follows: 

Inte~ Hind in ,,<: capaci t ance 

Primary Inductance 

Seeo~d ar::t Induc tance 

Mutual Inductance 

= 

= 

5 pI" 

830 y.H 

400 ;pH 



The circuit is a two s tage valve amplifier as before p 

how'av'er 9 the input pulse is inverted by transistors Tl a,nd T29 

so that the output valve V2 ia normally biassed off. Valve VI 

amplifies the inverted input pulse and provides drive for V2 from 

cutoff into grid curr.ent. By using the diode clg,mp circuit a t 

the 8rid of V2 problems of bias voltage varying ,o,ri th repetition 

rate are prevented. 

The negative volt'3.ge pulse applied across the trcm.sformer 

primary is inverted and provides a positive drive pulse of 100 

volt s to the output stage. Diodes are connected across both . 
primar'y and secondary \'lindings of the transformer to prevent ring·~ 

ing. 

c ) PulE18 OIxt.nu.t stf·H;e . The pulse ov_tput stage is a series 

81d tch/ shu.nt discharge configuration as previously e): plained < 

Both of the switch elements consist of three EL360 valves con-

nectod in parallel r capable of f,iving combined output currents 

up to 12 amps. The high current is necessary to produce the 

short ris e and fall times required at the grid of the field 

emission triods with the total capac itive load involved. 

Both s'frj,tches are normally held i.n cut-off by battery bias 

betwoen grid and cathode of -90 volts. The bias unit for the 

se:r~l.CS 81<,i tch must float ,,,1 th the output t and "las constrtlcted in 

a pArspex box p vrhich gave a capac itance to ground of approximate' y 

201)F. An incomi.np; pul..jC takeG the grid f rom -90 volts to +10 

volts and i nto grid current. By using diodes with a large value 

resistor in parallel ~ droop on the d ri ve pulse j_s nd:l.1:Lmised. 

At the end of -tbe pulse the gT'ids sVling b e l01'T --go volts and the 

diodes become conducting to rapidly restore the d.c. l evel ready 

for the next pulse. 

I 

J 



The batteries used were very smal l for compact construction 

and to minimiae stray capacitance ? consequently they had a shelf 

life of about one month and only a limited total available charge. 

To extend th . life of the batteries a circuit was devised in 

which the battery i8 isolated from a buffer capacitor by a lO~'T 

volt age Zener diode 9 so that after a number of pulses the capaci­

tor is charged to the sum of battery and zener voltages. Bias 

is provlded to the valve from the capacitm_' v and cxcess grid 

current is then fed back thr ough the batteries ~lich extended 

their useful life time to approximatelY ,nine months. 

Serie s . Sv i);r.~h oj2erEttion. The opera'lJion of the pulse output 

stage is initiated by the amplified clock pulse. The grids of 

the series , ,vi·JGch valves V5 p VG and V7 are driven posi ti vs vl"i th 

respect to the i r cathodes? bringing the va lyes 11 a1'( on~ As th8 

output potential rises? the grids folJ .ow as the grid to ca thode 

voltage in maintained by the output of the pulse "transformer. 

The screen grids cannot simply be conrlGcted to the anodes 

in triade configuration as the valves must be cut off between 

pulses. HOv18ver ! the screen mus"t rtse t o the anode volt age dur­

ing the -r>ulse other 'ise. the valve gain \{ill drop and the output 

will not reach the posit1,re HT 11ne. rrh.is is a.chi.nved by bias ­

ing the grids thr'ough a high voltage dl.odo. Capaci t:l..ve G01.lplhig 

within the valve t akes the screen voltage up with the cathode 

and the diode bec omes reverse biassed. As the ~c~een overshoots 

the a.node vol ta1c:e f high 8C):'een currE.mts ar'e dr~:t'.ofn v.lh1ch red'lw e 

the screen potential to that of the anode. 

The series valves are now turned off a t the end of the clock 

pulse 9 vli.th the o · t-put at the IIT line vol -C age 0 

Sh\illi-,:1i.a~!~arg'1 oJ? G l ~a~G:l.0ll. After the duration 0.. et by the 
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pulse width unit, the amplified delay pulse is appliod to the 

shunt dis charge va lves V8, V9 and V10 . These aTe dr i ven tnto 

grid current and the output volt age falls. 

By choo stnr; the screen grid. .res i s tors co.Y'efu1ly, the anode 

voltage may bo brou~htvery close to the negative line. If the 

re s i s to r is too l arge the screen voJ.tages fall rapidly whon the 

valyes are sw'i tclled onp and their gain drops s o t hat an i ncreased 

f all time has to be tolerat ed. Conversely, with the resistor 

too small, excessively high screen cur r ent s prevent the anode 

voltage dr opping and may damage the ralyeso 

As tho output "Vol t R,ge fall..; the screen grid voltage of valve 

V5, V6 and V7 ,viII f all al s o unt i l tho diode bec omes f'0:"'1vard 

biassed . The ceries resistor then .:larves to l imit thc maximum 

diode current and prevent its destY'twtion . 

At the end of the de l ayed T>u1 8e ~ the shunt di s charge ral'les 

are turned offp and the screen voltage is restored through it s 

series resistor. The pulseI' is thcn re~dy for recycling . 

The pul se «enerator callie very- close to meet ing the r equired 

specificat ion discussed a bo re . 

Ri se ann fall tinOfJ of lOOns vlore obta ined though the shor·L·-

es t prac tica l pulse dura tion f or fu.ll amplitude "ras about 150ns 

measured at half maximum amplitude. Repet ition rates 11ere 

l imited to 250kHz by excessive power diss i pation in the va lve 

V2 of the clock yulse amplifier p though this rate could be varied 

ove r the con"t:U1uoUS range dmm to lH~. 

Pulse anml itudes of l kV ,"ere nchieved bet\\le en t he - 300 and 

+~· 50 volt lin8s avail a b1 e . Larger' pul ses Here obta .inad by rwm-

ing the HT ltne from a 0 ~ 2kV p 5mA supply r ';\Thich pla ced soyere 
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pulse \,rldth unit ~ the amplified delay pulse is applied to the 

shunt discharge valves V8 r vg and ·VIO. These ar'e driven into 

grid current and the output vottage falls. 

By choosing the screen grid .resist ors cRY'efully, the anode 

vol tage may '00 bY'ou~ht very close to the negative line 0 If the 

resistor is too large thl~ screen voltages fall rapidly ',Then the 

vaJ.ves are 81-,i tcl1ed on p and theil'" gain drops , 0 that an inc ,~eased 

fall time has to be tolerated. Conversely, with the resistor 

too small 9 excessively high screen currents prevent the anode 

voltage dropping and may damage the valves. 

As the output voltage falls the screen grid voltage of valve 

V5, VG and V7 w'll fall al so until the diode bec ome~ fo~ward 

bia.ssed . The cp-ries resistor then DOI'ves to limit the maximum 

diode current Rnd. prevent its de s t ruct ion. 

At the end of the delayed rlU1se ~ the; shunt discharge val'res 

are turned off9 and the screen voltage is restored through its 

series resistor . The pulser is then re~dy for recycling. 

The pulse generator came verJ close to meeting the req1..lired 

specification diccussed above. 

Ri se and fall times of lOOns were obtainecl though the shor' ~'-

est practical pulse duration for full amplitude was about 150n8 

meas ured at half maximum runpl itude. Repetition rates Here 

limi t(~d to 250kHz by excessive power dissipation in the valye 

V2 of the clock yulse amplifier p though this rnte could be varied 

over the cont:i_l1UOUS range dOlm to 1Hz. 

PulfJ8 anrolitudes of lkV ,,,ere achieved bet \'1een th e -300 foJJ)d 

ing the HT li.ne from a 0 - 2kV, 5mA supply, ~lich placed sev ··re 
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limitations on the repetition rates due to its limi t ed cur-ran)' 

capa1Jl1ity. 

Pho -togr;':.lphs of t ypi.,cal output pu l ses t aken f rom a Tektron:lx ' 

t ype 54 f) oscilloscope are tlh01,m :in Fig. 3 .10. Thef,G illu.strate 

t he good pulse shape obtai ned, and very short rise and fal l timoG . 

Al s o i.nc lud ed is a trace of an output pulse "\dth timing pulses 

superi mposed to illustrate the t i ming sequence. 

4 X 1M '1'h1s 1.mit pr ovides a d oc. grid voltage derived from the main 

20 POSN. 
SW ITC H 

1000p 
10 W 

1000p 

1'10 kV 

HIGH VOLTAGE 

PULS E INPUT 

Hi£Jh Voltage Bias Unit 

ERT supply , onto which the high voltage pulse s may b e superi mpo~ed. 

The circuit is sh.cntn in l"ig Q 3. 11. 

Hesistor cha ins 11er9 1d.r.ed direc tly onto wafer mritches 

made in the l aboratory from perspex s "'hich gave high voltage 

i sol ation up to 15kV, and had t wo wipers. 

U8ing -'er-le cireu:Lt of Fig . 3.119 a cont inuous 1:l.l10 l.mifoI'li1 

v'ar i,at ion of d. c. bias voltage is possible ,.!i th coarse mediUJO and 

fine cOD Jrols. 

I ncoming pul ses are transmitted to t he bias volt age through 

ad. c. i solating c:cq:m.ci tor 9 and added t o the bias vol -Cage. Dur-

in g a pulse 9 the diode isol a tes the out put from the bias chain , 

s o tha t the pulse generator l s not loaded . No deter:ioration of 

the pulse "raVefO Ji ,1 \,va ::: detectable vrhen connected through the 

bias unit. 

Tho application of the unit as shown in Fig . 3.6 could be 

ei ther in eon juncU.on wi th the pulser 9 or sj.mply t o provi de' a 

d. c. control bias I'd thout the pulse input. 

I I 
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CHAPTER 4 

Early experiments performed i.n the FEH vwre desirr,ned to test 

the fie ld emitters, and to gain practical experience in thei~ 

operation. Initially no other electrodes were introduced to the 

vacuum system,p and experiments 'vGrc pe:r;-formed \<lith cold fie1d 

emission only. Pressure in the microscope was usually better 

than 1 x lO-9torr • 

4.1.1 Preliminarv Bxneriments _ ..."........,... _____ ... ~ ..... "._.r'_.~ __ ~ - .... -~-

When th e first emission pattern had be en obtained and t he 

condj,tions for cleaning the emitter by resistive heating 8sta h-

11.8heo. 9 the instrum .ntation described in the prcyious chapter 

was pro~re 8sively developed. 

The characteristic (110 ) ~ung3ten emission pattern was 

clea rly :C"ecot~nisable on the phosphor screen and "l'~H; recorded on 

the ~)5mrn camera . 

A recorder was set up to monitor emission current . Typical 

re sults Sb017:lng the rapid v-aTiation of' cmlsclion current and 

pattern f or :Li e field emi ss i on diode are sho,m in Fig. 4.1 ~ in 

,~hich the patterns (a ) 9 (b ) 9 ( c ) and (d ) refer to the points 

marked on the plot of current varia tion. This result was obta ined 

under constant voltage operation immed iately after flashing the 

emitter . The fall in emission current is due to the steady 

adsoTution onto the clean surface of the emitter of residual gas 

8,tOll.lfJ. rrh(~ 0'l1 :i.s S:lOn p3.tt«rn i 8 c,180 affectec1 by 10S8 of 
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brightness a nd definition. 

Addition of a resistor bleed chain from the EHT unit enabled 

the diode voltage to be directly recorded. This enabled results 

sho\m previously in Figs; 102 and 10'3 to be ob-vained 0 

It was found th a t an emission current of a few microamp 

could be dra1-lYt for about an :hour before it started to increase 

due to surfqce roughenin~ from ion bombardment. The emission 

current became irJcreas ingly irregul ar and sudden small but shEu'p 

rises in emission curren t could be correlated i>ii th t he apnearance 

of bright spots in the emission pattern. 

If the emission 1'lere allo'1(~d to continue the current built 

up unttl discharges occurred, and the emitter "!as dOfJtroyed. 

Providing emission is stopped befo:ce the ansa'):; of vacuum 

arc conditions 9 it may b e reformed by tlflashine;f!. This name has 

been g:i.ven to the process whereby the emi tte:c is heated to about 

2000K 9 which is sufficient to evaporate adSlOrbed gases 9 and 

increase the roobi.li ty of the surfac~ tungs ten atoms . Irregulari·~ 

ties caused by ion bombardment are smoothecl o~.rer by surface ten~ 

sion effects 9 and a cJ..(~an 9 hemiDpherical ti"O results. 

fJ.'l1 e flashing "raB accomplished by resistive heating of t h e 

emitter 9 pass.ing a current of about 2 amps through its 8uI, port 

loop. 

ThG process was investigated by passing a predetermined 

heating current through the support fOL a fixed period of 5 second D
• 

Current /voltage chara cteristics were then de termined and this 

was reneated with the flashing current steadily increased. Typj,-

c8.1 variatj on of the vol tage required for 1 p.A emiss:1.on i s ShOllY1 

as a fUT).ction c.Yf :flashing cUl"rent in Fig. 4.2. 
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When the flashing temperature is increased , the volt~ge for 

.miss ion decreases rapidly as the emitter cleans. At the first 

minimum all contami.nants have been removed e2tCept oxygen p which 

has a high binding ne rgy m the (100 ) fr"ces 9 cJ.nd Derves to 

greatly enhance the 9W1.S81 011.. 'rile (100 ) faces the e:f or(~ Sh01" 

very strong emiss ion under these conditions. Further flashing 

at higher t emperatures r emoves the remaining adsorbcd oxygen and 

the voltage increases correspondingly as emission from the (100 ) 

regions droDs. 

The reas on :for the second minimum is not ce r t a in, but the 

drop in voltage may correspond to a lowering of work function on 

some other faces as the last t race s of adsorbed gas are removed. 

Higher temperature flashing permits the emitter to become 

more blunt under the a ctj.on of sur face tension forces with very 

hieh surface mobility. No furth.er cle[m j ng ret3ul ts ~ and conse­

quently the emission voltage starts to increase . Clearly the 

optimum flashing temperature i s tha t at Hhich the. emitter bec omes 

atomically clean 9 but serious bluntinR do es not occur. For this 

f-;m i tter 2.1511. i s /'l\")yn'opr iate 9 corresponding to 2000K. 

'rho opti.ca l pyrometer \<Tas used as a measure of t emperature 

il a separate e~periment and the results are a lso shown j.n Fig. 4.2. 

No attempt was made to make an ab s olu'~cali1ratjon of t emperature 

uy correcting for the emissivity of tungs t en 9 nor for the pyrex 

gla,ss ,..rhicl01\f -tbrollf;h w·h~.r;h t.he emit t er '1-1'88 vi - 1-1ed. r as this -Vraf-;1 

not neCeS88.nr for experimental purposes 0 'f'he, ituatlon i s lu.:cthel' 

complicated as there is a temperature drop a long the Sh rulk of th e 

emitter which cannot readily bc determined 9 though some estim~te8 

of it s mag11itude have been ma.de p S'wif t (1960 ) , ~~artin et al (:L,]60). 

8tnce this effect t ends to c ancel the fiTS"!.; t viO, the U1 easurcd 
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teml)erature is not greatly in rror and is probably within "\:;,1.e 

ran l?;e .± 5 OK • 

The flashing period did not seem to be critica l and five 

sec nds was found to be satisfactory. 

The T-F mode of operatloll reported by Dyke (1953 ) offers the 

possibility of stable emission by electron tunnelling "lhich does 

not require UHV cond:!..tlons. Drechs ler~ Cosslc:;tt and l'T:Lxon (1958 ) 

suggested that stable T-F emj.ssj.on is possible in vacua as poor 

as lO-4torr , with current densiti os of l08A/ m2. Thus an early 

in estigatj(m of this form of emis .:: ion w'as 00118iu8reo. ·to b e highly 

desirable. 

The T-R emlRsion mode may readily bo established by' ref~rGnce 

only to the emission pattern. 

Cold field omission from a cJ.ean emitter has poorly defined 

boundaries b Ct 1tf8€H 10'11 and high Hork functj_on fac Gs. When the 

emitter is fl ash ed 8. Dear hemi,sp e)"i(;al end form resu1 ts in vlh5_ch 

thel~e :),l"G no sharp boundaries . 'rhus the emission pa ttey'n has a 

Itcloud likell or 1\cottcn '"001 11 appearance. 

As the Gmi·tter temperature is increased a sharp transition 

takes plac8 in the patterH and di.stinet boundar:i.es develop Hh:i.eh 

are Chal"flcteristic of the Ir ~F mode of emission. This corr''') ' PCl .. JJS 

to :3. reformation of the tip under the action of the high elect:r.~ic 

field in ,1.cUUtion '~o surface tonsion effects, Hhcm some C1'Y8t0..1 

fac es grovr at tbe expense Of oth E;rs . The faces Hhich f:~roH axe 

generally those having a closer packed structllre wi·th high bond-

ing energies and consequently h~.gh work functions. The junctionR 

s 
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between these faces usually have l ower wOlk functions 9 also the 

surface electric field is loca lly enhanced Hms most emiss ion 

comes from these regions. This effect may be seen in the emissj.on 

pattern reproduc ed in Fig. 1.4. 

In particu.1D.l"· 9 the (111) face ern:LtR strongly under 'r~·F con­

d:Ltions and is very stable due to the re lat ively close urface 

packing. This orientation of emit t er wire is therefore very 

attractive for electron optical appl i cat ions of T-F emission o 

.1~ • 2 'r -E Em j&'3 'i OILS tab L L ii.'i 

The ~tability of T- F emisSion with 'respect to its tolerance 

of relatively poor vacua i o obtained by operating a t a suffici­

ently high tempera ture that a favourable equilibrium is estab­

li shed between residual gas ads orpt ion and re-evaporation, also 

to the ratE: of i Oll bombardment dam8.ge to the tip and its repa r 

by mobile sU.rface atoms of t ungsten. 

UnfortunateJ y p surface mobility :Lncrease8 YeT'Y :capi.dl y ,d t h 

tem~erature and brings with it problemo of stabilizing the 

emitter eeornctry. 'riW opposing effects arc present 9 namely blunt~ 

ing of the cmi tt e r due to surfacc t cnsion f and. emi tter buiJ.d~up 

due to the electrostati.c field. Dyke et al. (1960 ) have invest:l. ­

f,Rted t1.0f38 effects tn detail v ana under certain conditions t hey 

11)8.Y be 8.Y'ranp-ecl to exactly balm1cG . 'rhu.s enabling stabl e T-F 

opeTat:Lon a t over 2000K. HO'i-'le"ITer 9 und8T normal COJ1di tions t he 

pres6nce of an electric field l arge enough t o draw T- F emission 

is sufficient for build-up effects to predominate. ~'hus 9 the 

operating temperature should be as low as possiblc cons istent 

wIth maintaining a clean emitter. 

In pract :.i. ce 9 an operatir g tCinpe:::cature of l800l( (uncorrected ) 

has heen found Dat:i.sfactory 9 and stable opera tion has b(~en achieved 

~-' ------------------------------~I 
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for periods of several hours with many different emitters . The 

stabil ity of this emission i s illustrated in Fig . 403? which is 

directly comparable \lith Fig. 4.1 for cold field emission. 

The maximum pressure U11o.e1' ~ic-h T-F emission may be dr-a\m 

depends on many factors inc"Juding the toleraU .0 emiss ion current 

variat ions and the o) srating t cmperatur~ •. In practice it has 

beel'l found to be very dif:!:':~cult t o ma i ntain T- F emission at IGOOT{ 

- G at pressures higher than 10 torr ~ wld at this pressure the 

emission current under cons t ant voltaGe condiJdon .. suffere:d 1"a11-

dom ariations of t ypically ± 10%. Thj:3 pr6ssure must therefore 

be - aken as the vTOret under 1tlhich a !j'-F emitter may be satisfac~ 

torily opcr::ltcd. . 

The Fmll provides an id eal nvironment for perior mtng En~:per'i~ 

mer/GS 9 8.S a l arge 8.nlOun t of visual infor nw.tion ls ava:Llaljle f r-om 

the emission pattern. Thus v as described above , it is relatively 

stra i ghtforv.ra:rd to se t up T ~,F 01 eration by observ-at i on of the 

patt er n . However s in a practical appllcRt ion, i t is very un-

l :i_k e ly that it '\o{ould b e possible to observe the emi ss ioI patter n 

Oi.TGctJy p aun. f:3.1t81'YW.ti ve rne aX1S of f:let;ting up t he T r~F emis s ion 

mocle \Tere:: developed. 

At first it was hopeJ that it would be possille to make 

end. d;ers rc!y!.:-o,tucibly 9 so th a t their t ernperature could be set by 

reforence to the heat~r curr nt, as is common practice with t her-

mionic electron microscope hairpin fil aments. It was somewhat 

GU)'l)risirl{"'; therefo re 1vuen emitters operating in the reg ion of 

IBOOK sbo\·wd t emperature vari at ions of ± 10% for th(~ s ame heater 

current. HOl1e~er. t he the rmal losses a t the tip are l arge l y due 

to radiat. ion ( pr portiona1 t o ~J:' t.t ) 80 lihat smaller yari ations of 
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tempe:catu.res occur for therrnionic emiss:lon at typ" ca1ly 2 ~ 700K. 

The tcmp8~ature of emitt ers may? however, be set very accu­

rat ely by obscrvation of the emission current/volt~ge charactor-

isticf3. The plot shOi·rn i.n FiG. J .1 r. fo:(' a T-F dioo.0 9 differs 

from the simi.lia r FE plot by the existence of P.l. small, almost con~ 

st 8.nt emission current 8.t Im[ applied Yoltages. '.rhis plateau is 

due to therl'lioni c emission from the relat:Lvely large bulk of the 

suppor t filament. The emission dens ity is ill the region of 

2 lA/m and giv·es 8 . th ermiorlic eurI'er.~t of a fevT rnicToamps for the 

ernitte~ geometry used. It:s a sensiti~e flD1ction of temperature, 

thus thi s Iilay be set by applying abou.t 500 volts to the diode 

and j.ncreasing the heater current to give a thermionic current 

of typicallY ·)]lA . 

When thB applied voltage is further inc reased the surface 

field at the tip becomes sufficient for tWlnelling to take place, 

and the s teep rise in the emission current occurs with the simul-

t aneous appearance of the emission pattern on the screen. These 

effects are characteristic of emission by electron tllunelling. 

An imoortant feature of the T- F emission mode is the marked 

var iation in stability of indj.vidual crysta l faces~ a~ jurlged 

from the Gnjj. s~)ion pattern. 

a ) The most stable crystal f ace with a l arge emiss ion current 

densi ty:L8 (Ill), 'rhis is l argely as expected due to the high 

degrEH:~ of s:>IlT!!'l1c try of the o:cientat ion r rt-,l a tively close packing 

and. h ence high bind h1g energy of the surface structure. 

b ) Some f aces, pa rticularly those in the r egion of the (Ill) 

f1:'we 9 ar'pC8.l' and d ir:>3.ppe8J' from the emiSl::l :i.on pattern in a ral1dom 

manna):' . 
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c ) Under poor VRCilllm condit ions adSolption occurs on the 

(100 ) face ~ this may be l imited a s di scussed above by raising tIle 

emi tter t emperatu re. Hm"eV8 J~ 9 undey' adv ers e va c'tJ.um conditlorw 

emission from thi s face may become very i ntense and errat lc 9 and 

cause emitter destrtu; -c:i.on. 

Th(~8e observat · ons~ which relate to macroscopie variat ions 

in the emiss ion pat t ern p will be supplement ed in section 4.5 with 

measur ements of emissi on fro m selected crys t a l f aces. Such mea-

surements are relevant from the point of vie'i'( of t he nO:; .. se 14hich 

,,,ould. be introduced i nto an electron bean{ generated by a fr~F 

source. 

From practical COt siderr-:l.tions of u s ing fi e l d Grllission e l (:')(> 

tron SOUl' c es in electron. optics? the diode configuration so f rlJ' 

cO'J1S idel'ecl has distinc t disa dvantages 0 These stem from t he :i n t 8r~ 

d snendence of emitter radius 9 emis s ion current and the operating 

volt age . (1.e a lly 9 a field emis.Jion gtm is req'lic'3 cl 1.,!h:i..ch is (; Q.p.~ 

aLle of operating at any volt age suited to the applicat ion 9 and 

i1. 1ilhich the emi..::>siOl1 CUfl."Cnt may be varied indspem.d ently. 

This has been achieved, at l eaJ t partially, by th e deve l op-

m811t of the t J'iol'i.c f,un configtll.' f.~tion sho;.o.)YJ in Fig . 4.4. It 

diffe rs from '\:;h2 diode by the inclusion of an acldl iional elec~ 

troc1 e which performs tho f unctj.on of a control gri d. Al though 

the dN.:d gJ:) of the gd.d ·,'18.8 gOV'8 1'ned l a l'g01:-r b y pra0. tica l mecha ili -

face closo to that of a diode equipot ent i nl in order to minimise 

'J1he {!,Y'icl vlas COllDtx' tJ.c-t:ecl of stai1J .. c ss stee l and mou n t ed 
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d l 'cectly onto the tunesten l ead thr oughEI of the gla~::'ls insula ·',or- . 

Sufficient clea:['anc8~) vTere alloHed to pe rrni t a lignment of the 

grid vd th r .spect to t~1.e axis of an emi'vter tip by manual del just-

ment 9 when it was clampe d into position by its fixing screws. 

In prac tice the h e i ght of the fi lament tip with respect to 

(a) - 2 '7 kV (b) -4 kV (c) - 5 kV the exit plane of the grid was found to have l ittle effect on 

the perfo:nnanc e. Thus the t i p "TaS no rmally adjuDted to b e the 

exit plane of . the grid 9 and thls position could b e easily and 

accurat e ly set . 

The grid control character i Gtics were conveniont ly produced 

(d) -6kV (e) -7 kV (f) - 8 kV in practice by moni to r ing the grid voltage using a potentia l 

di ,rider. Typica l current / voltage variation ib shO'lm in Fig. 4.5 

w1 th the emiss ion pa tterns corr'esponding to the emitter TJot efl-

tials indi.ca t ed and 1 0 Jl.A emi~jsiol1. 

Characterjs tic s may be compared wi·th these of t he diode 

Over the range of 01 t agt.s lnv(')stiea.t ed p emission 

was established with the grid 2 3kV positive with respect to the 
(g) -9 kV (h) -10 kV 

emitter
9 

Rnd this varied only s lightly with variation of the 
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overall gun vol t age" . 
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vii t11 an estimat e d accura~y of ± 107~. 

Fig 4.5 Field Emission in the Triode System 
~rhe effects of v~lrying the ove:ca ll gu.n voltage on emission 

patte~n can also b e seen in Fig. 4. 6. 
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a ) The sj.ze of th e pa tte r n i s reduced as voltage i s i ncreased. 

Gomer ( 1961)9 has reported that in a typica l diode configuration 

the emission pattern is compressed to approximately 2/3 of its 

theoretical size. This effect iD dUG entire ly to differences in 

the actua l p.lectric fi elds and t hE; idea l cas e of spheri.cal sym-

metry about the tip. In the triode operqting at higher voltages 

the axial co' ponent of eJ.ectric field is el hanced,lcading to 

additiona l pa tter n compression. 

b ) Brightnef3s of the pattern increased "Tith volt8ge due to 

higher phosphor efficiency . 

c ) The definition in. the emi r-s ion pattern 18 considerably' 

improved and considerable extra d"'tail becom0s aV8.ilal')le at 

higher volt a ..,es. This is important as it indica tes tha t the 

emitter surface is being imaged at higher resolut ions, and cun~ 

sequently the t r iode structure is not introducing sev'E-~re ab8rra<~ 

tions into the system. 

'rhese properties of the triod e stI'l.Icture sug~test applications 

in the fields of conventional Field Emission lYIicro8cuPY w'})ere th e 

imnr o\l'ca ·tesolution theoretically o·bt.a.inable "deh highe :!.' 'Voltage 

operation tti0uld b e ad\l'3.utageous. 11.1 00, the p08sihili ty of im~ 

proving l:L~ht yield at 1 :t~h e_. V'ol.tages could be very useful in 

Field Ion Micro8coPY. The use of a s i milar sys tem h ~8 been re -

por t ed in the literature by Garber (1959 ) with the additional 

facility for th e image gas to be introduc ed inside the grid, so 

i.ncreas ing ion yields \<1'h11e a t the Same ttme ma inta in ' ng an ad<=:-

quate ly higb yacuum in the imaging region. 

Beha'Viour 1n T- F missj.on mode is 0::.1 ent ially simils.T to t11 e 

coJ.cl field emission. This may be seen fI'om 1"1[1;. 4.6 9 which sbo'lls 

-
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T-F emission ch~.l.racted.stics for comparir'on 1v:i.th Fig. 4.5. 

The characteristics differ from the field emission case in 

a similar manner to the diode, with the addition of ~rrent at 

lO,\<T field s vhich has been atJcribui.;erJ to thermi onic emission from 

the support and hea·ting filament. This is further justified by 

measurements of grid and anode currents seprlrately 9 \fhen nearly 

all of tl'l8 th~~rm j on1c currcnt passes to tbe grid, and vr:r~{ 11ttle 

to the anode. At hi.gher fields on the s t eeper pa.rts of the 

characterls tic8 almost; a ll of the eUTrant flo'\.·1s to the anode 9 and 

l:l ttle extr8. to the gr:Ld. Indeed 9 the al'lode curren t charactel"':i.s-

tics would be very similar to thos e with cold field emission. 

Extl"'cmely interesting patterns 1'8su1 t from tbe presence of 

the two types of emission. This is illustrated in Fig. 4.7~ in 

"'hich the opera t:i.np; )Jo:ints may b e ".dentified dircc'"ly I'LL th C1.n"V'e 

( 0 ) of Fig. 4.6. The surface field incre~8es as the n egat ive 

~rid voltage is reduced. 

At the 10 ~'lep,t surface f1 81d8 ( top left of Fig. 4.7 ) the 

mniss:i on can onl y be therro:Loni c.: a1 d :i.n fact, tl1 e emis~lion pattern 

is f ormed after a crO SSOVC1' . Thio becomes apparent as th e field 

i 8 l11cre::J.s ed ,<l h 0n th,,; crossover unfolds. At tLe high8s t fieldG 

the no rmD.1 T-l" nmisGion patterns elJlerges as t he bright bands 

'to\<fardEl the ed.gc;' of the pat tern 81s0 pl~esent \v·.:_th the diode ~. 

Fig. 1.47. Thnse may be attributed to therlllionic emj s}3ion from 

the hase or sides of the emitter tip. 

8umably due to Sch '. ttky enhanced thermion~cemission from the tip. 

'rhi s ''10111(l c}:phl.in the sl'Lght 'but stcac'y increase of the thermio~ 

nie emission '.d.th field 1n the t ·. iTI[)·:::re.h.n<>G lil11i tec1 . cc,nditions 0 

In Vi(~:\'T of 'chc:sG eXPl':l'imcmts cons::l.d~l~8.blG doubt must exist con-

ea rning t he pOGs:l.hl11-ty of opera.ting point.d emitters in the 
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T-F emission ch~1.ractel'ist;ics for comparison 1v:i.th Fig . 4.50 

The characteristics differ from the field emission case in 

a similar manner to tl e diode ~ idth the addition of current at 

l ow fi elds "hich has been at t ributed to thermionic emiss ion f rom 

the support and heating filament. This is further justified by 

mS8.surements of grid and anod e currents s e pa rately 9 i{h en nearly 

all of tl'18 tl'l.GI'!Td onic cUY'rcnt passE,s to the grid, and v?-ry little 

to the anode. At hi~ ler fi elds on the steeper parts of the 

characte r:i.s tic FJ a lmost all of the current flO\'lS to the anode 9 and 
, 

little extrll to t he grid. Ind eed 9 the anode curren t charactel":i.s-

tics Dould be very similar to those with cold field emissiono 

Ext remely interes ting pa tt erns re sult from the presence of 

the two types of emission. Thi s is i llust rated in Fig. 4.7 p in 

which the o~erating pOints may be identified directly with curve 

( e ) of Fig. 4.6. The surface field increqses as the negative 

~rid voltage is reduced. 

At the lowest surface fi elds ( top left of Fig. 4.7 ) the 

emiss:t on can only be therrnionic: a1 d :in fact ~ the emir.;s ion patt e-" n 

is f ormed after a c:r08SOVC1' . Thin b ecomes apparent as the field 

i 8 lucreas ed ,.) hen th(; er0880ver unfo lds . At the h:' gnes t fieldG 

the nor mr;,l T~F (-~ roission pa tterns .lllerg88 as the bJ"i ght bands 

tO\l[ardEl tIll'? edge:' of the pat te rn 8 1s o pr'esent \v.:_t.h the diod e ~. 

}i'ig . 1 oi 7 . These may be attributed to ~.:;herllliolJ:Lc emiS}3ion f:r-om 

the base or 3· . ~es of the emitter tip. 

The bri[ht~ ax i a l emiss ion evident at moderate fields is 01'0-

8UJ118,b1.y due to Selll. ttky enh al1Cecl thl'3Tmion-' c · emiss ion from the tip . 

'rhi s Houl(l oxphd.n the slight but s t c{1cly incr(Jas e of the thermio-

cOI~ing t he possihility of operating pointed emitters in the 
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Scho ttky enh~nc ed thc~nionic mode with negat ively biassed grids , 

or ~3.t tempera.tures much in excess of 20000 K v-lhen the rmionic 

emiss i on ~'iOuld lead to excessive emiFl s ion current s and rapid 

emitter blunting . 

The li.fe time of a field emitter is the time f or ~'lhich emission 

ma y be clnnm before the emitt e :r needs t o be fla s b ed in order t o 

repa ir the effects of ion bombardment damage • 

. Previous reported i'fOrk on measurements of Gin " tter l ives by 

Dyke f:lnd Dolan (1956 ) ha s been conce r ned entirely wi t h ext ending 

t h e l ifetime by impro'lfing operating concli tions. 'rhus pres sures 

used were cons iderably better than 10-gtol~r9 ,,;hich rc prc; sents 

apnroximately the best vacunm I"hlch could be obta ined in a rf~ ad:Lly 

demaunt able instrument usirig a fie l d emis s i on gun. 

Operatlrlp; pressures d Oi'ffi to a bout 2 x lO l Oto r r could 

be obta i ned in the FE1VI . For the purposes of experiment s the se 

c ould b e d e libe~at ely worsened by l eaking ga s into the sys tem. 

Press ures up to lO- 7 torr have b een pr oduc ed in t his c ontrolled 

ma nn er fO'c tIle o:;..: periments de scribed be l ou. 

Vlhen operated under c onst ant voltage c oncH tions 9 the emis:::;ion 

current of a field emiss i on diode or t riodc shows conside able 

ariations as shown schemati caJly i n Fig. 4.8 (a ) .Results of this 

kin~ ~re not reqd jly g iven a meaningful interpret ~tion. The 

init ial current is high and ill def i ned 9 also it provides l i ttle 

u Ejefu l guide to the sub seque nt minimum emission cU.rrent p making 

controlled cxperimento difficult to set up c TOi·:al"'ds the end of 

th e emitter litet i me 9 ion bombardment damage becomes severe and 
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current increases rapidly 9 v.'hich if allo,\1ed to continue ,voll1d 

re sult in tot~l dest~lction of the emitter tip. 

It was neces sary therefore to define the emitter l ife time 

in a 'l>lay yrhich a llo 'led controlled expcr: menta to be c a,rrie c1 out. 

An experimel t a l me thod was developed which proved satisfactory 

and gave re 'pr oductble resultsp it is :illustrated in Fig. 4.8(t) . 

For examlle~ it i s intended to dete rmine the lifetil e of an 

emitter at emiss ion current I. The current is initially s et at 

this l evel which is ma inta ined by increasin~ sl ' ghtJ,y th e emitter 

voltage (or grid volta~e in the case of . triodo operation). Wh en, 

however 9 the emission current starts to increas e due to the cumu-

l a tive effects of ion bombardment no fur ther al tEll"at l on of the 

conditions is madc. The period of uGeful erniszion 9 or l ii'ei:ime 

is thus d efi.ned arbi tJ"arily as tho time taltcn for the emission 

current to increase to 50% higher tlu:n1 its set min" rmIlD l eve l 0 ~:h0 

emission is then stopped before the emitter is des t r oyed . 

Some enrly ex periment s 1mre perfo rmed to dot e : 'm i rw vrhether 

lifet:l11'lp. ,,,ould vary signi:['icantl y in the trioc1e system as the 

operating voltage was increased from the inherent diode o~erating 

The results were obtained for 100 J1A emi as ion current and 

are shown in Fig . 4.90 In order to reduce lifetimes to praotical 

levels \'Ir' lcll perm:1.t'\',ed 11 numbel' of EJ xpeJ'''imen,t s to be car'ricd out f 

the pressure was increased to apPloximately 2 x 10-8torr using 

the leak valve . Unfortun~tely. the mass spectrome t er was not 

avaj.l ab l e Ht thi s stage and pressure monitoring r .:) lied OTl the pump 

cont ro l gauge and a Bayard- Alpert gauge ubich usually differed by 

a fa~t;o:L' of th i~co in their l"8aclings ~ thus an average value '\Ja9 
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talcen to set the Ill· "ssu.re . The ma ss spec ·J_·ometer , .. a s latc~ :(' 1m ed 

to measure preS8ure 9 ",hen '1 t . vm3 found, tha t 18.rge variations in 

the residual gas l evels were possible using t he set ting p tech-

n:1.ques d(~scribed abov'e. Thus there were large r var:Lations in the 

opera ting concli tioLls in t his initial expe:;:-:Lment than ,.,ere achieved 

in later experiments. 

On the D8Sisof the r esult c- ShOwi.l ,ie can t herefore e m .c lude 

only th~t there is no appreciable change of lifetime with opera-

ti.ng volta ge over the range c onsicl ered p though there is evia. el:1cp. 

of Cl. slight trend towards shortc~{' l ives a t h i.gher voltages. 

Experiments were carried out to mA~3ure lifetirnos urder con -

Cl itions of. raryingemission curr'ent and operating pressure < ~r t'8 

e xperiments r<:Jcorded here were cond ucted a t 5. OkV ·Ni th the tl'iod e 

geometry. The tota l pressure nas rne&'urcd d ring operat ion using 

the mass spectrome-lIer by' l::1Umming the pa rt· a1 prc ssu:ces of resi·· 

dual gases. 

Re sult s are plotted in Fig o 4.10 5 and show tha t great er 11fe-

times are acll ioved at lower omiss ion current s , and IOHer operating 

p~ ssures . In order to be able to operate for ~vGral hours with­

out fla ohing emitters , pressures in t he region of 1 x 10- 9torr 

must be obtained ~ and emission ur:('ents mu.s t be l im:Lted to a hout 

20 pA. 

On the bas i.s of the rCEmlt s the follouing empirica l I'elat i on-· 

8h- P las derived for the variation of life time with both emission 

current a nd t otal pres sure: 

L = 

where L i.s lifctime in El8conds 9 P is pn:; [-;sure in, torr 9 and I the · 

current in ,mps . 
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h4-. ..1._J~t 0 r~ __ FJ:f. 8,9 t .in ,~_I~.if.~,-t i HI (~ 

The empirica l ~clationship derived above do es not lend itself 

to any ohyious quantitative theoretical explanation for the vC:I . .ri­

atJon of lifetimes. Since emitter dam312;e is caused by ion bomb ­

ardment or r~rn.1'l;te1.~i1:1G9 i.t is a reasonable assumption that the 

l ifetime is de~ermined by the removal of a given fraction of 

emi tier ti p a:toTIls, '>.Ihich Hou1d be ubstantially independent o:f' 

the rate of removal. 

rrhis aSSUl ption is SLl.pported qualitatively by the resul tf3 

given in Fig. 4- .10 p whi.ch sho\., that inc:r:-cased emission currents 

and in.creased operaJcing pref~su:r:'e, "Jhich both increase rate.j of' ion 

bombardrnent,also reduce lifetime. To a J.esser extent, operation 

at higb.er vol tages 9 ",hich tends to increase ['!puttering yields, pro­

duces 8,S a slight reduction of life t imes as sh01'tn in Fig. 4.90 

Fur her experimen t al evidence corneD from the o~servation that 

life time 1l"le-a~.'iu.rements carried out sirnu1tan(~ou.sly S' and under very 

sil"i"d1a:r- va ;UU'li oondi tioTIs 9 sh01ITed an approximately reciproca l 

Y.'elatioY1sh:'}) h e-cr,.reen l.:Lfet ime and. emisrdon curJ.'-ont 0 

In orde1""' to :l.mrestigate more fully the mechani.::,ms det ermin­

ing emi·ttet l:i.fetimes p cm attempt uas made to take into account 

t he sputt3Ting rates of the components of the residual gaBDs v}lich 

11'ere p:r.efwnt \-ihen the: recuJts :3hom'l. 1n Fir: c 4. .10 ~'{e:ce obtained. 

A la~cc;e n1.i.mbc~r of .xperimental measurements of oputtel"ing 

:-atc8 118:V0 be en collect ed together in an artic l e by Mt:ti.ssel (196G ) t 

ann. uhe:c8 neC888('l,I'Y these 1"r.;su J 1;~j h8."',rc-; been ext)'s.polated for 

o)J8r atJ ft3 . at 5kV . Add:1. Giona11Y9 as [). simple Ch8(:k, a classicr,.l 

moo e1 of 8pu.t·;Jering llas been considel"'ed based on a calculation of 

the enerc(y :i.r~JP :).rLed to stationary tungsten atoms by mov'ing ions 

of diffe:rin~ masses. The VahH)S obtained by the t uo methods 

were in good agr eemert. 



Unfortunatelyp there was little or no impr ovemen t in the 

corY' latiol between th~ measured re sults and operating conditions 

"Jitll the sputtering corrGctions i.nc] ud eel. 

The ab ove consi.derations have not t a ken into account the 

follov;ing t lnne e i mpor t an t f act ors : 

a ) Equilihriu.m levels of adsorbed res tdnal gas atoms on the 

anode surface, which wil l d epend on t he na tur e of the anode and 

the constituents of the residual gas . 

b ) '1'he proba.bility of c: reating an ion by electron collision 

on the anode surfa ce which 1'ril1 again d epend on the ac vua l gas 

atoms . 

c ) Tra jectories followed by the ions in their bomba rdmtnt of 

the em:i.tter 9 Hhich vd ll d epend a gain on the ma.ss of ion . 

Eaeh of tho above ~T01).ld be very difficult to assess quanti. ­

t a tivelY9 and hence would add lit tle to the value of the results 

even if su ch a c nrplex an8Jy . ..>:i.s ~'lere po ss~.ble. rrhe 8xperir<lents 

l"'enorted Vl,re carried out in a vride range of v acuum conditions 

'I-rhich are t ypical of t ho se "<Thi.ch vrould be found in a practical 

application. The reader is therefore referred to Fig . 4.10 dire c­

tly fo r an cH.1 J ,il'nate of emt tt e r l i fetime u.ncler partiCl-1Iar opera­

ting eondltionfi o 

.i!.. r~ , .11~£?y.}.:~~r::lf1i[L9LJ21I1l~~io1LN()isQ.....3..l}j S,t ah;il~t.Y 

'1'11e d Y'lA.m:i. c effe·c"tg of gas Cl.df:'o)':pti.Ol:1 a nd inn bomb("l.T'<'tment 

taking p18.c'3 on the surfa ce of a fie l d emitter cause contit.:tJ.ous 

v eriation3 in the eJ.ectron omisc ion eurrcnt. Those variati nu , 

ma y be conf.~idered as emi.ss ion noiGe p and in a prac tica l nppl:ic.:8..~ 

tion ivould :("osi.l.l t in. noise on the e lec t r on be am. 
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mon it or ing the amissio} current, nnd by observing the emission 

pattern using a vhotoruultipl i er. Direct mOl i t or ing of the emi~-

SiOll curren; ha s the advantage th a t i t is very simple 9 but is 

l imit ed to the bandwidth of t he recorder~ d.e. to 50Hz approxi-

mately . Observation of the emission pattern hy- means of tb,s 

photomultl pJ i()l" if: 08pab1e of a h igh bartdwidth, in this CB-se 

ap-Pl'oximately 5 0kHz~ l imited by the 8C1'8en phosphor res})onse. 

Also , i t has the advantage that the screen may be masked off so 

t ha t only the intensity due t o a small area on t he screen is monl-

tared , thus relative v~rformn.nces of in~ j. Y:Ldual crys t a l fac es may 

be compaI'E,d 0 

Usinr; tb e photoIDultiplier '.echnique to observe emis.,;) Ni" ·the 

output cu.'rrent · ... ,YHS fed directly to a 'VlD.,ve anal yser. r.I'he results 

of exueliments performed a t 5. 0kV in a pre ssure of 1 x 10 9torr 

are shOlm in :Fig. 4.11 as a plot of spectra l noise densit/ p 8 n. ( :f ) f 

f er Ya r:i. o1..J.s ern1ssi oD. cur:centsr and normal ized to a mean ignal 

l eve l of one volt . 

I t may be soen t ha t for fr E.quenciei::l above 10Hz t hEn's F8- S 

little varintion witll erniss J.on current , and t he noi.e voltage 

sh01ved a v8.ri;:~.tioI1 \d.th frequency d e8c1'" b ed appr oxllf1a t e l y by: 

e Cr) n 
:::: 

We may t herefo re c a lcula t e the rms noise vo l tage 9 E, due to 

frequencies high er' than 50Hz Hhich ",'Quld not be included if the 

I 

I 

J 



whence E 6 - 4 1 x 10 volts 

'fIds contributio)J, is ,;;,0 small th t it VTO"Llld not be detectable on 

the recorder, which wcrrtld show typically 5% peak to peak noise 

under these condi t ions ~ and. th ,refoY"G ",ould g:' ve a t:cl.l..e represGn-

tation of the emission no'se. 

An interesting feature of tll - results shown in Fig. 4.11 is 

that only for V' ry lov' frequencies. le. les3 than 10Hz . ts there 

any systematic increase in noise with increasing 810is8ion current. 

This is to be expected for noise resulting from ion bombardment 

of the emitter. 

Adsorption and dcsorption of r esidua l gas noleculss from the 

emitter surface will also contribute to the emission noise, 

However 9 this effect depends only on the levels of r esidual gales 

in the microscope and so ·Hill be subr:ltantially independ.ent of 

mission current. 

We arrive, therefore 9 at the rather surprising conclusior 

tha t i Oll bombardment is a very 10H f requency event under these 

opera ting condj.tions. 

It is possible to lake an estimate of the maxim\JJn :cate of 

ion borr,b8.:rdJi'1r:Hlt of the em:i tter tip9 by treating the anoo.e a8 a 

source of ior~o and using the co_~ser rati on of l")rigl1tness. 

For operation \'Jith 100,p.A total emission at 5kV 9 a pressu re 
,.~ J 0 _ 

rise of 2 x 10 .. torr cturin~ emis~ion would be typical . 1he ion 

})illnp on the FEJVI ~;as rated. at 601/ [lE-a and tllif~ "therefore represento 

a totaJ. ]'ate of deBorpti in f:com the anode undel" the influence of 

electron boml)ardment of: 

60 . x 

')') 

x 22 2.7 x 10 

vrhere 2.7 x 10'- ' i s th e number of molecules of a gas in one l:i.tr, 

at N.T.P. 
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Redhead (1970 ) has reported some cxperimertal moasurements 

of ionization. and clesorption c roBG·~section fo r some adsorbed gas 

systems in connec tion id th the op~ration of ioni:;'::8ot ion gauges y in 

lili~ ch eloctrodes are bombard cl by e l ectrons with enorg_9s of 

apDroxj.nla-cely 200eV. 'l'he meaSUl"'8ment s shoH tl at the f ormation of 

one ion fo r erery 50 neutral atoms or molecules desorbed,is t ypical. 

The :Lon ena . 'gios range over about 10eV 0 

'r nk lng t 18 f i gures gi-ven above , we may a lcula t e the br i eht-

n eBS of ion source after ac elerat ion to the emitt er po ent ~ al of 

5kV. For an ef:fect ~· ve al'l.Ode rE d:i us of 50mm 7 the bri.ghtnes s f Br 

is g iven by 

B x 

ions / S8c/tQ2 / 81"'. 

The max.··.r,ytJ.m f1uli of ions 9 n ~ v11,)1ch can b e conc entrated i.n·Go 

t he area of the emitter tip, A, by a n idea l focus'ng field i s 

giv n by the conserva tion of b:t'ightDF;ss: 

1'1 :: B A • .rL 

where .Q ls th e solid angle subt end.e el at t he emi t-tcr surface equal 

to 2\1 81'. I hus fot' an emitter rad i s of. 100nl 

1"1 1.7 ' r ] 014 
.f> _ 

'"7 2 
\T ( 1 :x; 10'" ) 

w·hence n := 3'3 ion s / sec. 

x 2 1 

re sults of Fig . 4.10 which 011gge~t rqtep of a bou t 5 ions/sec. 

fi e} Cl. emission' fo r 0 11t: h a lf it s estimat ed lifet~.me 8t lOO J'-~bl' cd: 
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5lcV 9 in El pressure of 1.0 x 10-9torr • I~es1J.lt s shoHing emission 

noise as a funct~Lon of emiss ion curl'ent at the same voltaGe and 

pressure are given in Pig. 4.12 9 both for the aged emitter and 

for the same emitter immediately after reflashi.ng. 

As may be seen the emission noise has increased by a factor 

of about four times with the aging process. It is surmized that 

as a Tcsul t of eV.rnulati e damage f areas of the surface have becOJ:Ll.8 

rough causing enhanced local fields. This leads not only to en-

hanc e rl loca l emission but also to the increased probability of 

ion bombardment in these areas, the combined effects tending to 

increase the emission noise. 

The plots 8ho\'11:1 in · Fig. 4- .13 are typ:.tcal of noise vDl'ic.tions 

Hith temperature for elnission at 100 jVJl. p 5kV in a tota l prc8sul"C 

of 1 x 10- 9torr • In tb.e figure both to-(;C'l.l emi salon ~ and em:; 88ien 

from the (Ill ) face only are considered. 

It is not until the t emperature approaches that necessary 

for T·~F emission that significant changes occur . The rapid 111-

creasu in noise on the total emiss ion coincides with increased 

brightness of the (100 ) face due to adsorbed oxygen. At similar 

t emperatures the (1-1 ) face exhibit s sudden changes in noise level~ 

~1ich are a lmost certainly associated with residual gas desorpt ion 

and emitter geometry changes with the onset of T- F emission. 

It is cl1a1'8otel~i8tic of 'r=F emission that the noise levels 

are almost independent of operating pressure. 

Measuroments of erniosion noise have been made OVGr a wide 

ran~e of operating pressures and omission currents. The results 
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are presented in Fig. 4,14 for total mission. and for emiDs}on 

from the (Ill ) nnd ( ~10 ) faces. 

As may be expected with thj,s type of experiment there is con-· 

siderable variation between measurements taken in apparently s'mi-

lar conditions. As a result it is possible only to give an apnrox-

imatevalue for the cmiasioh noise to be expected under givBn 

operating conditions. 

For lowes t nois e operation in a microscope operating in good 

vacuum coml! tions (10- 9torr ) tJ e (310 ) orientation has 101"'81" noiSe 

levels than the (111 ) orientati,on. However, a peak-to-peak noi se 

level of approximately 10% (4% Y1l'lS ) must be toleratecl. 

Generally, the noise increases with increasin~ operating 

pressure, though it does not appear that at very high pr~GSUre8 

( IO-TeorT ) the noise reduces, Thji-J effect i f3 almost certa:inl;,l' 

anomolous as thd frequency of ion bombard me t must i ncrease with 

pr SS'll'.t8 ~ and w'ould tl us have been outside t he b:::il1u.'.ddth of tYle 

record e:r' • 

The pulse generator used is described in the previous chapter. 

P, IDes of I.ClkV 8.llpli.bJde vlere ~J.,pplied to the cant . 01 g:d.d of the 

tY'iocle field em' SS iOl gun • 

Operation in the pulsed mode did not differ signifiCantly 

from normald.co conditions. ~lJses were applied to the grid and 

the positive bias i ncreased until emission was estab],·shed. 

i<;mission natterns Fere as obtain,ed unde r d. c. operating condit ions < 

tuna ' e].y not quite large enought to t ake emitters from cut-off 

into high emjssion leveJ.s. For a duty cycle of Ool~ and ean 
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emission current of 100 JtA~ there 'Vlcmld be a d.e. stanriing emis-J 

"'Jon CUl':r.'8nt of approximately 5 JIlt, Thu. s the l kV pulse Hould 

take the emission current flom 5 J ~A to ImA . 

Peak current lovels of an estiUlC'/ced lOmA have been achieved 

for 150ns dU1~ation pnlsef3 at 100kHz p givillg meEm emisoion levels 

of 200r~A, vlith a ,:>tanding d.e . cU ''I'cmt of appr'oxinatcly 50JAA. 

l~xpeTimento .... iBre normally pCl"' fo:1"l:1Gd in rela tively poor v'acua ' 

in order to reduco the li.fetime to mox"c pract i cal values 9 the 

p ressure bei.ng co(d"rolled by leair:iTlf, air:- into the sYStCiJ1. As 

exact experimental conditions .0uId 'lot be reproduced from day to 

cl ay? rne8.8Ur - rl1ents f lifetiII'H~ unc1c<t~ cl. C 0 operat Lnl': conc3 :l.tic:ns Her'f') 

made as a basis of comparis(n for the pulsed cxperime' ts, 

tb e mGaD emission c-o,1'1"o t , a.nd ov.ra11 acceJ..era ti.ng \l oltage 'i<iGTe 

k en'\; constant a t 50 p.A and 5 + OkV re c pecti-~oly. By keeping the 

duty' cycle constant at 0, 1 als o, the possibil:i. ty of effect8 due 

to emitter heating and variations in the on and off state electric 

fields waD prevon~nd. 

1"0 1:" coYn.ren:l(e>nen 9 measu ~d l:i.fet:l.rJies. ai'G presented's a rat:) 0 

of pul Dod lifetil7:tC to cl. c. lifetime 8.i; the 82),m -. moan cur . ont. 

The results are nlotted in Fig. 4.15, and it should be Doted that 

in tlle 0~Ge of eXD~riments which had to be stopped for practical 

roa.::ons \' the :lifetimes have 'b een taken as the I'111'l.ning times 

observed, and the ~oints ar~ marked with arrows. 

It is c1 ca:c tha t tho)'e is a significant eff c t for pulDe dln',3,~·- . 

ti.ons in the :cegioll o:f 1. C J1see 9 though. atteroPGb to :r-eproduc: e the 

cO)1aitioJ:1s l1(';COf3uary to obta in greatly enhanced Ilfeti;neo 1-ier-

not E~l "Jays S1)cCG8sful. 
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The most satisfactory explnnation for the observed expel'i~ 

18nta1 1)henomena in vol v,.,s a del icate balance of t wo factors: 

. 1) Ion tr8rlsi t times from the anode r ,>There they are genera-

ted,t0 the Jmitter are approximately J. JIsec. Thus 9 operating 

with pulsed emiss i on for 1 p sec 9 and then considerably reducing 

the fi eld a t the emitter has the effect of defocusing the ions 

and so reducing the ion bombardment damage. 

~) Ion decay times are appro~imately 10 J 1SCC - so t hat opera­

tjon at repGtition frequencies higher than 100kHz int r oducer' the 

possibil ity of severe bombardment by io~s generat ert during the 

previ ous pulse. Recovery times of hydrogen thyratrons ~ fo r 

example, aTe t ypically in the 10 Jlsec range, and may be reduced 

by negatively biass ing a suitable electrode to ac t as an ion 

collector . Tb (~ grid. of the FE triode lOuld perfC) rm thi s function, 

and be in~ hiph J.y negatj.ve could be expected to remove t he mucll 

lower 1011.s present in the system (up to mass 28 ) in the s ame 

order of time . 

Experiments were conducted to t est t hese hypoth eses: 

a ) OperatiOn with 1.0 Jlsec pulse s at 200k~z gave a lifet ime 

r at io of 1 0 5(i sho'~'ling little enhancement of 1ifet:' me p thus BUp-

porting ( 2 ) above. 

b ) Pulses of '3. () J WGC at 100l~Hz also gave a ratio of 1.56 

\>\Ihich doe s lot differ sJ.gn:tfic 3.nt ly Jrom eXTlerimental results at 

"iOkHz. Th:Ls 8unports (1 ) above lndicatil1,'?; that the repetition 

frequency hgs l.ittle etfeet when the 'ouls e duration is groater 

tbat 1 jls8e. 
'I 

Unfortunate lY9 time was not avail able to persua this i nvesti-

gatj on fu.rther. Hovrever 9 it ls clear that a signific!lnt enhance-· 

Mont of emittGT' lifetime is possible by Uf3 G of pulsed emission. 

Further eXN;riments are necessary to CS" ab l ish more precisely the 
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required operatinR parameters. 

~~NoiSSL."JlL>St ~:~?l li ty of Pttls(~g. Emi [~:(:d.0Yl 

Noise on pulsed 0fniss ion 8ho'\'1s a marked dependence on pulse 

dUl~ati.on. A series of experiments \VerG performed at 5. OkV under 

good vacuum c onditions of 9 x lO-lOtorrc. Emission nois8 Has 

measured under pulsed opera tion at 100kHz and \rarying pulse du,ra­

tions • Results are plotted in Pig 0 4.16 \. for fuean current l eye l s 

of 50 and 100 J1A. 

There is 3. vel~Y signi.ficant change in the noise levels a", 

pulse durat:Lons of about 400ns. For sJl'o't~i;er pulses the no ise is 

p;reatly reduced. 

It was first thouaht tha t this offect might bo due to rOf3 s~ 

ti VG hea ting Ol:' the emitter under' the very high peak current con­

ditions. However, no sign of th's effect was obs erved , either 

br directl.y yiewing tho emitter through the pyrometer tele.cope, 

or from chances in the emission pattern. If the mechanism for 

tLe lO:1.S8 reduction ~'las due to h eating of the; emitter r -[;hi0> cou.ld. 

only be brought about by the establishment of T-1i' operating COL'\.-

eli tions f vlhen the emission pattern vT011ld have sho'rln marked 

changes tynical of T-I" operat ion. Howevel" ~ no such changes to 

the emission pattern occurred. 

It 18 mOf,t probabl e tll at 'the notse reduction COYTeL,ponds -Co 

a reduction :in level of ion bombardment of the emii,ter. This 

sunnorts tl1e explan a tions of l:lfetillle enhancement for Gfwrt pu.lses 9 

and suggests that ion bombardment is subs tantially reduced for 

pulse durations of 300ns or les8. 

4 • ·LC<ln.Qlur;t(~l2.s 

Th e results obta ined from the PEFI have demon s t:ca"ted its US8 

I 

I 
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no t only fol" developing and understanding the b8.si(! techniques of 

ope:catino; field end.tters 9 but; also as a versatile test bcmch fo r 

more fundamental experiments to examine the t riod e system p omis-

sion noise and emitter ' lifet ime p rud the effects of pulsing. The 

principJ 0 advanb::l,ges of the instru.l.!lont vmre derived :from the 

ab~.l:L '~y both to operate in controJ J ec1 UHV 0ondl-tions and to see 

the emir-,sion pattern. All but rcry feH of the experiments ,.,ould 

h aYG be en impo~3Gi ble in the optica l colunm. 

TOHards electron optical applications ~ . ,echniques have been 

deviseri hoth for flashing emitters 9 and. for est.ab] ishing T~li' 

el1Li.s~::d.on diTectl y :from the eurl'cm [; / voltago ehaJ'aet(3l" '.s ties of 

emitters, Vr i.}lO It th c') need to i'irr.:;t observe their emission pa:tt()]'n':J 

in the FEMQ Also the triode @Ul geometry ha. been developed? 

a llovring eontr'ol of emission current and of operatin J.; vo1taec 

which are nuhstantially independent. 

T'basureJilents of emi t t(:n~ 11fet:i mes anc1 cro:i.s s i "n noise have 

l\(:;;en made over et win.e Y'~Elge of opcrattng eoncli tioDS 7 and r:lay bo 

~sed to Dre ' iet these par-ame·tors in fu ture design0 of field er is-

sion {<;u.ns. ID p8.y'ticu.lar F: g . 4.10 gi VCf" the expected lii·e'::.ime~5 

an1 FiB_ ~.l~ the noise levels. 

l"roffi the rcp;ultG 9 hro modes of o:peration ap tJ<'tr pl"ornis:.i..ng 

from -Lhe point of viOl" of lcmg. l' f(-;timGs and 10\1 levels of emis--

s:i. on noi~~(? ~ 

a ) C o~ld fiold emission in a vacuum 1.-.... p to 

about 20 p A elljission eur1'ent. Thc:co is :Little rGlati VG advantage 

from eithor (1)1 ) or in th:Ls mode. 

b) r ~_l" emi 8s :i.on iY) a VUClJu.m of 1 0-7 torr or lj8ttor. Hir;hor 

l evels of em:;_G::3ion currenL may be tolen:l.tec1 9 hOVrE;V(jl' r only tIle 

(111) oriel tntj.on is suitahle. 
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The ~econd mode of operation is important from tho point of view 

of Y'educing the requi.rements. of oper a ting pressure noe 'soary f or 

st8.ble. emiss i on. 

A more fundamen~al aspect of the mOBsurem8rrts of noj.se and 

life time is their relevance to the und erstanding of the mechanisms 

caus in~ them. In particular, there is the rather surprising c on-

elusion tha t the rate of ion bombardment is no rmal l y ',rery len.; . 

Experiments with pulsed ernLJf.1ion i.n many 1/ays complement the I 

other 1'esul tf3 p I-li t h measurement s of reduc ed emission noi se and I 

enhanced lifetimes und er cert8. in pul sed c onditions 0 Unfortunately 

it was not possible to conduct a more de t a iled investigation of 

t he pul sed emission mode of operation. It :ls clearly nece ssary 

to study furthe r not only t he effects of pulsing on noise and 

l i fe time, but a l so to dete rmine more precisely the c onditions 

under ,·,hie}') enl1 anceri l i fe times and r educed noise occur. 
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CHAPTER 5 

The basic requ i. rement of this :t.nstrument vas to p. Qvid e 

the facilities for measuring the currents? diameters and br i ght-

nosses of ele~tron ~robes,formed f r om field emission, and T- F 

elec t ron sources . 

The experimental method adopted was similar t o th~t of Ra i ne 

ana. Einstein ( J. 952 ) 9 and i s i llus t rated :'clJemat ically in l"ig. 5 .].. 

A lens Rystem is u sed to image the elect r on source? and af~er 

pass in? thr ough a definj.ng aperture, the el ectron probe i s scanne d 

3,CI'OS8 a well d.efi.ned. edge to measure its d.:i.ameter. Usually f t he 

urofile is displayed on an oscillo s cope or chart recorder. Probe 

current is measl1rcd by col lecting a l l of the beam in a Farq~~ y 

cage f and hence the pr obe brightne ss ~BY bo ca l culat ed o 

':(lhe:.. c aTe obvious similari tics bctT.>lccm t heSE; ey.perim(~nt 8.1 

r equjTCm(:;:l.ts anCi th e :etna l stages of the scanning electron l!li cl'o-

to make b~ i Rhtne8S moasurements, Smith (1956 ) , A particu l ar 

a ttraet:Lon of tl1 is clo:3i gn aris es bcc:::usc of the small si Z8 of th0 

fie} 0. cm ' 80ion el8C:trcn sourc e f \.,rh:Lch permits opel'atJot1 of a 

single J.cns system us a high resolution SEM with little furth er 

mod i:t·ic a tion. 

Th ere are importRn·l differences n t he use of the BRine and 

Ei nste i n metl10d with fi eld emission, as compared with therm:olic 

I 

I 
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cutbodes. TJ eSt. arJf3c from th Cc) Si!6B of electron Gource 9 1/"11ich 

may be very small in the case of field emission. 

Cons ider tile optical s;)rstcrn of Fig. 5.1 to 1.:(" free of ::ther-

rattons. By simple geometrical optics 9 the magnific2tion of the 

ouree M, is ~iven by: 

M 

The brightness of thc imRgc, B0~ may be expressed as: 
(-

Where I is the current passing through the optic~l 2~crt':rc. 

Similarly, referring to the source: 

vThence B29 the brightness is co. served, a d the 

brightness of the probe is qua l to that f the source. 

In the nresence of aberrations, howev~r t th8 radius of t hc 

I :,md 01.. ') r(~mair:d.).l.g constant. 
L 

'rhus the 

hri~ltnes8 is radIced. 

Ir the C~8e of thermionic omission, the cathode emits over 

a large area and may be Tegarded. essent ially as t118 plawn~ cathode 

Sh01ffi in Fig. 5.2. Fr0m the anode 9 at Cl potel tial V ,'/i th re 'pect 

to the cathode I the emission clivcrgcf:J 'i'lith scmi£tng c p eX. 9 ~,yherG:' 

sin of. for small 8.l1glefJ 

transverse ennrgy of tll e emitted , le'trons. 
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'.rhe b ri.~htness of an arG a of cathode 9 A 9 eroitt:t:nrs "7i th a eurren t 

densityp jo' is therefore : 

B 

== 

. J' Ps. o -
IT <:>L 2---;-

v 
V 

t 

This placec no restrictions on t1 e area A. For thermionic 

emission from tungsten the emitting area will havB rad~Qs of typi-

e a lly 5 0J~m. Such a 1ar~e source may readily be imaged with 

negligible abcrrat lons and cons equently no loss of brightness. 

In the Hai110 and Einstein system p ,I::Lth a tb0rmionic electron 

source 9 tb e ma{r,ne tic lens contributes nec;ligible ablor':1.t1ons and 

the full theol'etical brightness may be l,3.chleved. 

The field emit~er tip may b e consid red as a homisphere of 

rac1.ius 9 a, as shown in Fig. 5.3. 

For a region near to tlle axis 9 emisslon appears to come :from 

a yirtual source vd thhl the emitter tip of rad ius r r f 

= 

This GX9:J:"ossion is derived from an exac t Holution for electl~on 

t ra j &c tories between concentric spheres (Gamer (1961 ) and Everhart 

(1967) ) . 

Emission current I f within Cl. seminngle of r is given by: 

I ; 
vo 

2 2 
IT er( a 
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whence Brightne::w B 

B j l 
° 2 2 

o ~ o~ a 
2 ~-·---V---·-

IT c(. - 11 a 2 ( t / V ) 

= jo V 

-n- v: 
°ti 

In this case no limit has beon imposed on Of.. HOI'fever 9 i v 

i s ole~r that ~ will be l imited by aberrations introduoed ~n any 

practica l i maging system. 

It is illustrative to ca l cul a t e et typical va lue for the 

vi r tua l sou.rce rad ius 9 I"o Taking a :;:: lOOm-up Vt = 0. 2 volt s 9 and 

V :>:: 2kV. 

then r 100 Q,:; g _ 
2000 

r Inm 

Clearly, '-Then imap;in,g; of such a source ~ aoerrD.ti ons in the l ens 

will provide a l arge contribution to the final probe 9 and the 

theoretical b rightness will not be approached. 

Prohlems assoc~ated with a single l ens ima~ing systom have 

been considered in more de t a i l by C03slett and Rains (1954 ) . 

)"o l101<ling their method ",e assume that the probe diFJ..D1ct er is deter~ 

mined by spherical aberration alone, with the i mage of the source 

making a neglig~hly small cont ribution. 

Emif~sion lTt8Y be reer,arded as having a n a ngu.l a r cur rent dell·-

sitYr ic r then beam curr ~nt p Is pa ssing through the aperture is 

given by: 

1 ic IT oc 2 1. 

usink t he nota tion of F: g . 5.1. 

I [ 

I 

I 
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As the soure8 iEl irnagod a t the fini~(, e magrd.fica:c ion ~ lVl9 the 

minimum disc of confusion is taken as 

fol10vlin ,g; Cos s l ett and Haine (1954 ) v and Del' 8hvartz CL967 ) . 

This expres s ion i.s exact for thin ;. symmetr:LG a l 18n~':lf~S 9 o.nc1 mu~.~ ·'c 

b e regarded as an anproximation in thi s case. 

Eliminating et j ~ 0<. ~ 9 a nd solving for -

I 

c s 

This has a maximum value for III1 = 3 ,,(hen 

I == max o r- 6 lY i .J c 

p;i ves: 

From thi s ' equa tion 9 it is c l ear t hat for maximllll1 C.uTl·(~nt thG 

magnific a tion sh.ov.ld have a v G.lue clos8 to i t8 opti.mum . [?,m.l t 11;:.d; 

C( ... should b e as small as pos sible. This rGquil'cf.~ :3, 1 e:r1 f3 0 -.£ sho:ct 
'" 

foc a l l en/!,th . I n orclc )~ to app-ro8.ch ontimum im8p;ing cOtl.o.l c:ton~) 

t n p:ractic8 r the emitter mus t b e brcyoght v8ry clo[:;e ·t.: o t he c C0ntre 

of the l ens . 

The d e si.en of the scamd ng e l ect.ron ont "ca 1 col'lUnn hi'J S 

therefol C! been InseCt on the h ieh1y asymrne trica l 31.:;I1 ob j ecti ve 

18l\8, By noslt l oning t he emitter within t he ~ack bore of the 

l er!s n(~al' opt i rnum :Lmaging cond itiol:lS h"l've !)P,en anh:Leved. . A s oc ·-

tion through the SEOC eol U,Ill1 is s ho"rn in Fig. 5.1'~. 

(rhe i.dea th C'l t 3. usc:f~l pY'netical field emi. sion gu.n should 

b e comnatible ~ ith eODventiona) , d emountabl vacuum bystemo has 

1) gen expY'C'8sed ·.arl ier. It 'i 'Hl~l th e:r~8fore d Geid.ed to butl(1 the 



SEOC along conrentional lines using nickel plated mild stee19 u d 

rubber yacuum soals. At the .same time reasonable care laS taken 

in the cle~ign of the syst em to avoid unneeeSSctry cont aI1lina tion. 

By this construction it ~va8 poss:' ble to build the SEOC ve:cy 

econorrr' call,)'. Further p the design of many of the components 

could be based directly on those used in the standard SEM of 

Oatley 9 Nixon and Pease (1965 ) 9 and consequently Hill not b e de._)-· 

crib ed he~e in great detail. 

The electron :jUl1 ' ''8,S kept as a separate section of the column 9 

",hid) could be completely n~moved. As such 9 it 1"8.S constructed 

to ultra. high vacu.um standards to pGrmi t differential pumping 

8,C :('O "'8 the 8Dode aperture. The electron glln is described in sec" 

tioD 5.4- • 

. 2. •. 2 .1_~~'lC.l?:U!IL~:~,-st,em 

Rouq;h pumping \'las achieved by cm oil rot.ary pump ,~ .:i .i;h an 

activat80 rnolec1;;lD.I' 8 le v-e foreline trap, to prevent contamtrl8.tiol 

of the system by back-streaming rotary pump oilo 

The hi !7h vacu\JJTI pump u sod Has Cl 600 1 / s mercury (Hffusion 

T)UmD to fdve clean vac;uu.Ji1 9 fY'08 of hydrocarbon contamL1aU.on. 

It ,vas fitted \'lit!l a s t aj.nless steel v double liquid ni trogon trap 

\'rith an anti-cre(~p C(I( ll.?cl S1..u~:f'8.ce "ulch 'i,~<as built in the labora~ 

to ries. Tnt::; W1S d esigncc3 to gtve a l arger conductance than 

comme·r·c:t3,11y aVcdlahle traps (1200 ] / 3 ) $ and long la."ting nitrogen 

tank. ( JO hours ) . 

The main cons tnlction was built UD on a larGe baseplate f 

mild steel t vllli ch h8.d been bored out to ctecommodate the fiel(} 

emiss iO:d gun anrJ to provil' e pumping. 'l'he ml::':.gne t:Lc l end ancI a 

rlumpi:1p; )L,u be 'tTey'e mounted to this and a second bl ock of bored 

mild steel H8.S mounted above: to pro ride the specimen chamber pumping 



Fig 5.5 Lens Aperture Stage 

Fig 5.6 Scanning Syste m 
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A robus t mechani ca l system VJas thud achieved \-711i h h a d pumping 

speeds of approximately 100 l/ s at b oth the specimen chamber and 

at th e guno 

Va cuum seals vlere dl';y viton ' 0 ' rings thr oughou t 9 to give 

10\'T outgass :Lnl1; r a t s and. minimise hydrocarbon contaminati.on. 

Hovement,J ",rere b rou{';}1t into the specimen chamber through sliding 

' 0 ' ring seals which were lightly greased to minimise t he possi-

b111ties of l eaks. 

Pressures of 2 x 10- Gtc rr wore readily achieved in the system 

after 9.bout 15 min numpin.o.; f and. 9 after overnight pumping }wcssn res 

of I) x 10- 7 torr ,·rere regul arly obtu.ined. 

The ma~netic l ens was based on the pinhol e design e f Pease 

( 196"; ) \-,hieh has b er-m successfully u sed i n this l abora tory fo r the 

hi g h resol11,'L:i on ,)canning microscopeG . 

An i ntc:r:'cf3ti.l1(!, fe a t1.:1rC of the llr:n! l ens is -the ap(~rtur8 st.~3.ge 0 

'rhi s Ha s 8. m'ocUfied Siemens uni t and permitted rapid ch f3.nging 

betYT8en three a 1 e:ctures . 1.'11es8 could a lso be r'emo'H:d throu.gh the 

sid c of t he ,lens directly 9 permit t ing easy rep:l a.oement of dir ty 

aper"tUl"'8S 1'Tithout disi'fI8.t1t1.in,:;,: the l ens . 'fhi s i8 shoi:min Fig. 5,5 t 

wi th the top pole Diece re~oTed. 

rrLo l en s ltTas sU}l"c'l i ed from a HeHlctt .~ Pack3.rd constant cu :c-

rent supply 9 1.;hi(:h h ad. rn(~ asured ripple a n d noi se on loa d of better 
r.:: 

than 1 pa~~t in 10-) . It '\>/'(:t8 c a 'pabl e ;f su ~')p~lying a maximum cu~rGnt 

of 1.5 amps \,Y'ith the 1 500 turrl l ens w'ind ing 0 

VI:L th the field emiGsion gun i n thc~ back bore of the l ens 0 

it '\!Tas rJ)t possible to se a doubl e deflection scanning system. 
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Thus i.t \'1808 necessary to scan aft e r the lens and. a short e l ectro-· 

static system Has devis ed which is sho'w11 in Fig. 5,6. 

The electrodes conoisted of four short roels ~ 2mm long 8.nd 

l.5mm diameter, set parallel to the lens axis on a 4mm p.c.d. 

The rods 'Vrere bent thJ'ough 900 and clamped betw'een '['1'10 thin shr::ets 

of 1)TF3 insu.l atc)'(' . rfhis "ias shielded '.·,ri t11 a copper cover to pr& ·~ 

vent charging? and this can be '-.Ieen in. the :i:ip:ure. 

For convenience~ one each of the X and Y scan electrodes Has 

grounded 9 the remaining being driven positive and ner:,ative a'o0'\1t 

earth potenti al. 

A general view :nto the spec imen ch~nber i s sholnl in Fig. 5.7 . 

The specimeYl table was , upported on thre e PTFE feet vrhich vl'ert~ 

free to slide ove r the top surface of the magnetic l ens. It 

i rlf:s vacuum s ea] s mado dlrectly onto the mic.:roID<:/cer shcd't. Tr) ", 

shafts were fitt ed with hqrdened steel balls and the speci.ruen 

tqble las kept j~ contact with thes0 by two tension springs 1 one 

microme ter b e in g located i n a vertical rv' slot p a d the otb ec 

thLus ting against a f ].~t surface. 

An adapto:c ,'la8 lhade to take an At:r t r8_Dsmiss ion rnicroseope 

spe cimen h older which i s also Bho~m in Fig. 5.4. The a daptor 

could be ad j ust8d to give a ranBe of working distances. The 

specimen hold En' carried 3mrn gri c1S as uoed in norma l transmiss:i..on 

mic rosc opy. 

Fig 5.7 The Specimen Chamber 'J'hroe me~lns of sig'Ylal detecticl:1 ,·rere provided 9 a tran8rLri.osion 

det ector 'trhich "TaB us ed tn the pr obl3 mea;;uring eXDeriments s· a 

conv8ntiona l sc intilla-tor ~ Jj.f.~htripe comhinatiol') for normal :::>Er.1 

________________________ ._· ____________________________ ~, ll 
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operation 9 and a Faraday cage for measuring beam current. 

a ) TranslTl 'ssion detector. Th e mOot satisfac"tory arrangement 
- --~---~~---~:--"'-,..".. 

was found to be a thin PII phosphor screen settled onto l ead 

g l ass 9 \'.11ich \..,-a8 mounted i.n line with the lens axis on top of the 

specill1en chamber lid . 

By l(ee) ing "he phosphor thin it \Vas possible to see b1to th e 

chamber? and to see the heat ed emitter f 1" rough alignment. Pre -

liminary alignment of the column Ivas -then achieved by 01 serving 

the stationary transmission imag e on the screen. 

In norma l operatio)) th e photomultiplier Ivas mounted over the 

screen ~ and screen intensity modulation Has displayed a8 '::lignal 

level. '.rhe ar- angemen"t is shovm in FigQ 5.4. 

IDg,l SEM ,"cintD l a tor-1ir:htplpe combination of Bvcrhart and Tho~ nley 

( 1960 ) . -It differed slightly in that a g l ass scintillato:r.' ? GS1 9 

" 
1fas u sed \Vi th Et e;lass light pipe 9 so tha t a miIn bakeout of the 

vacuum system Hould have bt~Gn possil)18 if required. Foll(),dn ,~ 

normal practice, the scintillator was hous ed in a cage which 

could be biassed to discriminate bet1\feen secondary and reflect ec 

primary e l ectrons. 

Electrical s\ pply for the scintiJlator was provided by a 

Brandenburg l"lodel 705 0-,15kV Ul1it c VacutJ.m lead throughs '1ere 

again of gl as8 and nip-tal cons tructi 1'1 and made for the apparatus 

bJ the l abor::l:tr:n"~r gla8sbl0 'Ter. 

'rhe detector lUay be seen in Pig. 5 . '7 t on the left hand s: de. 

Th e EliT lead was insulat ed with PTFB slcGving. 

x - Y movement~ ~o that it could normally be kept out of the way 

of the tl'ansmitted beam and 9 'lh8n required f a1igned vd.th the ax :Ls 

to me9sure the elect ron current. It was constructed of stainle ss 



steol '1111 th prrFE 1nsuJation from -the movement support a rm. 

The el ectrometer use~ was previously made in the l aboratory 

to a c1esip-:n by 1~8.rnsha·l (1960 ) . The h ead amplifier "ras adapted 

to the vacuum sys t em and 9 h av j_ne; its Oim. vacuum leadthrough 9 Has 

connect ed directly inside the chambel' . 

Both the head amplifi(n~ and the }"a'raday 'age ca'l be seen in 

Fig. 5.'7. 

I t wa s appreciated from the out se t that v ' bration problems 

in this an paratus wou ld be more severe tHan in the conventiona l 

SEM
9 

as imaging thb source at a magn i f icat ion of 2X requires that 

both emitter and specimen should not move relatively to the 1 cn s ~ 

or to each other. 

Hm".'8ver, Hith no )mm<Tled~e of the likely maptitude of the 

probl em , it ' faD decided to t ake simple p)'0cautions initia lly 9 

along th e 1 inN.: curY'ently used in the SEI'If t ,<,h1ch r 'n this labora~ 

tory '\'las mounted on commerc ial r solid rubber mountG. 

Pre limina'!."y measurements on a cOJ')ventionf~l SEH . in the 1abo .. a~ 

tor:,{ having t~.,o stages of antivibration mo'O.ntil1f1: ShO'i';8d two pr :i.n~ 

c ip1e sources of vlbratton. 

a) Building r8S0n8.11Ce in tb e range IQ to 20Hz. 

b) 50. and 100Hz vibrations assoc iated \.;rith ma ins pO i\Tered. 

motors. 

It was found tha t the first stage of ioolatlor produced subst&n-

tia l att enua tion of both sourc es , however p after the second stage, 

the b1..J. ildin,Q; vibra tions vas u s ucllly \'lorse ~ \11111e the mains ass o-

eiated vibration was little affected. 

It was conc luded therefore p that a second stage of vibratjon 

isoJ 8. tion K~3.S unc1esir8.blo. Th(~ a'Pparatu .. ) "ms theref re monn1;uJ. 



on antivibratton feet pr oviding a single s t age of isola tion oily. 

Nounts vJe r(~ chosen to [';i ve thc lowes t resonant fr equency of 5Hz . 

'1'h8 gun ,,,'as dG signed as a sGpa.ratQ uni.i:, vThJch fitted "\;0 the 

column fr-o rn boneath the l ens . B;)T ),111s C01lSC-r'uc"L,ion the VEl.cum 

system ,vas separated from that of column providing f or diffe-cen-

tia l pumpinf:. Thi s fGature was added tovrards the end. of th e 

resc:1.I"ch . Also ~ the comple t e (un \lli th movements 9 e 1;e. coulcl b e 

removed to effect repair or alt eration. Additiona lly, the snpa-

Ta 'J e con str'uction offered the po soibil i ty of fitting any ncm gun 

d esign r ,,!hich might evolve from theoretica l or expel irnent a dVarlCGS. 

The field emisi:,:Lon gU.n ge ome t:ry is illustrated in Fig. 5.4, 

which also ,_,hPHS the relative posj tion of the e lect r od es uitb 

re spec t to th e magnetic l ens. 

The ami tters Here mounted in a socket 9 1:lhich Has cOl1str'uct .=;a. 

so that th ey could s i mply b e plugged in and were th en Tigidly held 

by tJleir pinso Sta inless steel cODnecto~s were mounted in a PTFh 

insu] ator r \lhich \\ras abl e to d eform s lightly t c accommodate [:m[l l 

v a:r' j uti ons of pin spac i ng or miS8,lip.)wi(:-;nt. 'fhis arrangement oJ so 

gave direct electrica l connection.:' . 

The anode was fab r ica ted from OFHC copper? wi t h an i nternal 

sp lerier-:'. l 8urI8.ce of l'ad:1.u 8 1 OmTii . Thi...> ',-;as the l arg8zt convenicr;. t 

size which could be contained within the l ens bore ? and so g~vo 

max :Lmwn vacuum pumping of the emit t e r region. DiffGrcntia l 

vaCU1..l.rn s ea:U .. l1r; bot'.;een t he gun and co lumn prGssu: es '\\<CiS eff ect8rJ. 

by prcnridinf!; 8, go od fini sh beti\re cn the base of the anod) <:'i.nd its 

matinR face . Accurat e axial positioning was achi8vcd with a s~all 

spi.got on the ex:ternal diamcter . 



The size of the anode aperture was a compromise b e tween a 

number of factors 0 _ t had to be large enough -i.;o permit e~'tsy 

alignment f i'lml to minimise the effects on the beam of charging 

at its edges p a l so to b e reauD.y machj_ned without burrs and clean­

ed "'hen dlrty. On the other h andy it had to be as small as possi ­

ble to provide maximum isol ation ue'brGen the gun and c::olumn v,:~r..;l)Xm 

levels. A diameter of 500 ,pm 1'18.S chosen p Hhich was lrLuch l arger 

than electron optical apertures required, and would still give 

ad equate vacuum isola-y;ion. 

For experimentsu""ing tb e td.ode gu~v the control grid vTaS 

fi tted as shmm :in Fig 0 504- 0 It s geome try was very s:imilar to 

the grid used in the FEM desc r ibed in sect ion 4.3. however, the 

spaco limitations in the SEOC led to slight modifications. Me ch­

anica l mcrunting was provided by clamping the gfid to a fixed col ­

l ar at the top of the SUPP01"t tub e using three equJ.spaced 9 radi.al 

gx'Ub SCre'>18 th r ough the baB e of the grid. This method of fixiutS 

permitted alignment of the grid with respect to the emitter tipp 

and made electrical connection. 

Emitter 9 grid and arwde could read.iJ y be removed for rC'place-

ment or cleaning. hlso gr:i.d 8. d anode could be :r·cac111y changed ~ 

so tllat dj.fferent electrode geomet~ies could be obta ined if re­

qulre/J. 

Electric8.1 le~1'lthrough8 into the v C'\.cuum GYf.:;-t:em ''lere made of 

ghH-18 / metal constTu.ctloll. by thc l aboJ:'[lt;o:r'Y gla3sblo~·?eY'. E:Y.:t,81~n :;'.l 

h igh voltage cable connections W8re made inside PTFE covers whiCh 

can be ..... eon in Fig. 5, (3, I1 side the VaCU1.1r,l t connection to th8 

electrodes was made in two s t ages. 

a) FlexibJ e r self S11 pport i ng, s t ainless "'te(~}\·)i:r'e .fr0111 tilO 

l ea'~trn~ouf,hs to t ern,J.nal [~ mounted :i.n rr.rFE at the bN.>~ of 'che 

s u pnort tubep 



Fig 5.8 Field Emission Gun Movements 
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b ) Connection made between these te minal s and the electrodes 

by copper "I>,ires :fed thl'ough the:; centre of the E1upporting tubtl p 

and insulated wi th glass sleering. 

~'he . design of e l ectl'ic8.1 connections to the electrodes '-las limi­

ted by the confined space within the l ens bore, and the need for 

an uniwp:l:Lrcd emitte): movement. The S;?:stOffi developed \-las not 

capable therefore of very high voltage operation and breakdcl1'm 

was foun~ to De Cl T a t about lOkV. 

2 ... d,,~_~J- i eY'i!:1~!xt t3.9 1.1 i.i i e ~ 

It vias necessa:cy to provtde alignment fac l.J.'- to' es fOl" both 

t Il e fUIOdo aperture anct the emitter relative to the magnet~c l ens. 

'l'b e anode a lignment 1-l[J,S ob l;qined v el y simply by providing 

a hi~h compression ( 25%) on t he gun ' 0 1 ring deal to the coluum, 

and j acking the ,,;bole gun am;embl y on fou.r SCrC\-if::l from t he base­

plate . Anode alignment was not critica l? and the s Jight movement 

necessary was re adily ach:eved by this method. 

Emitt er a lignmont. presented a mo re fOJ1nidable design problem. 

The eventual so l ution is sho~m in Fig. 5.8 . The design providos 

fo r external movement of the emitter in Xp Y and Z directions, 

a~~d also for l :Lmi ted. tilt of t.h e emitt er about it.s tip f or orj. (.;n­

t ation of a hi~h enli ssion crystal face ri t h t he optical axis. 

Motion was t ransmi t ted to th8 emitt~r b y the rigid central 

supp~rt tub~, the vecuwa seal bGing 0ffocted by a stainless s t eo l_ 

bellcl'l-rs, 'f;.lhicll \-188 \'rithin t he cba b8r. 

Exte:n-,ally t he support tube ~: as attached rigidly to the outCI' 

of 8. prod 1~ of m::'l,t.t ... 'JP: spherica l surfaces . ThiG ',ras fabricat ed in 

brass and the i nner i n s t C),:Lnl es3 steel, '''hich ga:ie g ood bearing 

properties when lightly grease~~ with little t endency to sticlc. 

~~ho c en·~re of the spb.e:ce was c,t the omi ttel~ t'- p so that rr.ovcmcnt 



of the outer surface relative to the fixed inner could produc e 

tilt of up to ±3° in any direction a t the tip. Movem8nt was COD-

t rolled by 'hro small microrneterG mounted ort.l:lOgona·11y i Hi th ~3pri.rig 

returns. 

The inne r spherical surface formed part of a double gimbal 

arrangement. Flexural pivots HC1"e used on the gimbal t these 8.:r(~; 

sprtn~ hinf':es gi vine axial ro ~atj_ on 1.".hich have thc obvious advan-

t ages of zero play and backlash 9 '~'i t11 hi~h loaclbearing capacivy. 

Tilt of the gimbals by tiVO 2 " m:Lcrornotors produced t)~ansvel'se 

mOV8!11ents of tho tip - X and Y. 

Vertical. movement ( 2 direction ) was produced b y sliding the 

~imbal supports OD two parallel ve~tjcal rods. Tl18se were of 

h ardened steel with harden~d o~eel bushes. Two pairs of hu shes 

were u sed to distribute th~ transverse loads r as the rods had to 

b e s l ightly off centre. A 2 11 miCl'ornetcr U3i3 used to producE.' th e 

vertica l movement v acting flf,ainst the v aCULun forces. 

Although the movement presented difflcul t deDign problcrur:l t 

it s performanco was reasonably satisfactory. However p it had t wo 

parttcular faults ,,,-hich should be brought to the att(-;nt.i.ol1 of 

anyone contemplnting a similar device. Firstly, the eimbals ~avG 

-very smoot1 X c::md Y movements but J:'orf:1od a l"1.:":!IRtlvely Teak p,':'!xt 

improvor) by i nc:reasing their buJ.k s. neveJ.~theless 9 the S·C.TuctUl'e is 

relatively weak. Secofi'lY9 the Z movement tended to set when 

stat1on8.!'Y 8.nd s·t ick I'[hen next ad jus-Led. rrl-1is "YIEt S 9 h01'lcver, not 

too importunt in this application where a fine Z cont ro l waR not 

needed. 

frhe gun \Tan constructed m;:dnly from stainlcs ':; steGl to DlIV 
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Gt anda . d~:l r ~v .i th crush ed c o PPOI' va cuum seal s. 

Initia J 1;)" four ports b e l; 'reen the gun a n d th e column vacuum 

Here USGd to provJ.de pumpin g to the ,gun , but 1 a t er those '\'IC r e 

blanked off and R separat e pumping sys t em was provided based on 

a n or bital e l e ct r ostati c ge tt er i on pump ( see" f or exampl e., 

Tv1ali~.l.lml e t a l. (1 964 )). A p:co t ot ype c ommercia.1 pump .,.taS u sed 

,.,rh1ch ~\'~). S supnli ed by A.H . E.JJ o + t u i th a r a: >ed pUi)\ l)i.n g s poed of 

80 1 / s fo r a i r . Thi s type of Du.mp h as the ad 'ant ae:es 01. light 

v, .i gllt and. freed om from rna{-:,;ne tic fi .lcls. 

In t h e differentia l pumpi nr-; mod e the gU.n 1;TaS rough pumDed 

throup;h a 1 " · me t a l valve 1',h1 c h c ould b e c on 18c -c eJ. into t he m8.:i.n 

column Vrl,cuum GystelCl throu gh a shor t length of I t ~ cl iE<me t or pl astic 

0- 4 hose 9 to g i ve a gun }yces Gure bet "er t han 1. x 1 torT ~ To start 

th E. orhj.t}~on p urll}) it 1'iaS baked \vith a ·100 uatt h eat e r t ape a t 

a bout 200°C f or 2 hours j.n·to t Ile rough l ng line. The pump iVD.El t h"'Il 

r un hot f or abou t 10 mi ns to ou t gas t he a n ode 9 a n d pump:i.l1g a c t i on 

VTol)ld start a s cool ln{'~ 1-lat el HaD s u pplied to the pump 0 

A numbey, of diff Jcu1ties l'1e!" c 8nc ount er~) IJ vTi th the ope r a tion 

tic s , 1.101,\'8\)'e1' 9 th e me t hod d escribed above was nlmo s 'c al~<lay i.) 

suC! c eElsful . 

\llith c'. soo y.m 0 iam(~ ·t (H' cUlOo.e aper t ure 8')1c1 8. column pref38 lre 

of 1 x 10·~6torr the th e Ol' f,:. t::i.c a l ultimate pr e ssu re i n th E: [';lm 

chamb er is ~ x 
- J 0 10 - to rI'. Due to r cstric t i :JI1s of pumpi ng to the 

emi t te Y' l't.g :i. on the es t im2.te rJ Gpecd is only 1 '3 1/ El 9 v1hieh fdves 8. 

-y 
theorot ical u ltimat e pressu re of 2.5 x 10 - torr . 

+ Ji..p-r.li ed Fksc:a -c'ch and ~';n(!,in e (:n'ing IJ tcl 0 9 Par~4 ( - U) ]~; s t ate 9 

\·!as h ingtuJ1 ,. Cl). Durh a.lT! . 
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In practice, the system was not baked , and the bes t gun 

p'1~eS8U1'e r8cor ilei) on a nude DaYA.rd·-Alpex' t gauge was 2 x lO-9torr , 

after prolon~ed pumping. 

No:c-mal calcula tions of equilibrium 'oreC8Ur'C und .::ll' dit'fercm-· 

tial rnlIirping conditions do not take into account the effects of 

rnolecul Ci3 streamlng directly -through the apertl).T'(~ to :points in 

its vicinity. This is particularly important in the CRse of a 

fi eld emitter \.;here molecular bombardment I,d 11 Cl rfec t the emi tte:c 

operation. It is pOS ~3:i.ble t o make an esti.rJ1Cltc of the iTIn.grd.tudo 

of this effect. 

Re:ferrinz~ to the diagram of }'ig. 5.9? grw molocules i.n tho 

h igh pressure . 8gion 9 Pr abovc the aperture 9 v)i11 have equal IJ:co-

babilities for motion in all directions. 

sec prrss throuf?;h the aperture, 1'ad111.:] :19 then the p:robiJity dj [:~ 

t ribution o~ emerging molecules wj.ll exhibit a cosine ~ v~riation , 

Since th e mean fl~ce path i~; l arger than the di s t 8)lCeS involved 5 

the probability ' .... n .l fall as 1/r2 for :(''77 a 0 

(l'hus, tl1e l11mber of molecul es pass il'lg through Ul-:lit area nor-· 

",here c os 

K is a constant such ~hat the tot a number of molecules/ sec ~s 

equal to N"lTa
2 

K = 

IJ C"S us assl"f':n to e~cll iJ.lolecu}e Cl mear enerGY such tllg.t nOr'lY181 
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impinr-:(~ment vToulrl g1 ve a contribution to the pre[;:'ure of D,l:>. 

Then al)oveLhe 8.-oerture ''le consider the NTr a 2 mol(:- cules/ s ec pass -~ 

1n~ through a hemisphere of radius T, heading towards the aper-

ture r trle cont:ributions'to the total pressure must add up toP. 

Thus 

Hence 

-L " r2TT 
("'0/

2 
n ( r ,8 .9'» r sine d ~ L.p c080 rel8 := 

TT" a'-Jo J 0 

p ::: 

SimilarlY9 if n ( r,e,~ ) mOlecules / sec/unit area were to impinge 

p 

on a surface randomly 9 th en they ,t;Toulel be aS30ciated \vith a back--
I 

ground pressure P , ,'There 

I 

nCr.90,~ ) p = 2 P 
:3 

I 2 cos 8 Hence p .- P a . 2 
r 

EX"gerimental values for the fi.81d emission gun are 

I) 1 'LO~6 :::: )~, to r!' f a ::: 250 Jlm, r::: lOmrn, 13. let G == O ~ giving 

! 

P 6 ,. 0 '10, ) x .L ' . 'C 0 r'r 

Thus the emitter tip is subjectcd to bomb8.. dment by molecules 

passing d1rectly through the aperturo, equivalent to an addit.:i.onul 

. ·-1 0~ 
back~round pressure of 6 x 10 Gorr. As the total pressure in 

th e di.ff'e:r-entially pumped gun ,.,as typ:i..cally 10~8torr~ the effcctf:3 

of dir,ct.; molecular streaming through the aperture may be safely 

ignored. 

c· 5 nJ'l :.l ·-'·~'or ';r. B fo)~ {'Cl'" Pro1'c )l'i e'"" "'U}"'lnr<- ~"~Tt,""mm .2_!.-_~J .. ~-:.~_., _1.L_\~ ____ ~~~ __ . _.' ~ J. (1, 1::'> . _ • -1- ~-'~ 

In the first ilstance, two scan amplifiers ~erc built to 

previde sui tCible drtvE's to t118 colUllln deflection system, using 

the ramp outputs from two oscilloscope time bases. TIle units 
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lOOK 

go 

c,.vailabl(~ vl'81'e a 're l equ.ip~n ent D)-'5 and a Tektronix 515 Hith a ty'pc 

l Al vertical amplifier . 

The sYbt ;:;rfl used i.f~ 8110\'111 i r.!. the block diagr.'lln of Ji'i{l;. 5.10. 

'rhe Toktronix h etd t he useful facility t o 8,<ld two input w'ave-

fOY'ms ~ and '-TaS theref ore very 8uit3.b1e for use 8.S the l ine gen-

8l'~:n .. o l'9 1-li. t h t he Te l equ.ipment used as frame gene:r:'ator on a sloHer 

8c3.n speed . 

"'1 t h t he i nterco Y 'n8c t ions sI01·m. r t he frame goneTator Has 

set t o fl'ee run 9 a.1..1 the l ine generator "'et t o t r i gger fl~om the 

fr8.!)·'(~ ontput . Thus the system rsenerate(\ a continuous sequGnce 

of rac t ors on lJoth displays. By a r1(Ung the video s: gn2,1 fro !. the 

Hit t ub e t o t }w f'rrtme sca:n ", i thin t he Tektronix, a picture \fa:3 

d.i8played with vertica.l mod' l ationo This mode of oper~'i.t:L()n c(')rrc-

S-oOTIrS s to Y lllorluJ;'ltion d ispl ay of tbe c:on\i'811tionFil S:Ll'IJ ( Everb.RY'L 

( 196G ) ~ Chang 8.nd N:Lxon (1968 )) . Also. by t rigg ering Li.'!e f~31Je 
..; 

~euerat or f or singJ.e shot p a singl e complet. raster of Y modu-

l ated picture was produced. 

over' the same F:lvecimen feature \"'8.S p)~·o(luced . Under tllcfJe e ondi-

ti oi'1S me::t:'::j1 )'re r!1r·mt :'5 of prohe diau18terfci scanning over a sharD 

h OOlye heen cL' scussect i n Chaptp.T' ) iD C0)111.octi on ,'li.th t heir appl i~ 

cations with the FEM. It remains to discuss the oper~tion of t .. 

scaD 0.L:.plifiers. 

Both C~3ci JJoscopes had h tch trnpedence ~ (1. c. coupled positi V8 

going ramp out 'OutfJ ~Jt~lrting fT'om ground potential. In the caDe 
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of the rr eleqtdnnent D5,) this "W.G 0 - 40 volts 9 and the Telrtronix. 

545 \'18..S 0 = go volts. 1J.'he scan amplifier HC-.S dosig-ned to tal\:e 

these inputs 9 and to provide an outP1)·t about gr-ound pote1tial. 

An additiona l imDut was provided to take a low voltage ramp about 

ground potential from transistorized generators 0 

The circuit is shown in Fig c 5.11. High volt8 . .ge scope in-

puts are first atten.u8.ted and subsequent cll'" ves t aken from the 

emitter foll01,.;rer buffer stage v T 9 Hhich alE,o pr vides d ~ co b ach:-

off to give the attenuated ramp about eartll potential. Either 

thi s in-out or 3-n alternativG 10l~Y volt-ag« l'am-p is seloc:-r;ecl c-md fed 

through a 811i tella ble, calibrated tt.unuator to th('; operations.1 

amplifier~ fo rmed from the long-tailed pair T2, T3 fed from cur-

rent source T49 TNi th ou·tput amllifier T5 and emitter fol10\v8 ~: 

buffer stage T6. For electrical alignment of the electron bea m 

cl 0 c. offse t facil1 ti8s are pl~ovided 0 rrho output stage 9 rr6 9 has 

10'" impedance to parrni t high scan rat es, and is capable of SC8.n 

amplitudes up to the + 30 volt lines . No d e~ectable departure 

from l inearity was observed for ramps of lOpsec or longer dura-

t ion under full load 9 vThich gives a capab ility in excess of 

no rmal TV l~ .ne rates. 

By the ado.ition of ~~ can gener8tol's 9 dean control, ani a 

video hmr)ltfier 9 the units described above and in Chapter 3 may 

be used to f01:'m a self contained SJ~l\'I, 1,d .. th -lormal intensity or Z 

modulation of the pic·ture, and full compa tibility wlth pulsed 

Cl .. eY'atiorJ . A block diagram of the sy:"tenl is shov1n in Fig. 5012 f 

1<Thich ill'cLstr8.t8s the interconnect ion of the unitf:) de8cribed. 

For convenience an oscilloscope was u sed for the rideo display. 

The l' ne and Tram geneI'8.t;c;r:':l Here based on a circuit used. by 

7 
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Til1ett (1969) 9 vlhich producod. staircase 'iT3.voforms by integrating 

input pulsos. This techniquc has obVj.OU8 advanta~c8, as it gl~GS 

direct compatibility ",i th th(~ nulsed emicsion mode of operation. 

Th0. block o.ia,t:?T3.m 'ShO,'ffi in Fig. 5.12 i. a. .system 1'lllich \·;ill 

ope1'ate on t,he oasis of one emission ])ulse per picture poj nt. 

It may re~d.ily be operated with d.c. emission,by simply removing 

the pulse amplifiers and hi{2:h voltage pulsor from the ch~cuit. 

A remo.ining possible mode of ope r a tion ,",ouId US(~ one pulse -per 

l ine y vlhieh m ~1.:V be achieved by exchanging the line generator for 

the sco-pe time base as in Fig. 5.10, but retaining the frame gen-

erator. Similarly, ope:c'at:Lon ioJith one pulse por frame is obt :::.ined 

by r eplacing both gerierators hy scope time bases. In all modes 

the timing would be controlled directly by the clock Ganeratorl 

and the scan control 1.'T ould provide single fran1t3 facilities. 

5.6. =L Lil1g~I1d J':t'alTI.~._~:.0rr!:J'atoL§. 

The circuit develoued by 'ri ll ett (1969) 1vo:cks on the b8si:-,~ 

of 8. diode DUJfm i nto Pt storage cRpaei tor. rrhe volta.c on the 

c ctJ,aci tor is fo:11ovred by an E'E'l' to give tilE'. staircase out pu (;. 

'rhi s circult is !'clatj.vcly slow' , a:Jiu in ol'd.e r to operate &.t }'ligheT 

s-p8eds ( 1. :pulS(, /p..sec ) the storage capa(::i.tor must be rechwcd. 

Unfortunately, the d ecay time of the c auaci tor d l18 to circuit 

l eaka~e is ~imi]arly reducod 9 but this may be coun·t cred by sampl-

ing the voltage y.Ti th an lVIOST dev:ice ~ and improving the rGset 

circu:1 t:r.y. 

The final form of the generators is shown in Fig. 5.13 9 both 

in the form of a block diaF~ram and as each circuit u.nit to (1,'oio 

cult· principles. In01t puls80 are first shaped and ·then fed to 

a ring eounter9 sHitchable oyer the rangc· l to 212 ( 10?/i ) 1 aLc1 

1 
I 
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SCAN 
47p PULSE 

~NPUT 

. sse-c exte:cnally. The staircase genet'8tor t ai<ss il1~)ut pulses 

and inte~r~tes tt lem to produce the sta ' rc&se waveform which iA 

rea ct o :~t 1jer ex-ccrna'lly or by the cormter ou.tpu.t . By a1 teri.f1p; 

the ma(.;nJtude of the pul ses fed -~o the intef,ra tor as the numb e:t 

of step", in the staircase is changed on the 8'71 ;c:hable counter~ 

the outnut is arranged to be from -5 volts to + vnlt A in all 

posi tions. 

Four e l ements in t he staircase gen~rator are c~itica19 those 

are the MOST 9 the stor:'!ge capacitor ancl th (~ diodes ~ \-lb.1ch must 

he all chosen carefully for low leakage charQctc~i8tjcs. The 

capacitor value is 1000 pP to ~iva fast rosponso witll tolarabJ,e 

cui't elements is t ypically 20 minute8 r ~8 rncasu~ed for 'th e C0~~ 

plet e() circ:ui t. 

By 'lising the coun"tiri /?: 'cechnique to Gct the number of pulsccJ 

i n t he staircRs8 f t h e operation of the circuit is c on t rol le1 

d iY'ectly by t.he c l ock generator. The number of s t e}Js b!:)ing u.:,cd 

1~0 determine the reso l ution of the video cll : . .'-;p1 !-)y on1 y. 'rh 'l-:'iJ9 the 

wavcform i s always slnchronizcd~ and is c ompa tible with operation 

i n any of th e ~odes dcscrj,bed above. 

'J'1'l8 SC~J11 control unit provides norma l SEi.'1 si ngle fl"c.me and_ 

c ont i,n.r1.Ous runnin,q; :facili t ies. Its lnteT'-conncct10ns are giver! 

i n FiR. 5.1~ . 

The cire it of t he unit is shown iu Fig. 5.11. It eitte r 

permitt~ continuous opern.tion oy trDl'l8mi tting the'.! c) ock pulses 

diT' (~ctl.\' t 01' in the single i'l'ame mode 9 ~,Till transmi· pt:1.li38S only 

wben externa l,ly initiated t and then o~ly until receivint the 

fram e j'Julsc " A sirnp18 bi81;8.'010 '1'5 y '116 y is used as memory clu!!fmt 

----------------....................... .. 
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9it 

and the train of pulses is controlled by a simple diode gat~, 

opera.tec1 by the output O.r tbe blf3table through tb.e emitter 

folloVler '04. 

Additi.onally ~ the 'unit ))l"ovides reset pulses to ac:t on the 

scan generator counters and ram). output ,~ ready for the start of 

8. sinp:le frame. 

In the case of operation vlith one 111).ls0 pel' lin0 des(~1'11j(!c1 

8,rlier f the clock output:3 \fQuld be used to trit~ger t he scope 

t ime bases, ano -the reset Houl0. set t lle fI'l1.me generator onl~l. 

F or one 'Oulse per fra:tlc, the c lock pnlf:1e ,,[ould trigge r tJle dcoIle 

frame genera·tor a 0 jn Fi~. 5.10, an~ the reset facility would be 

For the particular application of probe diamet er measu~cment~! 

scan rotation was considorod to be highly d .sirabJ e. It wo~ldr 

n ac1ditiol'l.9 provide a useful SEI"i facDity. 

I nter-connections wi t h other units havb not been included 

i n F ig < 50 1 2 t o avoid urn ccessary compl '- cations 9 it is connected 

b ehrceL the scan generators and. <':'C8.Y) amplif i ers t o provid e rotn.-

t ion of the cnl'umn scan l"2tster only" 

intc~ratcd circuit operationa J_ ampll:fiors to generate Xp Y ~nd -X. 

from thE: . ncolfling signa- s., 'I'h0SB are corn,binsel in t'vlin eal1r~ed 
, { 

lin88.1' pot:81'l.tiome tel's 'l~o prod'll.CG n e-I" sed .. n ,·yavGJ'0:cn1;; X a 110 :- • 

, 
X := Y + ( l-O(.) X 

I y -
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ana the train of pulse8 i s cOLtT'o11cQ by a simple diode gat 

operat ed by the output of tbe b :.tntabl c through tb.e emittor 

folloVle r '1:4. 

Additionally~ th e tinit provides rcset pulses to ac t on the 

scan generator counters and r al(1)) output; ready fo r 'the start of 

8. sinp:le frame . 

In the case of opcration \,dth one 11"1.11 80 P81' line a.e sc:l'.',I)ccl 

!=lrlier f the clock outputs \fould b o u;:3ed to tr:Lf~c;er the :3C OP8 

t lme bases , ano the T'8set Hould se t tbe frame gene:cntor onlJr. 

For one Dulse per fra:i1c, the clock p'lJ.lf:l8 vrould -Cl": gger th e scope 

fr ame p;ene1"atoY.' a" jn Pip . 5.10, a n (1 th e reset fc\ c ility i401..1, l c1 be 

For the particular application of probe d i amctcl' rneasUY'C;T:8)'J'tS! 

s can rotati on was considored to b ~ hi~hlV d ,sirabJe. It would, 

in addit ion , provid e a usef'll.l SElVI felcD i ty. 

Inter- conne ctions vd th otl1(~r un:i ts have not been i ncluded 

i n Fig . 5 D 12 to avo d UJl.1 8ccssary compl" cations 9 it is connec t ed 

b 8t1'rce:~. t he scan generators and scan amplifiers to provide roi:n,-

'\;).011 of the cnl'umn scan r as t er only c 

t uses three low 

integrat ed cir~uit operationa l, ampl ifiors to bGDerate Xp Y a~d -X, 

from thE; ineolfling sign:-lls. 'I'h cf3e ar(~ combined in twin gan[~ed 
, I 

1" 11 08,1' 1 o-rCYl-\:': ome 'v Ol' D ·to pr0d1..J.Cf' l1eH Gc an w'a 'v Ed"orrMi X a\10 ,r 

Y + ( 1 - 0(. )X 
I 

X 
I 

Y 

\<)hore ex: is thu .lJ '[).ctiov::.l.l r ot8.t ion ()i' "l,h (~ poteu U .omet e :c. 
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amnIi t udc of ~Jc an , H ~ from t he centre po s ' tiO[l cilanges 9 ar'3 

ampli tUG e is u no ) ai1gr~d ~ and it has i ,s greatest raduction of 

The output~ f r om .he potontiumcters are buffered by doubl e 

mitter fo J,l owers of complD~entary-transistors T19 T2p and T3, 

T4 to maintain the d.c. levels. 

The video amplifier ei. .'euit is 8bo'(\,'1'1 in Ji'i{.(. 5,.16. A hi{~h 

b anri':'lidth comrnr.X'ical onerClt:Lonal am:01ificr (}'nilbrilc :PP4-5U ) H aG 

u sed to urovide j nitial ampl ification of the pbotowultiulier out -

pu t b 1007, . Thi s gave 8. ni8.ximum d -r:i re voltage SHiYJg oJ G \rol ts 

pk t o pk~ wjth a bandwidth in e XC8 RS of IMHz o 

I n order to modula t e the brightne,js of the 'relequlpmcmt D5 'S 

oscilloscope, a lar~er voltage swing is required, and an additi0nal 

ut age of amplification is usedo This is a simple operat iona l 

ampl lfir;'r cons i s ting of the iLput compari tor s t,9.ge 'rs f T6 9 fe ec1~ 

i nf?: the ou.tput amplifi r T7, 3.nd outn''). t emj tter :('01101;[01' T8. 

Ne r~Q. t:i. vo i'oedb::l,clr l:i.l1li.t z t h e r,ain of th e staS8 to 

'l\h (~ outDut .c8.nnot be dire ctly aVP1:Lcd t o the electron gu'.l 

operatj.Da at apuroximat oly -5kV. This ~s overcome by us "ng a.c. 

c oul)lina: to th e r~~;.n c ontrol gl'i(~ 9 cLOVP:Ll1 g the video s i gna l ~ 8.no. 

diod e,c onnecte~ inside tI e oscilloscope between the grid of the 

of the video vi"aV8:L 0 l')Jl :L;:, (le1 ",vOY'G,l to t h e control grid of the 

oscillosconG display tube. 
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The system is particularly applicable to the pulsed emission 

mode. Here p t he monitor pu se output of the delay unit is used 

to gate the video signal. This eliminates noise arising from the 

photomnlti pli.GY' ~ video amplifier ete. during peri ods of no emis­

slon For d.c. operation an internal, free running mono stable 

TIp T2 is incorporated into the Cil'cuit to , p:r-ovide gating pulGes. 

A diode connected, botvfeen tho normal video output and TIO, 

performs the gating function. In the absence of a drive puls8 p 

T9 i.s h!J.rd on ui th its collec tor dm-m at -30V ~ 'rho cUodo is 

reverse biassed and hence the pulsed ou~put through emitter 

follo wer TI0 is also at -30V. The arrival of a negative pulse 

a t the base of T9 . urns the transistor off, and the collector 

rises to the video ou'cput levelo 'rhls is follovred by TlO 9 \\I'hich 

t ates the puls ed outpu.t to the level of the video signal. 

Rise and f a ll ti.mes ofthG pu.lses Hare bal01V' 50ns J perml tt­

ing compa tibi" ity with the shortest emission pul,ses obtainable. 

The output voltage could r i se to 50 volts above the base l e ell 

giving maximum sleNing rates i n excess of 2000V/~s. 
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CHAPT,0H 6 

The opera tion f field emitt rs in the SEOC was limited to 

CJ. la.rgE) extent by the r(-Jcuum environment. Early Hork in the 

FEM ( section 4 ) showed that it was possible to operat e in tIle 

,.. -6 T-F mode of emission in vacuua 01 10 torr 9 and this provided a 

bas i s for star ting experimental work in the SEOC. 

Ini ti ally 9 the fiel(l emissloTl gun Has not c1i.ffel"8ntially 

p'ltmped , but cOUlwct ed. to the ma in vacuum system via the il1te :rrl.al 

pOl·t S . 
-6 1'his f: 8 ,Ve ol)crat tnp:; pre ssures of 1 x 10 to rT at best p 

measu'[(~ :1 . at the gun. Un '.3 er . these condl t i.ons tb e emi tter "'3.S very 
..... 

se11sitlvc to ch8.nge s i ll vaeu:urn 1ev(:: 1 , and d. e~1tr'Uction HouIn be 

brJught about , for example, by smal l burst s of gas released during 

t he ope ration of the sl" ding GE'al s on movom(mts 8nd ; ~. p81'ttl.X<N). 

Despite tll cSO difficulties it VRS pO D~ ~ble. by caroful opel'atinn, 

t o perfo:r.ml!l~tllY usefu l eXpel"! ment a . 

Before drauing 8miGsion it I'm3 n8cc2 cary to thoroughly 011t -

ga3 tIl e e l ectroJe s , this considerably reduc ed the gas liberated 

by electron hombqrdment "lh:i.ch mj gl1 t othel'I!ia o l ead to immed:Lalo 

tip CJ .::~ c tru.ct :Lon. The ope:cation 0 : ' th:~ trioGe T·:<:J.8 more Cl"'it':~C'3.} 

:i.n t'll s ro sl')cc t f as not only did it restrj r:::t pumping to the 

emitter reg j.on, but a l s0 was bombRrded int ern8l1y b y the~~ion ic 

emj.ssion from the lla irpJ.n . Dee;8,ss :i.np was 8.chieved "ny In' i ngixIJ; 

t tte emitt er to oper ating temperuture 9 anJ alJowing the electl'OaAC 

anc1 th e proc ecs c ould be follo\·ir:.d by mon i taring the P"L'< 3~~; llre :111. 

t --~----------------------...... --~ 
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tIl E) gun region . 

Durin~ cm'ssion, a build-up of ndve . sc opera ting conditions 

would be indicated by cither an increase of preo surp in the ~lnt 

or increasingly erratic emission. In order to closely folloirl 

,rnrJations in emission CU),Tsnt it \V'3.8 continuously :cccorded \·r}18D·-

ever posG:tble 0 Typ icD.l fluctuations in g ood opera ting conditions 

would not be more t llan ± 5%. Using thc recorder, adverGc t r nds 

in 8rrJir3sion could be seen at a glancc, and apPJ'opl~iate action 

t aken. This would normally i nvolve stopping the emission 9 fl~sh-

i ng the emitter to rapidly repair ion bombardment damage, and 

allm'Tine t he '\l8.CUUrn to improve b(~f ore restarting. 

A VG Y useful indication of the state and temperature of the 

emi tte)_~ vr.s..f~. obtni ned by using the recorder to plot cu rcnt / 

voltage .haractcl~istics. I n th8 triode mode the grid must fLr'st 

be fSL'Ounded. 9 otbcrvis8 t herm '. n:l: <':u}"J'cmt will not be rc corcleC I 

"-

pa88in p; direetJy tl1 rough the grid hia:3 chaiJ.1 to the EHT r;oncrator 

zero .. 01 t line, and l> 'yJ'3.ssine; the :c('c.:o:cde:c. From the charac:teris-

t ic, it i s i mmediately . bvions if the end.tter has been dC:Jtroyed 

as n o stecp ~ field emiss ion ."cction is ev:dcnt, a l so t he t empera-

t U:C8 Ll.:.J.V be checked from the thermionie sect ion of tl1 e p1 ot. 

One -oroblG10 of t he T.,P modc is of stabi] :L zing th e tempcr8.~' 

turc r \vhich is quite cr:Ltical. As other electrodos heat U"P9 

pa~ticu]_arly the grid f so the emitter will become hotter and could 

be d est:r'oy(ld by excl~88i ye blunt " 19 0 'l'h. e ")"rrent/v()l ·~age charac-

t eristics mav be used to ascertain the emitter tempcrature, even 

\'lhen cleg8f::sil1fs elee l'odes b efcH'c operatton. In these cirCUD1f-3t8nc(.;G 

only a 10 '\-1 voltage 'i'lOulcl be supplied to rccord 'trlG thermi.onic 

--------------------.......... .. 
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Preliffiinary experiments .were carried out wi th a shortened 

fo rm of the field ornissio.n gLln SnOifl1 schollla'Lica11y ill Fig. 601. 

In this mode the emt tter I'm.s completely ou t of the magnGt ic lens 

fi eld p a1 d there Has little or no l'ostl"'icti.on imposed by the 

el ect r ode s on the pumping speed to the ami tt8r 9 80 t h(~.'L outga8sing 

prob18ms were 1 08s sorere. 

This mode of ol')er8.t ·· ('m v;ras used to provide v ;3.1ua bJ G first 

experience of o)')orating a fi eld emission opt i c:().l Syste1ll9 althou{~h 

it \Vas far from a n optimu arr~.ngement 9 8._ d conocqufmtlJr tho 1)E,a!'rl 

currentc were very small. 

Ono of the ~dvantages of us in~ a l ens in a strongly dGillagn~-

fyinp; mode ., 8 that small rnisalignments of ~ h o olJj ec , eause onl;y-

a V'Gry Gl1Iall anil;ulRr m:i,salignmcnt at the J ens 9 and may u8'rJ.':J.l1y 'h,e 

cl " , ]~er:8..rrle d • This is th e case \V'1 th the short fie] d em} ss .i. 0n r-UD ~ 

i n whicb 01 j e ct a nd i mag(-? po s it10ns a:ce r1im:i..lar to tho [)(~ i n ti').8 

fin;:). !. st8.ge of the convent iona l SE~1. 'rhus' he anode aliem1!(mi.. 

'Ivith respect to the l eu8 \,la8 n0 1, cr.LtJca lr ano. the a l ic;nru0i:lts 

n ecessary were o f ·tlle emitt0r and l~ns aperture only wi~h respect 

to the axis of the magnet ' c l ens. 

.Prel iminaTY alignment \'las 8.ch'i cv-cd by remoYing t.he l ens 

apertu re 9 spe c i merJ and Faraday c age, and aligning the (-)m ' tt-e r 'Id.th 

through the thiI pbosphor screen 8t tl)(; top of the chc,mber. 

Emis;:,i ,jn i18.S dra'r!n and the emitter X aI Cl Y contY'ols u sed to 

c ent re il1umin8;b.on of the anod e aperture '<fit} in the pinho l.e of 

the rn8.{l) etic lens. rl'~1(~ emitter Has til'Led to ., :tve maxilnu'f(l curl'c'l)t 9 

a't)plyL1f'; sl:i. f..,;llt shift cor)"ect:i~ oil~ as l'equirt:cl . Emission from the 
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gun Has tllll S Rligncc'l to the lens and. its .intensi·,y (p'L' ID' Ged. 

Prelim:in8.ry conte 1'inrz; of the lens aperture could then hE') 

achieved by focusi no: the i11vnlinat · cm onto thE) nhos:pho:c sc:reen ~ 

and ad just:i.nF~ the position of the aperture to give n :i.nimum move­

ment of the spo~ as the lens excitation waJ varied thrm ~h focus. 

In tllcse early exporiments thcre was rio indopendent Faraday 

cage movement, and the ca~e 'va~3 mounted on the speciIllon stage 

vertically above the specimen. Thus, when the specimen, which 

vTaS a fino electron microscope gl"'id 9 \'laS moved into line 1'1: th the 

b eam, the Faraclay cage cut off illuminati.9n of the phosphor' scrcen. 

Adjustment of lens focus onto the specimen and final lens aper 

ture alignment eoulc1 be achie red by t1"0 means: 

a) Slowly scanning the beam in .ne direction, the electro­

meter Has used to monitor the current tranmnit t ~cl tlu"ough th(; 

speci j6nan~ collected itl the Faraday cage. Current was plotted 

ap;ainst . C8.11 vol -r;age on an X-> Y l~eeordcr a:,) the beam \vas scannE.~d 

acro ss the ed ge of a gri.d bar. :.rhe lens ' -la:3 focused to give maxi·~ 

munl rate of chang(~ of curi~en t across the edge. Aperture align~ 

rnent cml1d be achieved by adjusting the aperture position to give 

Inin1nm.m l)Ost+.ional shift of t.he edge as the l ens eY.:c:L-~atlon '-;'Cif..! 

varied. By TCDcating the experiment and scanning in the ortho­

gonal directj)l tthe ap0rture could eventually b e Rccurately c -ntrcd. 

This metllod is vex'y si .• lilar to thst used. b y Ea)'TlshD,I'T ( 1~65) ~ 

and is e)~tremely v0diouc. 110l'8ovGl'r the 101" bandvd.d"th of the 

el ectrometer 1.rohihits the ol)se~vation of effects on the probe 

due t stray AC mapneti.c fields anl of vibration 9 whicll are inte-

gratorl ann al'mear a8 an i~"JCI'easc ill t he me3.s1).red p:robe d.:lameter. 

b) By ranjdly Bcarning a two dimensional raster over the 

specimen f and clisp] G.yJnp; t.he Signal a:_l vertical mOLl.J.ati.on of the 

lin es of the raster on an oscilloGcope 9 lens focusin g and 
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b>un was t}11J S Rl:i.gned to the l ens an(t i to .i.nten.'. ty op"Limisod < 

Prelim:in8.ry oente·.'inr<; of t he l(:!ns aper.ture could then 1 e 

ach:Leved b. r i'ocusin,Q: the illuminf:l.t ·.on onto the nho s).hoJ.' screen y 

and a d JU G t :i.nF!; th G po s:Lt i on of the aperture t 0 gi ve minimum mOVl~­

nleYlt of tIl e ~3POt9 aD th e l(~n s excitation vias varied thronr;h focus. 

In tllOS8 early exporiments there was rio indopCDrcnt Faraday 

c8.ge movement, and the cage 'vas mount ed on the f')pecimon stago 

vertica l ly a1') ve the snecimcn. Thus v 'h'hcn the GpeCiml,)l1 9 \<Thieh 

wns n fino electron microscope grid, was moved into line with the 

beam, the Fnra(tay cage cut off illwnination of the phosphor screen. 

Adjllstmen t of J.ens focus onto the specimen and fina l lens aper 

ture alignment could be achie red by two means: 

a ) S10\.r1 y scanni.ng the beam in ne dil~ec tion, the electro­

meter \'78.8 us ed to monitor the current trannmit ted tlu'ough the 

specimen' an~ collected in' the Faraday cage. Current was plot ted 

a~ainst . C 8.n voltage on an X-·Y l"ecorder as the bea;l \i'aS scannGd 

acro ss the edge of a gri.d bar. :.rho lens ,,,a:3 f ocused to give maxi·~ 

mUTll rate of ch;'l.nge of curi~ent acros' "i:;he edge. Aperture align~ 

ment could be achieled by adjusting the aperture position to g i ve 

lnin:i.mum l)osi ':.:i onal shift of the edge as the l ens 8x: c:L-L;at:Lon vaf..! 

varied. By repeating the experiment and scannin~ in the orth o­

gonRl direc t iol , t l.e aporture could eventually b e Rccurately c0ntrcd. 

This method is very similar to tha t u sed by Earnshaw (1965 ) , 

and is e}~trome 1.y "odious <- 11o:r'(;oYcr r t he 10,'; band "rid th of the 

e l ectrometer proh~hi·t8 the ol) servatj.on of effects on the probe 

due tc st'cay AC m;:lfmeti.c field . .: aD~l of vib nit; iot'J t "lhieli. a:ce il1 te·~ 

gratc:'i ann a pr1car 2.8 an i!JCI'easG 1.11 the T!lcas1.J..1'cd p:robc c1:L alne-cer. 

b) By raDid.ly sC9.TniniZ a t1W d :Lmen:::lional r rwter over the 

specj.men , and djsrJ ayin~ the SignAl a~ vertj.cal modulation of the 

lines of the raster on en oscill occope 9 lers focusin g and 
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apert ure cantering were ma de considerably easier. 

r his vlas fir's"t achi evecl .cx-periment a . 1y by u sing the norma] 

SEH secondary e l e ctron qollector described ear.lier ( section 5.'3 ,5 ) . 

In thi s mod (:1 secondary electrons generat.ed on the grid cO't);. lcl be 

collected and displ a yed QS signal. The method ? howavo~~ had dis-

advantaces as tl e close proximity of the colle ctor biassed a t 

+~~ oo volts cl istorted th e b eam t and Hi th the speeimen normal to t he 

b eam the collecti on efficiency ,vas 101 .... 9 moreover 9 secondaries 

gen erated by the trans mitted beam could a l s o reach the col1ector ~, 

t hus th e si .. ,nal to noi se rati o i'Ta S very Im.,r, typ:Lc a lly 2 or 3. 

An i mprovement of abou t 2X in Si gnal to noise ratj.o \.;as 

obtained b y inverting t he l ight pipe and coll ec ting ' ec onch.1I' i8 [-l 

produced by the t ransrn i tted beam 011 the surface of tllE; Far-a(~ay' 

cage 0 An earth ed ser'cen placed betHee the specimeil ;~.nd. col1 :: e ·~ 

to r reduced tL e number of' st ray e J ectrons elL ect ly f rom the 

s pecimen . 

These methods 1·rere suitable for focusing and aperture al ig n·" 

ment 9 hO '"Tever 9 the very poor signal to noi se ratios })1'Gvented 

t he det e ction of the effe cts of vibra tion and stray fields. AI1 

measurements on the probo had to be made u s i ng the Fa:rada:y- cage 

and electr0~cter. 

The experi mental arrangement permitted the measurem ent of 

anr(,Ul ar 8111).1:38 ion curren v densi t y :from the electron gnn. Fig . 6. 2 

shoHs a plot of probe current tr ans!nitted by the l ells aperture 

as a function of tot a l emission current t1'l the gun . 

'rhe re l ationshlp io not l:i.n eal~ as might be suppoued f rom 

basic considoratj onA, and 8~OWS a marked deuroas~ of efficiency 

at h i {-.;her currents. Tbe 1110St likely explanat ion for \.11is 
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ph enomena is t hf~.t 'lmcler t h e pooJ:' VaCU1)J]1 condi~ion s ! th f'J hi;~:i1G J:' 

emission cu.r'Y'nnts C RUSG l1igher In:'cssures i n the gun region. 

'fht s l ed to build,-ufJ of adso:cbed ga3eF'r principa lly oxygen y onto 

the (100 ) faces 9 so en11ancinp; th e local emi ss ion in these regi(ln,' 9 

as ob serye<1 in -the FI~r1. The hi~her en 18sion l evelc:< from these 

r egions means tllat for a given total omission current, the pro-

port ion mltte0. -from the ( Ill) f'8.c:e door-oaned, and s o a ccounted 

for the eXT)8Y' t ment8.1 obser.vat i ons. 

Typical operating conditions would be with 20 J1A emission. 

Tho l ens anerture was 200 Jm diameter. subtending 8 solid angle 

0- 6 T d at the emitter of 1.9 x 1 steradians. his ~avea measure 

-4 / an.L!,U.lar current dens ity of 2.5 x 1 0 A sr for 20 J A..fI. t!lniss i on. 

::md sU,C":p;ests that under these con(li t10ns the 'r-p oper',ti on hfH> 

l ed to Cl remodelled emit t er tip" on '."h ich the ( Jl1) emL:18 icn haG 

been enh8.nc ed by a factor of approxj mate l y 10X 9 com~xlred Hi.tl 

uniform emissi on into Cl soL'd angle of one stera<Li.an normall y 

a ssumed. 

rn 1e accur8,cy of the se resul ts ~',as 8xtrernely l imited 2~j ·i;1JG 

ably due to diffcrin~ l eve l s of ~dGorbGd gas cont~~ination " n 

succo ssive Qxperiments . 

S1milqr results to those presented a bove we re oht~ined for 

tio) at un t o 5kV. 

"'it}) the b0 9.m focused on to a gri.d spec i men , recorder plots 

of s cans aCT os the odgo of a Grid bar were obtained as ShOWl D 

Fi ,g . G < '3. In this ,aso the r:r:i.d has be en 100"lted 2 ~:un b y th , 
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ex-cernal specimen movemen t s bet\;(~en succcssive scans to ca ] ibrclte 

t he scal e . 

The resu·Ltu ~hown were fo r the tri ade mode of operation at 

5. 0kV, d iode operation giving simil ar results with 81i~htly 
EXCIT}\ '.l.'IClN H(lKi\!;'TG t'DC}\ L PRINCIPAl. SPl!EH. CHRrJ ll a 

PA R A !'\ ~; T [:~ i~ !lI ST. LE ll GTl-i PI, II H l~ AB. 1\B. l arger probcs due to the l ower operating voltage . The lens work-

;1I2/Vr. T, (iHi) f'O(t:n) Z p ( m;) CS(Mn) CC (HH) i ng distance: W8.S 25mm measured from t he top facE', of 1,1:1e pinhole 

pole pioee. Len s apertu.re 'ras 200 ~ lm diameter a8 · b o :rol"E.~. 

1"~;: .5 S ·'5.00 8.47 '" 13 • . 47 3.01 [..; .78 

120 . 69 ~·4.C-O 8.98 ·-1 2.98 I,~ • 46 6.26 

.-
The merl.81JY'es probo d iame t er~ defined bctw'cen 2 0/~ ~ 80% points 

l ~ ' J • G 0 w·3. ~JO 9.63 ~ J.2 •. 63 5.48 6.91 
\)0 .. .3 3' "2 .00 1£',.38 "' .l2.3B 6 .9 S 7.66 

in t lll"! :f :Lf~u:re is 2.4 J1.rn9 and t he probe cUl"reI'l.t 7 . 1 x I O- lOarops. 

7l) ~7 9 ·' 1. 0 0 1 1019 "'LL19 8 ,94 8.48 

'i'L31 ~(;i. 00 12.05 "' 12.05 11. 5 7 9 "r-.,J:J 
Th ese ~ive a measured probe bri~htness of approximatcJ.y 

64.39 l./)O 12. Slit - lL 94 u,. 9'~ 10.25 
!:-i13 . 66 2,,00 13 0 B fI, "'11 0 85 19.14 11. 16 

6 /2 5 x 10 A m / sr. This i s low, however , the i magi ng conditions are 

r~:1.G2 3 0 ":0 14.77 " Lt . 77 2 ,~. J 2 12.09 
49 .70 4. 0 0 15 0 71 " 1.1.71 3 0. 58 13.04 fo r fr'orn o ptimulo. 

40 0 1.5 ~) . 00 16.66 '·11.66 3t1. ~} 3 J. 4.00 

43.07 6.00 17 .6 1 &> 11. 6 2 4.6.8<1 14.96 VI e may cal eul a t e the theortJt i cal proDe; dia!l\c<;er- :from the 

40.37 70 £'0 lB.58 " 11.58 57.00 U).92 

37.98 H. C8· 19.5/~ ·'11.54 68.74 16.89 ] ens pal'ametOt's . These have b een computecl b~r E. MU01'0 at this 

3f5.0S 9~00 20.51 " 11.51 82.15 1'7.8 7 

3.3 .95 ,tv.CO ~~ 1 • 49 "' 11.49 9'7.33 J.O.B5 
13.boratory an.'l re::;u:L v S for t he P (=J8S0 l en s are SbO\'Hl :i. n Tablc 6. J. t 

~e.(i9 12.0 f ) 23 • I~ i1, "1 J. " ,it! 13:L 50 20.81 
~B.()O J.4. 00 2 G .1,\ J. "1 1 0 41 178.24 22.78 

in whioh the vTorking di s t ance and posj.t i on of t he principle plr::J,ne 

2:;.74, lo.N) :27.38 ··J.lo~B 23;),047 24.75 
· 2~\~R.l 1'3~O0 2 9.35 ~J. l .. 35 '297.13 26.7 3 

arG measured from t he ontsic' e faco of the f i nal polcpicce. 
.-, ,) 1 r" 20.(;0 31.33 .. 11 0 33 373.17 28.7 1 I~ .. , ,. .eo :J 

2G Q '7 J. 22 .00 33.31 "' 11.31 ~61.52 30.70 
Under t h e exper i menta l opcratin~ c ondi tions we h~ve: 

19" L\ t1. ~~4Q.f) O 35.30 " .1J..30 563.14 3?-.6 0 

18,,;) 2 ;~ 6 ., E'O 37.28 "' 11 0 48 678.97 3 <1 . • 6 '7 

17.32 88 u €0 39.27 "' 11 047 809 . 95 3 6.6 6 
c == 620rrlln s 

11) • .-1,3 30.00 'H.26 " 11.,46 95'7.e2 38.65 C := '3 4mlil c 

\·a th the 200 ~ Fll diame t er aYJCrtttr'89 the sem"i.8.ngule) ·~) Gubt;endrd 

is ':) .1 x -7J . , 10 . l'acJ.J.ans. Ji'o lloi>!i nf:( Slnith (1 956 ) , 

tIle t h(')cn'e U .c!1.1 1)1'01) e d iameter i s c :.llculn.t ed. t o b e 64nm (. 

OPTICAL PROPEHrr I ES OF PEASE IJENS but this '.vas t o be expected ~ 8:':1 in t he experilnentfJ aff(~ct~') of' 

v i l)rat ion and s t :cay fj.eldf;; could no t be e l:i.millu t co 1 ~3.nd "01.1.10. 

appear as ]ncreased probe diamc t urp ~lso·accurat e l ens f ocusinp 

. 1'TaD d:Lff:i.e1.l1 t to ::lc h :L(~ve. 

Th 'V poor signal t o noise r8:vto in t Jw sr:-condary c ollecti on 

I --------------------------



EX C I T :i 7.' 1 (1 N \IllKKI?IG I"OC;\L P}UNCIPAIJ SPl!BH~ CHROt'i ~ 

PAn i\ j'\ ~; 1"1 L~ 1~ PIST. LEilGTH PI, li H l~ ABo 1\ Bo 

:r:c2/Vr. r, ( lU! ) FO(nn ) zp ( :li'; ) CS ( i'iJ-'i) CC ( HH ) 

1"~~.5S ft . 5 • 00 8.47 "1 3 • . 47 3.131 5.78 
12f>.G9 ~·4. 00 8.98 ·'12.98 t!..46 6.26 
1 ~IJ • G <\" •. 3. ,210 9 0 63 ~· J.2 •. 63 5.4H 6.9 J. 

9 tl • J 3' "'2 .00 10.38 .... l2.3t3 6.9G '7.66 

79.79 ·'1.00 11.19 " 12 0 19 8~94 8.48 

'iJ..31 ~(:'Q00 12.05 "' 12.05 11. 57 9.35 
G4.39 I.')\) 12 Q '9 It - 11.91- u .. 9t~ 10.25 
!:i13.66 2.<:'>0 13.04 "'11.85 19u1t~ 11. 16 
~;:1.G2 3.(;0 14 0'77 "Lt.77 2'L.'32 12.09 
1.1,9.71) 4.N) 15.71 " 11. 71 30.58 13.04 
4~r) uj.5 ['i.00 16.66 ·'11.66 3t1. & 3 1,.:'1.00 

43.07 6. 0 0 17.61 ·' 11.62 4.6.80 14.96 

40.37 7. 00 lH.se - 11.58 57.00 1. t') • 92 

37.98 tl • (~ 6· 19.5 /• ··11.54 68.74 16.89 
35.05 9.00 20.51 --11051 82~15 17.87 
33.95 .tv .OO ~:.l.49 "' 110 49 9'7.33 J.O.85 
.)e~(i9 12.0 ~1 2 J • I~ 11, "1 J. .. ,t4 133 u 50 20.81 

?B.<JO J.4 Q 08 2G . 4J. "1 1.41 178.24 22.78 
2507~, 16.€'O 27.30 ··J.l.~8 23:~.47 2.10 75 
. ;:::~ .. f'll 1<.3.00 Z9 .. 35 ~1 1.35 297~13 26.73 

.... "" , t"· 
I,J , ... " ... :) 20.~)G 31.33 .., 11.33 373.17 28.71 
2·0 Q '7 J. 22.00 33.31 " J.L 31 ~6L52 30.70 

19.4<1 ~~4ofrO 35 0 30 "'J. 1.,,30 563.11, 3?-.60 

.1. 8 Q ;12 :? 6 ., E'O 37.28 "' 1102.8 678.97 3~·,,67 

17 0 32 28 u E.'O 39,,27 "'11.2. 7 8&9,,95 36 0 66 

lG.i1.3 30.00 iH.26 " lL26 957~e2 38.65 

TABIJE 6.1 OPTICAL FROPEHTIES OF PEASE IJENS 

10) 

external . peclmen movements betHo en Sl).ccossivG scans to ca] ibrnt(~ 

the:? scale 0 

The resu ·Lt~ s hown were fo r the trj.ode mode of operation at 

5.0kV , diode operation giving similar results with slightly 

l arger pro' cs due t the lower operating voltage. The lenG work-

ing c1iDt ancc was 25mm measurecl from the top facE', of i..he pinhole 

pole I.d.ece. LeY,s apeJ'ture ,"laS 200 ym cl:Lameter as ·1)ci:'ore. 

The me;:J.mn'es probo diameter 9 definGd but1vecu 20~~ ~ 80% point s 
- 10 

in t1w flr0-\X'e is 2.4 Jll1l 9 and t he probe cUl"rent 7 .1 x 10 amps. 

These Rive a measured probe bri~htne8s of qpproximatcly 

6/2 5 x 10 A m / sr. This i s 10w
9 

however , the imaging conditions are 

for fy·om op"timuICl. 

V!e may calculat e i.l e theoretical probe (liCJri\c'~er fy·om til.l3 

) ens 'pal'ametol's. These h ave 'b een compu:vocl by E. H"lll';l'O at this 

laboratory ~n~ rC8ulvs for t he P~asc J.cns are shown in Table 6']' 9 

in which tbe vTo rk ing distance and pos1tion of tho principle plane 

are measured from the outside faco of the f inal polepioce . 

Un' r J~e ~xD3~ j nlDnta] oporatin£.', conditions we have: o. E' \J 1 ,. -.;.) e. . ~ c· 

C s 
::: 620rmn 

C c == '34nllo 

~LS ) 4" J. x 
-) .. 

10 ' radJ,a1'ls. FolloHing Slnith (1956), 

virHa t ion ,nd st:cay :['j,eld b could no t be e liminated ~ ~:ln d H0
1
-110 

The poor sil91al to nois8 x':3.t to in th8 second ar'Y coll ectjoH 



system prevented the effective observat1on of' vi.brational and 

st -ray field effects in thif~ [.,jTstem r \llhi(;h "ras far from the opti~ 

mum for field emi:"sion type smLL'C:cs p . and vms intended only af3 a 

preliminary expo: i mental arrangement. 

The SEOC was desi~ned principally to image FE sources at a 

high ma~\ificationr with the emitter positioned inside the mag-

notic lens back bore. This eleotrode configuration ,ras liscussed 

in Chapter 59 and it is of interest as it provides the possibility 

of i maging the emi ttcr at a nmgnificat:i.on greater than uni" y and 

ve -y close to the optiMlm. 

Bxtra dj.fficulties involved in the operation with t he emitter 

in th e l ens bore Here pr-:i.ncipally the requirelnont to alig)~( 'Ghe 

anone to the 1.8ns r vacuurn problems associated Ylit.h the limi ted 

pumning speed to the em ' tter region (restricted by the l eno bore), 

and vJ.b ration of the emitter on its relatively long supports. 

At this time , however , the experimental t echni~les were 

improved by ''che developmen t 0:[' the c3.iffe rc:)Yltial pumr)ing Oy[jtCll~ 

fo r the gun 1:T}'ieh mado thG emi ttors re] ::d,ive J y inllm:UG to small 

leaks from ~perture and spec i men movcmcntG 9 alGo the movahJe 

Faraday cage was· incorporated vhich onabled the signal collectj.on 

to I)e g1'8stly improved by coll (~ct i l1G secondaries :,8nerated by 

transmi t teei. p-, .i.\uary el S(:tl"OllS at the phoo:phor SC1'cen. 

The proccdu~e adopted WQS similar to that developed in the 

earlier 8xy..le.iracmts ( flection 6.2.1 ) . 'fhe C01VJ1Ul "1[1.8 first appro-x-j·-

mately a} if:nsd optically by obseY""ling the hes.ted filar.w 1'0" 

Emitter position and orientation were then adjusted to centre and 

I « 



system prevented the effective observa tion of vi.brational and 

st ray field effects in this system , whic} was far from the opti­

mum for fiold emi ssion type scrarcc o
p and was i ntended only as a 

preliminary expe: i mental arrQn~ement. 

Q.!..:L In!lQ.8r~(~d Em:',i;' ,cr Q.QU f .ltrLl:Ettj,Sill 

The SBOC was des:Lsned. principally to :' mS.ge FE f.lOUrC8S a t a 

high magl1ification, with the mitter pOQit ioned inside th e mag­

netic lens back bore. This electrode c onfigur8~ion 17as d iscussed 

in Cha pt el' 5 p and it is of intere.:; t a8 :tt 'providcs the poss.ibility 

of i maging t he emitter a t a magni:flcat:Lon greater 1,h cUl uni'LJr and 

very close to the optiMlm. 

Extra cU-fficul tie s involved in the opera·U.on Hi th >.1'1e emi tte"!' 

in th e l ens bore HeTC principal ly thE'J requirement to a lj.g'-l -che 

an00.3 to the lens r vacuum problems assoc i ated liit.h t he limi ted 

1)umning speed to the emitter region ( 1~e~1t:r icted by the l eno bO Y'8 ) f 

and v':i.brati on of the emitter on J :;s relatively long uupports. 

At th .. s time 9 however 9 the experimen t a l t echn ' ques were 

improv ed by the deve lopl ,en t of the clifforential pumping oyctew. 

f or t h e gun 1.,r}'1eh made the emitt r;rs rel8-~J "i.ve ] y 1n1111une to small 

l ef:'J<.: s from d.perture (11) (1 sped me J lilOVc'JIJCntr3 ~ a l so the movabJ G 

Fau.ca.ay cage YID.S inco:q)o:cated \'~ llich enabled the signal col1eo-(' 5.on 

to be gl'()3tly improvcd b y c011ec t i nr; Secondari es :.,snE,ra Led b y 

b.L,l._J\.J 112:-1:1..L1:,:n 1 

The proco~u~e adopted was similar to that develo 1 ea. in the 

earlier eXl)criJocm ts ( flection 6,.2. 1). 'fhe coluJm:l H[U3 first :::q:"lproxj-· 

rnately al igY'Icd optically by ob scr·v'ing the her-].ted f1 1ame --:-(;" 

Emitter position and o r i entation wore th en adjusted to cent re and 
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370 
opt:Lm:Ls8 illuminat ion of t he anode d.lffGl'Emt i a l pump:Lug B.l)Cl'ture 

d urin~ emission. 

360 The anode a perture VlaS a l:LgTled to the l ens ax:l.J using the 

t echniques for lens apertUI'8 alignment~ namely b y focucing onto 

t he screen i'i'ith thG l ens and ad j usting thG anodG apGl'ture pos:',t:Lon 

350 until tl'lG foc'llsGd ,-,pot d:Ld not rno,rG as t he 1 -1'1s ox-citat :ioY1 was 

vaI'i od throug focus. 

:Lens aperturcs were cen-cl' ed usi H!]' the same technique of ITHI'y~ 

340 1., "1.!~ +11P. ·. L }lS ev'c~ .Il·,·rc4 1J".J' .nn.. I ' 1 ' ' t1- ' ) " . , • po, v_ _ /\ J.. < • n (;_·Li.f-; 08,80 9 ufilng 118 uny ro-veQ ra ';1:LCl 

scan im3.gillg ohtainsd from thE': vransl'fIi t tecl e J. ec t ron si~snc.l ~ 

fo cns :i.np: onto the sp8c:il11en could more re;).dily be achieved t han 

330,- b efoTe < 'j'he image H8.S bu:U t 11 CJ by vertj cal modt: l.atiot of tl e 

c rrcc t ,·!hen th:ts did not mo e ,8 the lE:~ns ,-mB tal{,(;l1 through 1" : '01),[:;. 

320 
TJ1e SCA.n amp] i tudc \'Ta,8 (~a] i brated for each experimen t by 

corTel1atin~ specimen shift~ with mo~m8nt of t he d isplay of a 

310 i3 <Jan aCI'OS f: tbe edge of a grid bar on t he screen. ~eh i s \'iOE\ pcr·~ 

fOj~nH:; r1 at 10\' magni f i at1 011. and Fig . 6. 4 sbo:iS et t ypi cal p] ot of 

p08ii.ion on the screen as a funct ion of spec i men pocition. Fer 

ar_qngo~ t o 1iei . the dire c t i ons of the specDnen movcm8nts. 

Du.r i.nr; experirncnts t he 8C8n l~agnif:tcat :Lon c ould b e varied 

Position on Display Screen ~ cm or by the cal ibrated expanded horizon1:;?1.1 scan f8.cilities in th8 

d i splay of:3c i1loscope . ~:'hUFl thE; fM3p-:n ·i.fie ;1..ti on of the dispLl:Jr 

could readily bG c~laulatcJQ 

I Uustrating Scan Linearity. 
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370 
opt:LmisG illumination of the anode different i al pUll'lp:Lng 8.1)()): ture 

dur in g emissi on. 

360 
The anode aperture, VIas a l :L&;ned to the l ens axis us i ng the 

techniques for lens apertur' (? a lignmell t ~ namely by focuGing on·l~ o 

the screen with the lens and ad justing the anode fperture pos ' tion 

350 
until tho focused slot did not move as the lens excit at ion was 

var-ied through focu.s. 

:Lens apertu.tOS irlere eey.J'Cl 'EHl US1(W" the saltl,8 t03 ,hnique of VH,!.>Y~ 

340 
scan imagil1g ol)tGLil'i~d from the t rax;s]'r1.i ttecl electron sifl;l101 ~ 

fomlsin~ onto the specimen oould more rendily be achieved than 

330-
b efo're < 'J"he image HO,S fJuilt u D by verti oal mod\: l.a·tio. of the 

dis pl ay r<: fJ \;cr on t he o8,c i l 10SGope 8(:1'een ~ an.cl c~J :i.gmncnd; 1'18.8 

c o ':(OC1; i'1 }1en thts did not mo re " 8 t 113 J.~)jlS 'HS's t a1\:cm throng 1 f'~Jc \}.c:;. 

320 
The scan 8.mpl itudc ~'raG ea].' brated foX' each c x·pe.r:iJnerd -: by 

correllatin~ specimen sh i ft , Kith movement of t he d isplay of a 

310 scan ac; ' OSf: tbe edge of a gr ' d bar on t he GorGen. ~ehis \-me por-~ 

fo :cmt:;rl at 1 \' rnagnificat:i. ol1.8.nd Fig. 6.4 sbO\m Cl. typical }.J]ot of 

posii,ion on the scre en a8 a function of spec i men position. For 

c onVeni(.Flce ~ tl.1e 8 (;8.1') d."cp.ct; 0)1[3 and s~ecimen grid bars "TGre 

ar .. l-l.lif;cd. to lie· i the d.irect:Lon , of th e 8f)ec~.men movCmen1;[1. 

DuriYl.f'- experirnents the SC8Yl magnificat ion c ould be varied 

Pos~tion on Display Scree 
or by tb.e calibrated expanded hod.zoll.t~ll sc .n f8.cilities :i.11 the 

display of:JciJloscope. ~:'hU8 t 1'1. EJ mag-rlificn:t-Lon of the di s play 

could TeadilJ bs o~lculat 8Q. 

Fig 6.4 I Uustrating Scan Linear ity. 



370 
optimisG illumination of the anode diffex'cntial pUmpiIlg ape , 'ture 

during emission. 

360 
The anode aperture ':TaS a li&;ned to the lens axis using the 

techniques for lens arertux'e a] ignment; nr:.l..mely by foeD sing onto 

the SCr8GTl ,'lith the lens and adjusting the anode [perture pos ' t:Lon 

until the f00us ed s· ot did not move as the 'lens excitat ion was 

val ':Lcd through focus. 

Lens apertures vlel'e ef::m-c}'8(1 usi 'Cl!! the sam8 technique of vFn'y~ 

340 
scan imaging o1)'tainsd from th t-: trar,\f3,'fli t tell electron signal ~ 

foc1J. s in p: onto the specimen could more rendily De achioved than 

330-
h efore. The imag~ lTns built up by vertical mod~lation of t1e 

correct ,,)hen th:ts did not mo re ,,8 the lE:~ns vm.s taken through f ':'lcl),c~ . 

320 
The sell!) R,mp1 itudc "TaG c a1 i hrated for each expc 'r iment 1 Y 

correll a ting specimen shift9 ~ith movement of the display of a 

310 El ' cJ.il acrOSE the edge of a grid bar on the Gc:ceen. This \'mB pcr-~ 

fo :tnH:;rl at lo \v rl1agnificat:i.on~ and Fig. 6.4 8nO\-m et typical pJot of 

p09i1,ion or the screen aa a function of specimen position. Fcr 

300 conveniC Y'L8 ~ t:1,le s r;8.r1 d" -,-.ect~ ons alHl s;:Jecimen grid bars Here 

arrRnge~ to 11, i , the directions of the speoDnen movements. 

Du rin{~ e):~pwrinwn",~s the SC8n l"lagniflcat:Lon could be varied. 

2900 ·-j· ............... ~-T-l:-5·'!....' ~~----~ 

Position on D i~play Screen cm 
or by the cal" brated. eX})8.nd cd ho)"i~ont~;t.l fJCan facil:i.-t:ies in th,:.-; 

<.H splay oscD IM3cope. Thus the m~3{~J-l,ifieation of the di s play 

could Teadtly bs c~lculatoJ. 

Fig 6.4 I Uustrating Scan Linearity. 
It ma.r &.1::;0 -lw seen troll) I'ip:. 6.4 t l18t the relationship 
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departure from linearity. The plots were made at the maxinmm 

scan amplitudes and 80 would .be expected to show greater depar-

tU .e from linearity than Bcar s of lower wnplitude. 

imDrovcd the hase level of the opernting ?reS8Ure, the restrjc-

tions on TlUmpinp; speed to th e, emitte'c region due to the relaU vel~r 

sma Jlback bore of the maWIstic lens crested some new nroblems 

Particulal' attcntlon had to be pai.d to thorough outtS8.ssing 

of th8 electrodes 9 particularly the grid of th; -crio0.(; gun f by 

bringing tho cmi tter to operating temperature and allm' :Llll!, tbe 

electr'od cs to h eat up " .. n(l do{!,3..s p RC> 'l;la8 Cl ascribed eal'lic:c (. '.~hCL 

first drawinp emiss ion a l arge pressure rine wae in8vi.table. 

Sati sfac"l; ory operat i.on. could usu:d .ly be obtained by olwratJng 

:' rd.tiFi 11y ·id.th only 1 0"',1 CUrl'Ol'l-C ( e. C. 1 p.A ) and stopp:Lng Omi!::;f3ion 

to al10vT tho vacuum to clean LP as rcquil~ed. 

11ho Gstinn.ten D11l'apln,g spe:d botu8eY.l emitter and gu.l'l ch8.mber 

\'laS 17 lj.t:n~~:;/ ::}e , '0 Under typica~, op(~l'a i"in,~ conditi ons Hi t11 

20 p.A emifjsion r th e preS DlJ.I'C in the gun ch2 ... mber ~(lOuld ri~H) l)y 

o 
2 x. )O-Utorr < Thuu the emi.ss iol!. ,,raG oroat:Ln{? an outr;ass inrr, J"[d;(' 

f' ' i J " 10- 6 , J ' t / } , ' , cl t o ~ apnroxlma;e. y ~ x ~orr- , l'res scc., WllCh corrosponaeD 

~ ' tl ' t ' .... . t 6 ·LO .. 8 ,-a :prc~ssure r. t.se · :l.n ' H! GlIiJ. 'C8Y' 1"e(:)10n O..L a l)ou·~ x , \,01'1:'. 

An inter8s~ing experiment was 0erformeri in which the em:soj,on 

"'riB fceu. ' cd in t~le anod.e aper'turo using a very htp;l1 lens GXCi1~2,-' 

tion. The guu }ytGSS1U"G rapidly fell to Lhe l(~vels achieved 

Ul1d or concli t1on'"' of no em:i.ssion, and irmnedio..-Lc:l:\T rose Cl?::::' n ,\lh8n 

)DCrCaSA in pressure is due t o anode outgassing and it would be 
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1 div. = 190 nm 
(a) Early results showing high 
levels of vibration at 40 Hz. 

1 div. =100 nm 
(c) Little vibration. Probe 
diameter approx: 60 nm 

1div. =100 nm 
(b) Almost free from vibration. 
Probe diameter approx. 110 nm 

1 div.= 40 nm 
(d) Typical daytime vibration 
levels. Probe approx. 120nm diam. 

Fig 6.5 Fast Scans Across an Edge 
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in situ, e.g. by indirect heating, or if the ami.ssion could be 

f ocus ed i n the anode a pertu re . 

The im~roved sys tem for detectj.ng the transmit ted ele~tron 

current usin~ the phosphor s creen and photornr J.tipli er, enabled 

prob e di9.meters to be llleasured di1'8ctly from the oscilloscope 

d:.splay. Al s o the h. Gb band 'l{.:i.dth of the sy::; tern (limi tea by the 

PIl phosphor to approximately 50kHz ) permitted the relat~vely 

easy obs ervation of the effects on the probe of stray A.C. mag-

netic fields and me cb ai1:Lca l v'i'brat -j ons. · 

Some photographs of t ypical scans acros:-; the ec1gcG of ' grid 

bars axe sho\·:n in Pig. 6 c 5. 'l'he80 ex:peY'imr..mtnl rE~sul ·l .s ,·rere 

obtain ed by scanning a sin:/J.e line across the speCim81'l. Direc t 

measurements frern the scrcen, or the photograph~j' {!8.'rc the probe 

diame te r . 

Probe current ' 'laS mea;:mred in t)').e Faraday C E'\.{';G as hel'ore I in 

thid case by movin~ the sp0cimen to a conr.nient posjtion wi Lh 

the probe sta tionary , so tha t al l current was transmi tt ed . The 

li'ar'aclay c8.ge ';las aligned for optimum collect i on current ~ corres 

ponding ·to tl1e probe en tering the hole i n the bottom face of the 

c<t{(e, '.lh 1<.:11 ' 'laB n0t visible fo r the ali~nment. 

For the caJculatinn of the beam semi-ang18 v direct meaSUTe-

ments of lens \·rorld.ng d:L:.itcmces and f ape r tu1'C d ia((tc-cers \"er'e 

u sed ~ Apertures ,\·rere meas'lH'e cl on a trave11:Lng micro scope c.J:1cl 

found to be very near to th e i rnominaJ sizeo. 

Three aDcrtUl'C 8izeE.~ \-J(3l'C normally l.1Sed 9 thcf3e 'ITere 200 yrD I 

100 p m and 50 y m repActively. Varying the apc~rture diameter 

provided the mOGt convAnicnt means of changJng the probe currcnt~ 

c s the emission current rtU1{~e '·i:J.S } imi tecl by the d ifficuli.;ies 
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assoc:ia tcd "fith vacuum levels :l.n th(-3 emitter regi on. Some results 

gained from ~xDeriments for the differen·t aperture sizes arc 

plott ed ~ to[';ether 1'li th the theo :;:'Gtical performance c:urves in 

Fig . 6.6. 

Operat ion of the cDlumn in b ~·th the diode made at 2 to 3kV, 

and triode moCe over th8 range 2 to 7kV showed littJ.u v~riat ions 

11") performance other t han a Alj ght general t rend tC':::n'ds 1. igher 

b rightnesscs and. smrJ,.] lcr probe .e'ialOeters at higher operating 

Thf~ t heoretical pcrfonnane:8 of the SEOC optical f?U"tC,';\ Ti'2.Y 

be ca J cul a t ed by extending the analysis used by Smith (195G ) for 

the conventiona l .::is 1. Principle d:i fferene es \,rh ' ch arise arc (11)'() 

to t he re l n ti'i,rely high mcgnificatioTl Hith \·lhicb. t J)/2 f30m.'C(~ i E~ 

.iln::l{:!:ed s' requiring co)':cect;loIlEl t o tIle sphori Gf:l.L 8XlU c!n:'ontatic 

abo!:'ra ti.on c: oeffic :i ents f (;1.l1d to thc."; im. r .' n 1'1'1 l oh the probe Cll.l"I'8n-G 

Con tJ.'ionti01'Js to t h e final. prob. di ametel' may' b e calcul.ated 

a, follo't~8: 

a. ) .§J2l"li';'Iic:'~~~.1 ._L b~s,t ton . The sphcri cal a"berJ."at io(!. coef1'1.·· 

cienL is ]:)oJlfi.E:d by the facto .!~ ( 1 + 1,1)4 foJlow:ll1{; CO!1;:,lett and 

H ,. Thns UH·· eX}J:c(-?'ss j Ol fC)I' 'c' lI e ( 'l~ ,:;r. oT C01··l·j'"'.·I' 1-;1· 1"1 I' .:14 "mO"l-rJ]" d _ , __ v _ cA ~ v 'Lu.>, , ' 'C> S ' 

b ecomes: 

cl , 
,-

-} et + fl1) 4- C Clot.. '3 
' J 

given by Petric (196?) jn which he aerJ,ves the correction factor 
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of ( 1 -I- H)1 for spherical aberratiOl ~ tho cor:cectj.on factor of 

( 1 + JIi ) 2 for chrorrratic al)CrrD.tion is obtained. r hus the diDmet\':!r 

of the disc of confusion due to cllrornatic aberration 

d 
c = 

of confusi.o:rl dd.~ defined 8S the 'v · dt.l'~ at; hnlf a01pl:i.tude is un~~ 

affected b:v the conjugate [losi t10n89 c.uld is give.l by 

0 . 61 AJ 
D:" 

'\"71101"0 A is the wave lcme:th of th e electrOj1 8.~. and is given ap'DT·oxi·~ 

mately by 

A j:L1t2 

v1here A .. s in nIT, and V in volt.b. 

cl ) G[i,u:::sian hnaae of the SOt/Te o . The x'·.diu8 of the Vi:C'tl;'8..1 
• u ____ ..... __ , •• ; ..... ___ ~....._,., .. .... "'_"__ ......... Io~_ _ _____ ....... - ..... _ ..... _, ':""0 . .. 

at voltage, V~ ~.n given by: 

to fjn~l r~Ob8 diarnAte~8 of d • . e' 

,,'h ere d r; 2~1 f~ 

Tho so fou r contributions to tho final probe diameter are 
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probe diameter' ~ d p s given by: 

d
2 

d s 
2 

d 
2 

cid 
2 

d 2 - + + + c g 

Prob e current, I ~ may bo a,lculat'3d from the angu laY- . current 

of cmission p t. Reforring th e s olid angle subtended by t he c 

aperture at the spec inon to the source : 

a "'· "". 

I 2- 2 
IT oL T,! ·' 1 c 

From those relationships the br ightness B may bo 'alculated, 

B = III 
~--2-~·-·--;) 

Ira - IT ~ L 

Typica l operation of the SEOC vronld be a t a specimen 1wrk"~ 

ine-; d ls"cance of 9mm 0 'rhe emitter y{()uld b e positioned 20mm b elo~'l 

the top fac8 of the fina l pole plece 9 I'll ich requires a foc a l 

l ength of 8. 'jmm in the magnetic lens 9 and gives a map.;n iflcatiOl 

M ~ 1.5X. RefcrrinR to Table 6.1, aberrat i on coeff icients for 

parallel illulnina,t i.on of the l ens at the same excit a tion arc: 

c 
c 

= 

5· 8mm 

For T- F oge~atiol . ut 5kV ~jth 10 ~A .wlssion we take 

.. ~5 / 
l = 1 x 10 A sr p c 

[)V _ 

( assurrd.i1B: un:Lfc)j:'Tll emiss:Lon ~ nto 1 s "toY'ad i an ) , 

a 1d emitter rnCU.l}.8 t 8.. :::- ~l.O(\nLu. 

Plots for the theoret.ic! ~11 ,rc-u' :latioii.S of probe d:L8.Tl1eter r d 9 

prolie current p 1p and probe bri(!,htneo8~ Rp arc givcm in Fig. 6 .6 . 

Al s o ~lottod are some ox~erimental results. 

Both th(~ exper:Lmental resultEl f and t'1e i.;rJ8orctical analysis 
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described above show that field emission cathodes may be ~mngcd 

"li th very hif~h bY':L{2;1l tncsS8S v under the particul,:u' operating C011-

ditions of mnal1 anf~laI' aperhn'c. consistent with f.lm a ll IlI'ol)e 

di C:.i.me ters. 

There were~ however, significant d~screpancies between the 

measured and theoretical results. The most import ant of heeo 

was in the measurcmcn·t of probo d:runeters , whj.ch wern consistently 

J . ar~er than the theoretical predic·~ions. Much of the r emaininG 

experiment~l work was therefore d evoted to the investigation of 

t hose phenomena l ikely to cause an increase of probe diamcter. 

6 ," Attemnts to H(~(1\).:8 Probe Di.::unctc)Y's 
.~.~...---.....-.~- ......... -----.---.-,---------~~""' .. -' -'-~ 

'.rhe s i fI(.;l(:;! lens eolurorJ di:ffel'E3 principally from conv8ntiol1o.1 

electron opticB by thu immersion of the omitter in the magnet :i.c 

fielrl in the ba ck bore of the lens, this being ·~he m0ct convcn-

ient means 0 f imar-: in p; the emitter near to optimum raagnl ficat:Lo/l . 

. j.l1 a u8Gful electron p~obG system. The problems uosoeiated witl. 

t his geometry include increased sensitivity to mechanical vibra-

U .on on lone; f:llament supports, and the pocsibil:L-L:i.es 0.'" magnetic 

fiuId. intel ac ,:ion \·r1th both magnetic m;.:,.terials in thl~ emi tter 

rcr:r,ion ( e. g, rd 10 :Cil ~Tnent p~.n8 ) , and the electront8.t.:i c fi .J.ds 

acceleratinp; electrons from the emitter. 

T he effects of ~ibration could r6a~ily be idcnti-

fied on the oscilloscope display. T·h e 11ay in 1.I'hioh vilJI'();c:ion 

further, tbc a.npal'rl.tus Has si Gl.w.ted on the fourth floor. };'J.()or 



Fig 6.7 S. E.O.C. on New Antivibration Mounts 
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vibration bad comp oiJ. entf~ at 100Hz a r.J.d 50Hz 1'lhich i'l re a8socta' ,eel 

~,ri th i;1Edns d:d.ven equj.I rrlcnt 9 at ;). frequency varying bet'vreen 10 

and 20Hz 'il/'hich Has assumed. to b e a funCio.rncmt8.1 build" ng resonance. 

Each of th ef;;c~ three c Olvlponen-cs h ad typical peak to pcal~ amp11tuc1cr:l 

of 1 Jlm. 

The 1.0\-1"01.' froquenciGs v in pOl'ti c.ul ar r Here t ral1sm:i tted l\y 

the l"ubber antivibrat:i.on Jncunts ,,,ith little att,emmtion o Th 8f38 

w'ere sufficien·· to cxcj.tG natural rOSOn8.11ce "li thin the emj tt er-, 

J. 81.S and specimen systom at 40Hz. The eff .et on the 8.1i paren"t 

.. hift of tee probe ms to produce a normal background vibrm,ion 

l evel of 50 to 1.OOron pk. to pk. amplitude. 

Althourh Borne improvement could be out~j.ned by operating out ­

s:Lde normal 18.\)ol.·'atory hO'l11' 3 9 thi. Ha..:;. nc:i..the1:' a conrplcte y nor 

s l.:l. t:i sfactoY'Y olution . It 1'11:18 th e:cef'orc d ce idcd to [~. ttcmnt t:) 

impro've the £tntlvibration m01.wtil1G of the :'.ns-(.I'ument. 

I n order to achi.e re signifJ eel.nt attenuatiol of louer freauen~· 

cie s 9 the T"er::O)'lil.U t frequency of -the support mU8 ~ be as 1mf as 

P0 88 i bIe ,. A nUl oer of possi bil'. tJ Of:l v18re conGicJ.(:~rGd f :LnelilCling 

the ' se of compressed a:L:t~ lnount:Lnp.;;:; and metal fJ'l'Jrinrr. .~upport8 " 

I t soon became clear that th e lowest practical reSOYlan frequency 

p0 8siblc Hi th such systems is i) the region of 1Hz ~ and in. foct 

J(, h :Ls J.S about the lOT:reGt fr qucncy tolerable from the point of 

viow of stability and operating con lenience. 

A ecoYld ))ossibL.i ty considel'ed was the n untin{~; of th8 

supDor ted cm ant:i.\rib:r.'at :Lon mOD.nts ~ n.Hd so i:idcl an extra stage of 

vibration decouplinp;. Ilhercf;1.s ,his "~8.S constde:ccd (.J. promising 

solution ill the short t orm . 



1]") 

The 0'ystc..m 3.(lopted ~"ras ho th economic')'1 f and r:::,pidly ri. t; cd \ 

and involved suspending the column on four arg8 tension springs 

Floor Chamber 
from cl steel :t'rams. rL'his gave rJ9;t,ural reoonant frequencic[: :i 11 

__________________ ~I __ .~------------~~---------------~ 
a l dired;jemC1 of au u'i:; lIiz. Thc-) CCll) 1f'!l1 :;.s shm'm ~i . n thi s CO/,~ 

figurab.n in Fie. 6.7. I gnd;efully ackno~Yledge the assistaiJ,<':G' 
Vertical 6mV 600 pV 

of IvIr . .T. R. Cleaver fo:c his hcl~I:') :in tlw cl OSigll and cons'i:;Y'l.:(; tic) 1 

Longtitudinal ImV 500 ~.tV of the spring supports. 

Sume mect.Gur,-~d VD.:lu8D for the a tt emlc',-Gion of floor' ibra'l;iol 
Transverse 1.5mV 700 J.tV 

"-~--~---~---,~ .-.---'---.---

ll)\v 1 eve l::: oJ.' vibrat ion 9 could not be u sed to mCc-J.31U'C thE' ampJ i<~ 

t 'nc 1 irect'l y 0 Tile OU 'r.; ptJ_t of the transducer 'bS theX'(::fore In())J.'"~ 

tO ~L"ec1 on Hl1 OGC) 11oscope, and l1l;arm.:comontH from this aTE: given 

----.---------.-""1-'- put of 3mV 't'T()U ,d b e eql)_" va: _er:d~ to a vibrcd;i_on le-v e :J of 8hout 1 J lnl 

Fl oor Chamber 
pk, to pk. at 50H~. Measurements were made fo r both background 

I------·~- -.-------~-l 
l '~)vels of Y:.hrationy and the offects of an i mpac t tost pe rf'orii..e('!. 

by d :rClpnillr'Y, a bal l h earing , 0 'i:l e :floor from, a hcip;1t·(; of 011(:! metrl). 
Vertical 8 0mV 75 0 JJ.V 

11..1 thour;h the ne~; mountinG provided D, s :,gnifi eo.nt irnproV'Gment 

Ilongt i tr:,d inal · 35mV 1.5mV 

probl et,l ~ and the lO T:l rc;::;oncmt fre:quenl'V (Ud add ~:)( mowh ... t to diff:l~ 
Transverse 35mV < lmV 

Cl).] ti. e::i of op,~r8 tiJlr~ tlle i ns en )[lC::!l t 0 

--------- ._------ -----~.-- Vibrs-'l:ion Hill ahm.ye be 8. fund8,r.18:n-tal problem ~d th field 

e mif.,5Sion 80U)"CCS? 1'There ima{~tll .~ of th8 (.::mj tter at Lt :' gh magnifJ,ea-

b ) Imoac t 'l' ests ____ .. ~ •. _~__:,n. __ ~ tions is desj~od. '1'1'8 solution to the pt·ol'lem lYl1J . .::((; be b oth in 

by th,~ \.we o:f a se:Lsm:lc bJ ock ~ and ·t1' e :' mprovecl de s.ign of 8'nj t.t y' 

MEAS1JRmmNT'S OF VIBHAT ION rrR ... \J\ff.:DLJCER OUTPU1'S 
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A numh er of slightly illClGtwtic mat0riR,ls '"GYO ul3ed in fab:d.-

cations in the emJ.tter region. Such items include the nil o 

fil amen t pins, stainl~ss steel screws? stainless steel anode 

mounting , the stai.nless steel filamcnt moul1ting~ and the s"tain-

l ess steel grid. 

Of the se offending itGms only the nilo fil ament pins would 

norma] ly be class i fied as magnetic materia l s. A bpeeial fila~ne''Jt 

base 1·1af-J tho refore con:-otI'Uc 'l;ec1 u s ing fabricated stainless steel 

pins supported on a mica cli c:c < Several emitters 1'lore mounted in 

t his base dur ing the course of experimGnts. 

As far as poss ible stainless steel items wo r e removed . The 

scre\'ls VTere detect.'luly Jl'w,gnc L::Lu ecl i.n ,he presence of a stron .o; 

relno\Ted complGt cly foy' cUoda operation" 

RemQin in~ it ems, which couJd be s]i~htly mngnct:c were th~ 

stainJcss s t eG l fabrications supportinR the anode and emitter, 

neither of ~~ich could ~eadily be replac ed . The anode support 

l W .. 8 tl'l()u(I;h t i..ml :i lu~ ly to 1-w.ve J 1 ttle effect s' 8,8 it Jlao. rot3.LL 'Jnal 

symmetry and was i n any case not very clo ~ e to the l ens gap. 

Th e stainless stcel fil~ment pin s and cmi t~er 80cl~c t fabric ati on 

WGrG a Joo thought unl i k. ly to )lave B i~nifi c al t effect b e ing well 

l:Jehind th e OlJl j : 'ct , r . 

rcciucttons in t he probe d.iamct er:~ m8ssured . 'rhis J.. ed to the con-

elusion that s;n 11 '~t;>rtul"bation8 of the lcn~ :~icld due to sli <'!,ht: I ~.' 

me8SU:I'en. 

A. number of e l p.ctl'on OD1; 3.(,:81 p:cobl:31.S 9 nOTr.1D lly of s econdar-y 
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illrro :r- 'l: ancc in USllrtl SEII1 performan c e 9 could have g peater signi:fi-

e8.n.ce i n tht) particu'] ar opcTa.til1 g cOJ)o i tionR of the opti.cal 

columnc 

more si~~ificant luder low voltage operating conditions. In thA 

SEOC the effect could readily b e clet cctGd and ob:'J ervcd 011 t'J.8 

clispl ':-tY a,s it produced I:.ii;ati onary rLto(Jnlat ioll 1'Then the 80al) ua::> 

synoh:corlized with t;'w A. C. mains SUI/ply. Sor:lc device~) t the 

eJ (-;ctromcter and onc.' lloscopes 1n 1,)art1cuLLl'9 "Jere found to ba~rc 

hJ.0.;h stray fiolds "Thich affected theb8::Ull . '1111eoe \l1e1'e mo\red 

a1·trly ['cor;1 tbe col Uff'-, sand n. fu1'thel' troublo Has observed, prG'-

.:>VJl1ably c1ii(-; to tllG very ahort e l ect)~·on. paths In the colum: 0 

l ' kely that the: an.gl e of a8tigma.:t:Lnm ·i'l'o1.J.ld lio c::ry clo se to t he 

volta~csl the O;~Gcts of cOY.taminqtion charging and distorting 

th e:: llC&ii1 b ecomo more imi.):)rta;lt . I n the SEOC t'his could oceur at 

three points directJy intho path of the beam, the anode apertnre ~ 

l ens aue r ·Lun.: and '~L e ~mocir!if;n . 

Tl e onodc aperture ~as an integrnl part of the OFHC copper 

anode . (l'ht8 could the :C(~ f'o l"C not he r;,: placed but Has carefully 

cle:::med ))Y' 'PGJ i.shing ",i t h " et illl l'~ ts :i.ve papol' ? 8.rd \<lashing in an 

u11;ra8onic ~1~all8r wi~h d8terg~nt , w~tGrr and t hen ncetone . The 

Ul1rJ.i::r an opt ic81 mJ.crcJ[Jcope. 
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:Lens aper1;11Tes could reao.lly he replaced , and nOH ap0 ~rtUJ'8r.3 

'frer e fitted " 

A new specimen grid was fitt ed which was subsequen t l y 

examined in a B~andHrd Sp~ in 80condary collection ffiode . It 

shOYicrl no signs of cha:rt=;j ng, and. jJ l ' 8f:3Cntcrl no difficul t:Les ¥Then 

Norma l Gt a na Clrds of clean l:Lr18 ,-,g in t b.s column VrGY.'l"; high9 and 

after taking par'cicular care t o clean components no r eJuctiGTI of 

measured probe diameter vas detectal l e. 

form e d in h e 8.node aperture caused by the e l ectrostc. 1.0 field G 

i n the gun rogi on. ! .... v }(lost of the ,c;n.m potential \la8 ciropped i.t 

a l'e:,gin{l. veJ'y C1 0 S8 to the ~mittor~ field at thc:) anod.E: vm.C\ JO\'J\, 

typic8.11y in the 1"e&i on of l O~' V /rn p ~ 7hich cave a foc::;.l length of 

about 1 metre with the beam vo .tReeS used . 

In an attemp~ t o determine whother this aperture lens was 

cont r i buting to aberrat ions in ·the fina l probe . experimcnts wero 

perf'or ,necl ,;[ith the anode '('ewo Icd altogo·l:he. , 00 t hat the insid.o 

of the mar~{J e \,:Le lens sncl lcms aY)(~r-tu:c' e fo rmed the anGels. reb eTe 

was no d e~8ctqh J.e iJprOveme' lt in probe di ameter in this confieu~ 

r a ion f aDcl j t \'1 ;:\. 0 cm-.cludcd. tl::at this effect ~'!ri8 not l imiting 

diame t e r' s in the d:' oele D.nd t r ioc1 e c.onf:LF-~ro.tiono 9 the possibility 

that the presenc e; ofLhe rsr;.d con] d caUGc! [.:.dcli tiOllo. l ab 8r:~2,h OES 

:Ln thr2 {-(un Vl<:l.8 not exe .1lcleQ, 8,nc1 j, ll 8. nunlber of experilOentc, the 



SPECIMEN 

MODIFI E.D M.A.GNETIC LENS 
HAS EQUt\L BORE.S 
OF 1+ mm dia. AND 
GAP OF 2mm. 

Fig 6.8 ,.-. E QC ·H. :=:" • • . \}\lHn 

EMITTER I GRID 
ASSEMI3LY 

fviodi'fied Lens. 
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grid 9 an (1 iJ must be conl.;ludco. that under the xperimental opc;ra·~ 

tinp.: cond.Ltions the grid H::l.i-3 not CD.u8in{;( the limiting aberrations 

to the probe . 

calculations predic~ that the principle contribution to the final 

)1r01) 8 dlameter i:::1 due to chroma tic abOrT8.tton fo r the sm8..1lor 

aperture din.meters, 'fhe gI-IT 8JJd len~1 clu'':Tent sltoplis[3 had been 

c aref1Jlly checked and \'Tore found to cont rihuto liE:glig:l.ble ripple 

compared to Ghe ene·BY 8pread estimated for T- F emission. 

This mode of e~isBion has the uni~~e property that the hcat-

in(; may be relOoved 8.nn operation may continue ,-;ith cold field 

emiusion , the ~uratton of such operation dopend'ng on the vacuum 

conditions . Th 8 it was posbible in the SEOC to oper8 te with 

cold YE for f3uff'icicn.t time 'Lo ma.ke i'::,ome lllea:3ur01M::nts of Pl'Oi)8 

diruneter , with th e effects due to chroma tic aberration correspond-

inc:1y reduced. 

When these experiments were performed there was no det ectable 

drop in the probe diameter measured , which leads ·to the conclusirD 

t hat some ot~1er facto~c 1;[(:.S lhnitinr.; the perfOrm9.DC(~ ? ovel' and 

nl)oV'e the contribut ion due to c.l.U'Olil0.i ic aberration. 

Wi ih the emi tter immersed in the 1on~~ maGnetic fi e ld ~ the:ce 

Has the p08sibil:i.ty of inte~~action bet1'!Cen the e1.ectro stD,t.' c 

aoc1 Jti('nal aberration effects. This int.eraction could not 1'ea(11J y' 

be con s ia .r"c1 th eoretica) ly 9 8.nd so the 8xperhtlf-n·tal sycte:n \'las 

li.lOdi:f:i.ec't to s:i gl1tfi~ar)tly reuuce the fI1 a.gneiic field \"ithjJl the 

'Ells lno(llfiecl column is 8h vn in Fi.g. 6 , 8. 1\ pole pioce 
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insert 1ms f it ted to the lu'.v8l" bore of the lens f and t}')8 gun 1vas 

d rormed vertically dOHnHaTds. The hi.r-.,hly a,symmetric lens vras 

therefore conver'Led to Cl. thin synunetricnl l ens, ~vhj.ch not only 

removed the pOGsibil~ty' uf magnetic field effects at the emitter, 

~lt a l so permitted the more certain calculation of aberrations. 

Theoretical performance was c&lculated using the formulae 

given n sectton G.'3.5. For the same ::;pecimen '-lorki.nr; d:i.stA.nee 

of 9mm9 the emitter had to be placed 30~ below the top of the 

f inal lens pl~te to accommodate the lo~er pole pie ce insert. 

1'11 is gave a focal Ifmgth of 9.] mm t and mctgnifj ca''cion of o. ,,(OX 0 

Ab e:rrat'i on coefficients v/ere t aken to be 

c 
c 

:: 

8?mm 

7mm 

f rom the da t a published by Leibmann and GX'a<1 (1951) 0 

Plots of, probG diameter, and pr obe brightne8S as innctionb 

sion. , A nrUlll)(;Y' of Gxperimental points arc a l s() plott(o:d. 

The 8xperirrlen tal results Sh01:1 c1iscrepanc ief.; \d t11. the thOO '('2ti-

c a: ' pred ' ot10)')s whi('.h 8.1"('; simile r to those prev:i.ou~jJ.y ohta.j ned 

-vli th the emitter immen3ed in tb e l ens field v (::IGc tion 6 .':)}, and. 

t hat theso may not thereforo be attributed to an interaet~on 

Th8 results 8ho\,111 in Fig 0 6.9 have'! a g:t'!J8.te r s:Lg'nlLlc a Y!.ce 9 

ti on coefficients used j.n the calcrlatio)'J of probe di runeter 

b8 cFI.lne almost exact \,! l!,r:: 'I1 applied to the tbin 9 symmetri c8.1 lens 

of the lIlod.ified. optical Dyl.~ {;UiYl. jl.. greater r-el:i.Etnee lllc:ty therefOJ'8 

b8 pl~1.eed on tbese tl:ieo]"r;:i.:iC:J.l re,,, ll.lts ~ so th<j:l~ there if3 little 

doubt th e discrspanc i es observed are real. 



It h e. s been -po:::r3il:llc to e l iminate a xnmbor of likely C8JJ.SE!G 

of lnc},!"!8.fl"d. In obe IHar,J e tex's. HON·evc..u' ~ it h as not been posBJble 

to posi t-LV E: ] y identify the reason for le rger pJ'obc diEUneter(~ t}~!D.n 

thOF18 prcrj :l.cten. thonr0tica "_y \ both idtb tno ellJ.i ct (:H' i mmersed i 

t he lr;"() f] f'ield 9 8.n(L eompletcly" out of tl18 infJ llenc e of t he l ens. 

n;.:;tu,"·(j, ~" hi8 eo1.l] d inclvu C :ficl'1 aber:r:-ations in the emitter :cee'J on . 

roue;"! 1:·,Y'c8.ter n~li;lh ili t:'t of ope-.t'atiol1 f arJd ir::rp1'0VCiHE:nts in the 

Unfo:ctunatcJy ~ pr0bl emG I·d th em1tteJ~ fa:U'L1.l'c:3 deve l oned ~ 
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08;;:i ble eaU38fJ of the 8Ini tte:c faihJ.-ces 8 .1'0 conside:r ad belo,,, 

in sect:Lo:n 6.6. 

After completing of the additjonnl electronics described :0 

S8C-C:i.O{l 506 ~ thol'e ,{as 8. br" ef opnortuni ty to opera i~e the S.WC 

as a simple seannitr e]8Lcron microse( pe, with a fully indepen-

dent digital scanning systemrnnd intensity modulated display on 

the D5'3 08ci1] OSC()flC ocrcnn " 

OYer this short per · oel. of operation the electronic Dystems 

1 erfOI'llied very satisfactoril.y, tboU(~~h operat:i..on l'iith pulsed 

GmiSEj; on ,·me nOl; tT'-; ed 0 '1'h8 f31)8Cimen Has the grit Hb1eh had bf-jOl:1 

used in the previous measurements of probe diano'ter. 

Unfnrtunate J.y, the Rbru~t t erm:na~ion of experiment 8 by 

erui tter' failures prevented the obsOT"' ~).tion of yt,hcr spec:Lmen anu 

photogratilijc rG ,Jrding of the images. 

Ji'ollouilV!, the continuin R' faiJ.1..lYc of orien-con 91:::.i tteri3 in 

the SEOC ~urin~ the latter part of the research~ it is worthwl ile 

~nR1YGin~ the performance ohtRined from al l oriented cnitters. 

Th is i.8 pQrticularJy sO p in vj.9W of the success of earlj.cr experi-

operat ' n~ conditions. 

\vith Uf-1e of tlie second hstch ~ thou >~" ,:h thi.s Has not ir,~n' edic: tely 

obviouC} at trH..: time ~ as vlherevcl possible used emi.tters ·i.le·;~(! 

1.'esh9.rp2ned, so there:; Has no (:le~u~ tn·.~ '.l. f'i t.i.on :from (;m.-i tt8:r':'~ m~, c18 



Emitter Total Enlission Total P.I.T, Cause of :Failure 
Time, Seconds Torr~Coulombs (where knoi'm ) 

---r-'-----

El Other Use 

E2 3 x 104 1 x 10- 6 
r'~echan1.cal 

E3 2.4- x 104 1.1 x 10- 6 Me chanlcal 

E3B 1.9 x 104 7 x 10- 8 V 8,cumTI 

E4 1 x 104 2.4 x 10- 8 Not Known 

E5 5 x 102 2.8 x 10- 8 Electrical 

E6 3 x 104 1 .'3 x 10- 6 , Mechanical 

E7 1.7 x 104 4.6 x 10·~7 Breakdown 

E7B 4 x 103 3.2 x 1 0- 9 Breakdovm 

F1 Electrical 

FIB 7 x 10) 7 x 10- 10 Breakdovm 

F2 3 x 103 3 x 10- 10 Not Knovffi 

F2B 2.7 x 
" 4 
10 1.7 x 10- 8 Breakdo'wn 

F'3 r,jfGchanical 

F4 3 x 103 3 x lO~9 Electrieal 

F4B 3 x 103 '3 x 10- 8 Electrical 

F5 Not Us ed 

F6 Electrical 

F7 4 x 103 8 x 10- 9 Electrical 

F8 Not Knoi'm 

}'8B 4 x 104 2.4 x 10- 8 Not Known 

..,-.... ''''"~ -~-. 

TABLE 6.3 }i\ IHS~~ vTIRE BATCH 



Emitter Total Emission Total P.I.T. Ca:'-:f Fail;-e: I 
Timo 9 Sec onds Torr-Coulombs (i'There known ) 

""". __ n-~ .. _ 
~ ...... ~------

F'9 3 x 103 6 x 10~9 Not Kno ,!;n1 

FIO Not Used 

E8 Not Us ed 

E9 1. x 103 2 x 10- 1 0 Not Kno'wn 

E9B Not Kn01ffi 

EIO 2.7 x 103 4 x 
~9 10 . Not Kn Oi·m 

( pass. Electrical) 

ElOB Not Knmm 

Ell '3 x 102 
1 .8 x 10- 11 Not Knovm 

7-

10- 8 Bl1B 845 x 10) 1.4 x Not Knovn1 

l __ , ----------.---~ 

TABL"fJ 6. 4 SECOND HIRE BATCH 

I ? . 

of the iir;::L b'ltcb of "Tire to tho s e of the second. 

Results of emission obtained with the first an~ second 

batel'J'e s of oriented wire are sU7nmariz8n in ~' ables 6. '5 8.nd 6.4 

re s':')8cci vely ~ Hi t.h cause of eventual ern i.tt e:r fai.lure .,he)~e a 

reas onable expl anation oxisted o As f iGUreD of mcrit9 bot}) to tal 

emission time s obtained , a nd the GQlli of the uroducts of operating 

] reGsures~ eu.r~'ent[:; B,nd time (Tot a l PIT ) arc t2; iven. 

Compariso~ of the Tables loads immediat e l y to two conclusions. 

a ) For the f i rst b~tch~ operating times of grc~tGr than 

10
9
000 8eca~ds are common , with PIT products in excoss of 

-6 10 torr~c ou lomhs 0 In the se ond. batch y the best effort; 9 emi ' ;t. er 

E 11 Bv . requi:r.- en.. ':)a:ccicul ar care in ope:C'at JoYl and. (Jven then 

8, 500 ec ond s and l.~ x 10-8torr-c ouJombswere ... -. 
a ,l...!.. (J ou.ld b e 

achiev'ed. SecOlvl batch perfOl'lUcUlCe ·\v[;.s sl[:n:Lfic8.ntl y worse t han 

tha t of the firr/. batch. 

b) Unaccounted 8lnitt er fs.il'ures in th e: fir~;t b atch o.? emj t-

ters were on]y emittors ~4 9 F2 , FO and F8B. All other emitters 

h av ing a reasonably certai l 9 10 own canse of d (~ ;3tJ:"lwt ion~ either 

in t erms of operatj.rlg error, or equipment breahdoill1. In the 

8ec;ond b::ttob on ly emi tt ar IHO has a failure vihich ri18.y 'lw 8L;SOC:L-

ated ,·.' it'n f-l rl equi pIflen t fault!, all othe r emitters h avLJ.r:: HO 0 b v i(J1).':'l 

rea son for ceas ing to o pera~ e . 

The anal ysis of t hef:lG Y'8uul ts ShOlvTJ b eyond recisonable dOllbt 

t hat t l ero ~crc inherent proble~s associated with the sacold 

The oriented \"il'E; i s pl'oduced l)y gl.'o1.dng tUJ.lgst Ol1 s:Lnglc 

c l"ys t al. form norma l tungsten VlLre ~ \{h j,ch is firs t s eeded 9 and 

the cTyst8.l :Ls then gl'01;n1 aJ.ong th e Hire by 8 movil g zone 
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technique. 1\hif3 type of 1)"[' CGSS cOJ~nnon.ly f::luf fer3 from batch 

v'ariations f u81)),1-11y dependent ~n the m rmer 11'1 1'11'.I.ich the resi.ciu!:.tl 

impurities present are distributed. 

If )he Itoingle crYf:5ta l ll oriented Hire haB smal} al igned 

crystal lites of the metal intersDac.d by l ayer s of i mpurities , 

''le can cone 1 ud 6 that thc averaee R~L7,(-: of S liCh crystilllite' v,rill 

vary invers .. 1" Hi th the 1 .vel of irnpuri-tieIJ. 

Con sider th.' s model 8::)'01i AJ to the ''uil) of. an omi tter, tihtch 

1-ri 11 he fo:crned fl'Ofll onc such small crystall:i 'Gc. The cohccd '~re 

forc es holding the tip in pJ ace wi J l ~epend on the areao in con ­

t act acr08S the grain boundarY9 and th ese will vary ~n inve roc 

proportj.ol to tbe square of the illlpUY'ity cono e ltrat ion 0 'rhU8 ~ 

omall changes i . tlw l evels of residual j.mpuri tics in the ,.,1 :('0 

<.1)nplc'J cou] (1 ma {e f3i gn:i.ficaL i.; en an,9,83 to the.: mechanical stability 

of cnd ttcr's. 

n an ttemnt to Gather evid enc e ,-rhi0.11 might lenr!. --\J'pport 

to thi s mode l v two experimental Rnpro8cho3 wore made; 

a ) A numr) or of emitt~rs and \·lire aample:ls in }lej\\'r 'u sf:)d ~ and 

chemicRlly etched conditions wore examined in the cOJlveutional 

SBrti . For- tlli s ~wT'k I D.m i ndebted to Fir. ]~ . f eter8 for 1 is ai:;sh~-

tance . Unfo~tunatc ly, it did not rev~~l any grain boundaries, 

thowsb thi s is ywt conclu s i ve as th e~ speCimE::l1S Here extJ'E'lIlOly 

difficul t to ob;Jcr TO \;.[i th surfc"!..cc dctail . Ind (]cd ~ surface r01.l.c:,h·­

n 0S8 observ8d under the o1)U.ca 1. miCT'O~3C O pe Hith 3io El illumina c:ion 

of tl e speeimen COt Id not he dett?cted in U)e f~ Er\1. Poor dcp.th of 

focus ;:l.Yl(1 1:' mite~J JnFtp;rdf:t(:8'i:i.on in tb(~ 0·i!"l;ic8.1 mierosGone pr ~ 

vented .-ntel''OY.'et8..tion of S1J.)'faN~ d e t rd .l vi;:.~:i.hle. 

b) 'fhe :r. emDj.nin,';-; :l.en{c';th of () r'il~l d;ecl \·Ll.re \<188 s\).b~e(;·l,ed tc 

a rGsistivj.ty ratio measurement, in an attemp'L to estimate the 

1 eve18 of impuri ty p)~Cs8nt i n the HJrc. Pox' th~ s ,vc rk I am 



;'?;ratof'ul f o:c t110 8.8:3:Lsta:,'we ( I f l',lr. D St::mloy \ and t he 00-

fac ~ l itic8 at the Mon~ Laboratory, Caniliridge. 

'A) 
l iquio. he l ium W1S measurc rt COJlSi:3tetltly at !f. I) X l O? ~~h :i.r3 

It was i n fac'v hi~her th~n mo~su~cd val ues for sing1 0 crysta'ls 

7: 

,,,ho ropo:!:'t .::d ~'. 5 x 10 ) < 

~lh<? lY1CF\.r::u:t,cl val ue \ms no t \' }lo"wver 9 3'l;l.ffic:tently l arge to 

:i .nd:Lcate cm GX";(, n"tion8J ly h' Ch purity :i n 'll18 Damp] e . A180\ t he 

rnent s' 80 thf.J )'e~Jl).l t s Hore in no 'I.'lay cot)(;lusiv() . 
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CHlI.PTBR 7 

Thi s research 9 haf; 9 of noce8si ty, covered a broad r:).~1f·:C of 

subjects in an a tt elQpt to b ridge the gap between the establ ished 

ultra high Y8.cuum techD.iques of field emif:Jsion micY'()f:Jc oPY ~ and 

the requirements of electron microscol'Y. Concluf":liox S ha\Te9 trlere --

fore 9 been e s t ablished ".;: t hin the rolava\lt sections t [lllcl thi.s 

fina l chapter wi l l be re se rved for a consideration ef some more 

veneral a spects of the future applic~tion8 of f i eld crnis8io~ 

c athode8 o 

There apncar p from th e re~"\l.l ts of Ch8,pter 4 p to be t HO UlO8.8S 

of operation worthy of i mmc~j.ate practical c onsiderat ion, u3IT ely , 

c o l Cl f i eld em i r:Jsion in an ultra high ·\r8.cuum envi:conmen t p and 1'-,::' 

er(l'i 88ion ml.c1.er sorn(::\',hr~t reduc ed va cuum conditions. 

At f i rst sight9 it might be suppo:;cJ th a t the ;r~,F lno "c of 

Iper~tiol suf~ors from the fundamental ctisad7anta~os of low 

OOUy'c e 'll l'igh Lnecs c or'lpared ,\<71 tll cold field emission rand lC!. -[ go 

energy p,pread of tllE' emi8:3ion. HO\'Tc ve -t ~ the i :naginb of fi.eld 

eru:i.ss ion and T-·J<' ,... 'C)u' ~', ,, p C' .)- .~ ':<uc, 'h 'tl') r) t t}1 e 'f'ul' 1 '"' 0
'
) ·,'o r'" l)y"; r.+l;· ·[J A ,.~ c' '" '-' L..~L\...'JV ~.o \::).." ... _et. .L _ h.J ~ ... l.\..i...... -'-f:,- \..1 .... __ ,:)\,J .. ~ 

may no~ b e clo8cly approached, ( section 5. 2.4), 80 t hat th ~ 

dif f erencAs Rrp or little practical sjgnificance0 Also , th~ 

id th the~ia.iGnic eni,3r,ion ~ 0. y1 i f) cmn}'.J.rabJ e t i'o~c eX::}IJp l e f id. th 

the typJ,cal stability of 50pp~ fOl a 30kV ~HT generator. 

The principle a~vantae8 of cold ~j,eld emisDion is th a 
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~. eLi.ch' J :L ty 1/lhio11 may be nchieved 'l'lith this mod8 of opernti Gll c 

Hhtch the 0l13e 'e 0:(' cumulati vo ion bombardment damage may b e 

:5.s no obvio' s limi t to th e nUJ(}1)(:r of tiJilCH this :or()ces~., lIluy be 

repeated, Commer.'cially availabl.e ld.tn.l 11igb va 'uum pumnG Hnd 

comnonents offeT considerable relJahill.ty of operation~as was 

de:nonstr:::Ltcd Hith the l"Er.1, (clllc1 tllt ~ 8.i,t,::d nment (If ul tra hip:h 

vacuum opcro.ting conc3itioni'.~ may be P88ursd . 

lJJ tr8. 11 j g11 vncuum opcrf.J.·lii on h8.f:.~ he inrport. an t cH sadvani;8.(;e 

tlu::~t the pnnrp-lOi.;rn t:i.I:18 is 'lp.ry J.()l'lg, ,::::ncl T-F opcc8.-Lion may \'rell 

f·j nu initto.l 2-pplico.i.ion. a:J a t cmpor8.ry e:;.;:podicnt dur:i.ng the 

pIJ.mpd0l111 c~rcle o III the long teTlD, t.h o rel1ucor:l crn':;'\:; of va.CiJ.UI1; 

th e T-F ln~~c of emission may we 1] l.ad to its &eneral adontj~n. 

'7. 2 'SJ 8 (~ t)'I)!:: Ont:\.r:rl1 Desi.<7l1 
~ ........ '. ____ ........ ""' ....... ~ ....... -. .... ,.. ..... -..._.,... ___ ..... ___ .• ___ . __ •• _1-.; ...... 

'l'he field emission t riode gun geometry der-1crUwd :i.T 

8ect:~cn 4. ') pe~'m:' 'Cs all os v ind. ependent cODtr'ol of emi.S[~iOll cu:cTE:nt 

tY'on oDtical 8.n'01 ica:l,io)'w , au'l rot possJ. l}le vli t11 t he oinple d.:iode 

conf.:i ',(V.ratio;') ~ nor rc,~dily ncllieved i'ii th the combinr.::~ l ens and 

Probe Dcasurcmcnts in the SEOC ( 8ec~ions 6 . 3.~ Rnd 6.1(4)p 
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a lllnnn0X' VF:l":'{ S ' m:Llar to that currE'l1tly used vrithtl1 ermion:i.c. tr:lCJd.o 

gems. 

One pos s ible dis8.dvant g o of this conf ir.;urat.i.on, fo .. hi grl0T 

V"olta,c;e 8-pnl:Lcationst is ·trn.t tl1e emit ter is bomlnrclc·d. hy ions 

,.rhich have "b een accoJ el~at:(!d through the full [~un po jell' ;i a l. 

rrO~evQr, there is evidence to sug~est that the life times of 

emi t ors would not be adversely affected p not only from the res -

ul ts of section 4- ./~ . 29 but aJ 80 from ·oubl.ish e · spntter'inr:; curve ... 9 

(Maissel (1966)) 9 which f3hovr max im.u m spL::tterin,o: rates typica'~ ly 

at 5kV, dropp:Lng for both lower and h:eher volt~~e ope r a tion • . 
The triode gun . could, therefore, fOTID the bas i s of the 

d esign faT' a fiel(l emi ssion electron optica l SystOlrl. 

A promising column confieuJ.'I}tion 'would u.se t,·1O e10ctromag·~ 

nctic imarinc, lcnrY3s. The first J. an::; Hould i mage tlie sonrce at 

I 
I 

higll maf';nifJ.cation in an il1t errf\ed i ~~ to cro ssovel" t Hith the s'? cond 

cl em::lgn ifyiD f.'; the inl9.ge to:::orln a probe. By 'ra rying the l ens 

0xcita tions, the position of the int ermediate crossovor position 

could hE.' adj1l. s terJ t o }lrov id>J opt1mu.!n l '1~,{.:'~n1.ficai.:ion of the [30\.U'CC, 

to suit tl18 }X'>. :rt:Lcul8.I' operating C0D CUti ons o 

pal'ed to the s in{~le lens column d escribed in Ch apter 5. By 

rc:no ,j np: the cnli tt er f ro;n the lens bore 9 h :j gl"18:C voltage o 'oey~!, 'l ion 

\'wuld be fac-L19..t.d 9 a l so improved vacuum pump:i.nr; of the O'TlittE":r 

l 'egion 'wul~l b8 I ossiblG ~ and. betteY' mechf-u1ic rtl de s i gn of emi ~t,,·,)., 

movements. 

It i s " )01'-1;}'J\-1 1il G cOnf):idel :Ln g a f'G "I'1 practical anpects of ,he 
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a ) D:i.rJ>~J:~nti~'11 l?U~'Tlpi]}g, The reql il'ement :for u1 tJ'2. hj-Ch 

vncuum in the f:leJ'1 emission . $~un means t hTt either t Ile ,,'h a] e 

i nstl'ument mu<~,t oporate und er tho se! cond1toi.ons, or t he gun nnJ.st 

be cl iffe:centially pumped. Tlli 8 18.t t cr arrange:w:mt has the obv' 01) S 

ad'~ntages that the ranid chang~ of specimen, an1 faci li tios for 

i}~l ,':31 tu expeT'iments availa1)le vri th T"lr80ont electron optical in:3t­

nllli8~ts wouJd be preGerved. 

AltholJ_r'.h bakeout of thr~ c1 if feren ti ::Ll- Y pU.!'JDec1 {.':l!l1 ( 8Gction 

5 . 4.7j ) VIas preveJlteo. by i t8 immers i on vTi-chin t hr: bore of the 

maMls tic lens 9 and true ult~a high vacuum leve1 3 were not a chievel, 

th8 emitter was nevertheless effectivcJy jsoJ.ate~ from the rest 

cd th8 C oll.Jrrtn. Ind.eerl v OYI occasions ~ awi tter[-: Sl.J.]:'vt ved quj te 

b) 2!B:l\.t~:u:...s'11;ieJ1J~.~ . Th e 0cvclo!J:i1snt o:~' tlk emitter 'l.'e.1 -1_ 

:i.nr; j :i g ,1 0.scr:iberJ in section 2 :3.? s enabled tbo 01:,:lent8.tion 0-:' 

nrnitt e :c ti p;~ ':jO be aCCl1r'ltely C Olit~'o11ed . Thus f in the design 

of future cmttter aJignmont f~ci'.itiGS si~ilar to those rtescribe1 

i.n ;::ectt on 5 .. ~ .? f pr vision. :for e'1litter til ttn{,; Hould not be 

ab::lolutely neCl,::ssa·cy. 

The c1o bJc:n of [;l.l'.::ll p.10VeJllents :i.s not only' 0.1 ffic.;'cl. J t, but aJso 

the extrQ COlll.nlex:L ty 0; t he Gmi ;te:c ~.m.pport rerJuees i.-[;f' r:i ~id.iiy r 

an;] so inC1'8::J.8ef~. sus ee}Jt i .b :\ J :i. ty to mGcl1anicA.J. v:i.l:P~().tj.on8. 

c) YTQT~~1~~i.()n. V:L br'Ttion ~ l cv 81 s cmco',xntcroa in tl18 i3:~CC: 

vision f (:Yr rnjn:iTtlif3i]'f~ the effce~)r: of YioY'3tiol1, by S'!l81.J..::"in,g (".,1r.: ..• 

QU R-te ~lg:i.d:i.t:'1 of tIle cri ti.c:11 cOi;.ponen"l.s and provieJ.in.,q: ac1equd-t;r; 

8.ntiv .' bl~at5..on isolo.tivl1o A porw:Lble 8.nprCJ8.ch to tr.lis latter pro-

1)lem ':J01;.10 be t o 111Oll1j c the \lho] e :Ln8tr1),m8Y~t on a f')r;ismi c blcJ(;k 
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J.ntrodv.ce an extra st:w:o of v:i.1)rr .. i,l.;ion iso:lation. 

exampJ 8 ~ inc'UrGc ',; henJin f?; faull:i.ties to tlle 8.n06e, and 80 perr:it 

01'18 impo rtant 8.r1vance like] y in th e neAr futu rc HDJ. lJe 

-chr \lu.'!;h the dave opment of uatis1:'i-lctory teci·lniqD.e:::; for the f::l.lw·i.-

cntioil of f i eld omi tter::1 from 1')(::1.' mR.t riaJ s v A n.urnl:;er of matcr:i.al '3 

arc nO';'T becoming avalLlble "rhj ch not only h,:.7c 10v.' :>I:' 'dorl:: functioYl~j 

text? and the attempts to reoroduco the fabricqtion techniques 

of hlindsor (1 969 ),~1ich are JeGcrih~d briefly in Appendix 11 . 

:\'lluf:)tr~tte t11e sort of di ff ' cultieG ,·rhich \·r:U .. l b e cmcountc;"cd. 

c8.ted technj.quc~ for the pro(lucb.o:l of tunl~sGto 1 Gllli ttcrs 9 aG c:.~;D·~ 
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suit8~~.lity for field emission operRt i on wil l provide an impor-

th~ effect of O;(\:UJ tor li:fctilfl.8 (mhancelY~en t o));,::c;Y've:3 und(-)r comU.'-

t:L on~3 of puls'; '] 8mjf.)sion~ ( sect'Lon 4.6.1 ) . Uni'ortw,., tely? 

j l1su-f'i'ic:i fmt time \'78,S 8.vc.:i lr),b l e for a ful inv8stiG:->.tion oi this 

pl18110menOn ~ an~l furth(::!r resc~arch :' r" neeCf.:1S:lry to 8xrUY;-\ lV:! rnOX'8 

f ully the factors :'nvolvcc) ~ Rnn t.o de t ermine rrlen':" proc .i se1y tbe 

opcrat:inp: conc3it:Lons under ~·ihich enhanced lJfetime m::w be obt;~. ir~c:~. 

0 1')(-:' nrt j on J118.Y (~vEmhl.aJ.Jy b~ :tu l] y t'eali:;;;ec1. 
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THT~ cmft"Pu'r . 'rrOK OF EI,:~c'.rnmT TnA,J::.;c 'r.OlU1~S 
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i\n exact Bolut ion to JJa p1.8c:~ 1 s e quation fo}' the pot(mti~l 

Ea rnsll Et 1,'1 ( lg65 ) , ll si.ng a tr8.nsformat:i on to t he pro .. at.e Sph!)!:1oida} 

c o- ordinate system . Thi3 solution was extend0d to consider the 

effects of varying the ,'Tr'id l)oten ti~tJ. 9 ano. formed 'Lhs bfJ,sis for 

:form;:Plce o'~ f i eld emis~'3 i on guns, \'Jhich cou1d be:! i mrr1crsed j n cl. 

map:ne tic loYl S fioln, by co"mnt:i.,n[-~ tho c ~ ectI'OYl tra j 0ctC:f'i88. 

llowever, it uoon became ~l oar th~t t his reDresentcd a maJor pro~ 

j eet f ~n(~ the COlllr>l.l.t.').tionaJ 'dork H8.S ceassd in faV01.1T of FN,l.ctic:lJ 

Na rk . 

Some r e:::nJJ ts Here, o'btainej, as an e:~alllple an CCJy .. : ' , i)ot ent:L~l 

plo-', i s r:: i v(:m in FiB:. I.l? in ,.,hich the gun geometry is inc l uded . 

'r)',q,jcct l)ti8G ' .. ;E.'r (~ c alculf~ t ed u sh1r: the }{ungc,-K1.ltta :iutegr:l'don 

(Hardisty (1963 ) ) , ~lich ~ns nvailabJ o as a l ,ibrary routine . 

SO~TIO eomputcd trrl. j (:)Cto;~i8S for el [)ctrons in t he fi e lc1 of Pir;. 1, 1 

'Id \;11 '1,(-;J'O ini ti g.'l energy r but started P.t diff8cent point :~ on UJ8 

""' 1'''''+-",-,.., 0'" ' h'" - 't,I .. ~ t; ,.., 'r> c'h q ' ''; '.' ,' I 2 u, .. l ",.~l,; ,L T, ',' em1. v el ..I.- P ,:..1 v ,.Jl O .. H .d1 .r l.g . •• 
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APPENDIX .Li 

!, .. -~--~ • 

Hu ll ard Ee8e:lt'.:.:1l T.J :).bor:3.tor:le3 f li.c0hil19 3urr0Y. Thio Ytror~ 1 .. J8.S I 

b rourr}yc to the ;~:'\).tnor' S at-Lent1on o;:Yl"ly :Ln the J~8SC:ll"'c11 peri od. I 

18 ni;rln.'lU~ii l'lCxal)oT.' ic1 c is ::t pal'ticu~a :- ly 8:Ltr:tc t-i 'J(! fif.~ld . 

8li1i tt ('~rc; vd 'ch tt1.ngst en. I {s:ra.-tef\,lJ. l~r 

:(' 4' 
_. J c _~_ I C 

F ig IT.1 Crystal Growing Apparatus for La B6 
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be YQov!:)cl tl-:rroHf-;} l it using the motor (1rive at the top of the 

perfOriTlej in ;3.11 .Lnert 3.T!);On atm()~ph81~3 9 \-r"hich vras con tainecl 

within a qU8rt~ tull o. 

rnle exnerimcnts ',lero l aY'i.:;c!ly nLsuccessflJ.l, and Jlily on one 

OCC3.S.~0 _ "''3.S -the TJ:),B
6 

cOlil.plc t.el y meltwl, 11.1any atterrpi:s ",er e IDStde 9 

COP1)':" " tLl.be arou.J1Il iL "p!'o.:llJ.c(~d little affect. The IllOf3t likely 

cause of thonc frtilu.res :1;., that trw sintererJ. nnterial vla8 

ins~;fi Liently clcnsH~ ~8jng about 95~ o~ the theorotical delsity, 

and 1.;11.re :i s {~ood re . ~;()n t,o expec'v that hiGhs"\" Jen~;ity 1'0<18 

In o!.'"ler to cut ths ~ ) in glc cT'/stal materiR.l 'IrL thO·d.t inducing 

s i ve p . n J.j~~ht oil. 

Unfor-cun8.tol Y 5 the failure \.:0 cs-c9,b lish a molt(;ll zone I and 

Fig II.2 Oscillating Wire Cutter 
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(a) I nitial Patter n. (b) After 10mins. 

. (c) After 20 mins. (d) After Flashing. 

Fig rn.1 Emission Patterns from SiC Whiskers 

APPEN1)IX lIT 

FT ETJD Ef.1IS8IOH FRO!\1 SI JJCOF r, l\.HBJD i~ ':;HISK~ns 
t: ~ . ..::;~;.,. .... -.;,.: _"".:...-:.,....,-:::.;-=~-~..=..:r -=...::.::-:.:::==::...::.:~ .... - .-:~~~.","":--:-=-.:~ ...... :; ....... -'::::':'~---":;-"':::';"'-'::::==--

S~.licon c,clrh:i.de t s 0, potont.Lal1y use:f1Jl field 0. lir l L tc' 

Jl18.te:ciDl SillUO it .1.s exc:epti.onally hard. It h8.8 rE: ~ently become 

a'lailn.~lle in tl1 8 fCl1.'lil of single crystal Hh:.i.ske:r;3 ~ Vlhich h::1.ve been 

us ed ~irectly as fieJ,d emitters? ( Baker (1970)), h aving th8 paT-

bluntinr-~ . 

I'1r" f. S. B').ker 9 of the ;tx:plosjveD Re sG8.rch and Dsvelo ))l i1 fm-L 

the matcri.8.1. 

obt~ine~ for cold field emission at about 5k Ts 20 J1A in a prstsure 

·~8 of 1 x 10 to:cr . An attempt I'TaB wa cie to es'tabl:i.s)j the more 

is 80%" s i milar-ity '.-li th the (110 J lJ~lt tern frorn tun(::sten r 
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