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DETERMINATION OF OPTICAL PROPERTIES OF A FIELD EMISSION GUN COUPLED WITH 
A LINEAR ACCELERATOR FOR HIGH VOLTAGE MICROSCOPY 

M. Denizart*, S. Roques, F. Sonier and B. Jouffrey 

Laboratoire d'Optique Electronique du C.N.R.S. 
29, rue Jeanne Marvig, 31055 Toulouse Cedex, France 

Abstract 

The el ectron opt i cal properties of a field 
emission gun plus a twenty- stage lin ear accele ra
tor sys tem have been determined in the case where 
the entrance pupil of the system i s defined by 
one of the electrode aperture s. 

The first part of the calculation concerns 
the electrical and geometrical parameters of tri
ode and tetrode field emission guns which can give 
a fi xed location of the source and a small spher i 
cal aberrat ion coefficient. 

The second part i s rel ated to the possibilit y 
of pl aci ng a t etr ode field emission gun at th e to p 
of the linear accelerator of the scanning high 
voltage electron microscope which i s being cons
tructed in the Toulouse Laboratory. Interesting 
conditions can be obtained when the electrical 
parameters are fi xed as follows : either Vi / Ve= 0 
or Vi/Ve= 20 (Ve is the extracting voltage, Vi is 
the potential of the second anode of the gun) 
whatever the acce lerating voltage may be. 

KEY WORDS : Field emission, Field emission guns, 
High voltage electron microscopy. 
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Introduction 

The electron optical properties of field 
emission sources and their advantages in conven
tional transmission electron microscopy as well 
as in scanning electron microscopy are now well 
known (Kasper, 1982) . The Toulouse Laboratory 
being concerned with the construction of a high 
voltage scanning transmission electron microscope 
(named M.E. B.A.H.T. : Microscope Electronique a 
Balayage a Haute Tension) operating at 1.6 MV, 
there has been some interest in the problems of 
placing a field emission gun (F.E.G.) at the top 
of a linear accelerator. 

Two approaches (Denizart et al. 1981 ; Garg 
et al. 1984) have been used to find an optimal 
configuration compatible with the requirements 
of field emission and high voltage (1.6 MV). We 
report here the results of our approach. 

The study has been concerned with two ques
tions : 1) Is it possible to design a gun-acce
le rator system such that the source position is 
unchanged when the beam current or the electron 
energy is varied? 2) Can the diameter of the 
source obtained with such a system be kept suffi
ciently small to provide a good resolution in 
the M.E.B.A.H.T. ? 

In a first stage, the electron optical pro
perties of the F.E.G. have been studied, and the 
electrical and geometrical parameters giving a 
stable position and a small diameter of the effec
tive source have been determined. In the follo
wing stage, the best gun geometry was used to 
determine the geometrical parameters of the acce
lerator and the electrical parameters of the gun
accelerator system. 

Throughout this study, we have striven to 
find solutions that are simple from a technologi
cal point of view and fle xible from the practical 
point of view. A triode F.E .G. was thus designed 
and tested in an electron microscope and the 
lessons which have emerged from its use induced 
us to study the optical properties of a tetrode 
F.E.G. 

The results of a systematic study of the 
electron optical properties of triode and tetrode 
guns and of a tetrode F.E.G. + a twenty-stage 
linear accelerator system, are presented in this 
paper. 
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List of symbols 

spherical aberration coefficient 
referred to the object space. 

chromatic aberration coefficient 
referred to the object space. 

linear magnification. 

source position referred to the 
origin defined on fig. 1. 

acceleration voltage for the guns. 

extracting voltage. 

ratio of Va to Ve for a triode gun. 
potential of the intermediate anode 
of the tetrode guns. 

ratio of V; to Ve. 

ratio of Va to Ve for a tetrode 
gun. 

potential of the first, ... twentieth 
electrode of the accelerator. 

e 

a 

first, ... , twentieth electrode of 
the accelerator . 

first anode of a gun. 

second anode of a gun. 

third anode of a tetrode gun. 

distance between the anodes A1 and 
A2. 
thickness of t he fir st anode in 
the triode guns. 

cone angle of the aperture in the 
anode A1 of a triode gun. 

distance between the cathode and 
the first anode A1. 

thickness of A1, A2, A3 in a tetro
de gun. 

diameters of the aperture of A1, 
A2, A3 in a tetrode gun. 

cone angle of the apertures in the 
anodes A1 and A3 of a tetrode gun. 

thickness of the accelerator elec
trodes. 

radius of the electrode apertures. 

object focal length. 

image focal length. 

Generalities 

The three types of systems studied are shown 
in fig. 1. We have only considered the case in 
which the entrance pupil of the system under study 
is defined by one of the electrode apertures : 
the best geometrical configuration will then be 
the one which has the smallest spherical and chro
matic aberration coefficients Cso and Ceo (refer
red to the object space) for any linear magnifi
cation ML (Denizart, 1981 ; Munro, 1971). 
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We have therefore examined the influence of 
the different geometrical parameters (the elec
trode thickness, the radius and the shape of the 
electrode aperture, the distance between the 
electrodes and between the tip and the first 
anode) on the position of the source (denoted by 
Zi = OS; (fig. 1) and on the values of Cs0 , Ceo 
and ML. 

The purpose of the stud y was not to establi sh 
the exact properties of a small number of systems 
but to define the general characteristics of sys
tems capable of giving a source stable in position 
and small in radius whatever the working condi
tions of the M.E.B.A.H.T. may be. A systematic 
study of many systems was therefore necessar y . 

The determination of the electron optical 
properties of an electrostatic system requires a 
knowledge of the potential distribution throu
ghout the system. In view of the large number of 
geometries to be studied, it was not poss ible t o 
take into account the real potential distribution 
between the tip and the first anode, although 
this can be calculated using the methods proposed 
by the different aut hors such as Kern et al . 
(1978), Hoch et al. (1978) or more recently by 
Kang et al. (1983) or Uchikawa et al. (1983). For 
this study, the space between the tip and the fir st 
anode has been considered to be equipotential . 
The finite element method has been employed to 
detennine the potential using the program of 
Munro (1971), which has been adapted to obtain 
the electron optical propertie s of each syste m. 

We note that by using different methods for 
calculating the properties of F.E.G., the di s
crepancies for the same gun between the finite 
element method and that of Kern can be shown to 
be quite acceptable, compared to the experiment al 
precision (Denizart, 1981). 

For the triode F.E.G., the properties are 
commonly studied as functions of a single electri
cal parameter k = Va/Ve (Ve is the extracting 
voltage and Va the accelerating voltage). It has 
been shown (Denizart et al. 1981) that it is pos
sible to characterize the properties of a tetrode 
F.E.G. as well as those of a tetrode F.E.G. + a 
twenty stage linear accelerator syste m in terms 
of two independent electrical parameters : 
k1 = Vi/Ve and k2 = Va/ Ve (Vi is the potential 
of the intermediate anode A2 and Va the accelera
ting potential of the tetrode F.E.G. (fig. lb), 
furthermore Va= V1 = Vzo/20 in the case of the 
complete system, V2o being the accelerating vol
tage of the system (fig. le). 

The principal results of the study are pre
sented for each system as functions of the geome
trical and electrical parameters that have been 
previously defined. 

Triode Field Emission Guns 

Two types of triode guns have been conside
red : symmetri ca 1 (A1 and A2 are i denti ca 1) and 
unsymmetrical (A1 is the same as in the preceding 
case but A2 is plane and 1 mm thick) (fig. la) . 

The thickness has been varied between 1 mm 
and 8 nm, the distance DA1A2 between 3 and 12 mm, 
the cone angle of the anoae aperture between 20° 
and 90° and the cathode-anode distance DcA bet
ween 4 and 12 mm. 
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Fig. 1. Electrical and geometrical parameters of 
a triode gun (a), of a tetrode gun (b) and of a 
tetrode plus accelerator system (c) . 
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From a general point of view,it can be said 
that the best results are obtained with the un
symmetrical geometries and that the values of Ceo 
are 100 to 1000 times smaller t han those of Cso• 
so only the results concerning the unsyrrrnetrical 
syst ems and Cso are given here . 

We first consider the problem of the source 
position stability ; the curves plotted in fig. 2 
give an example of the variation of Zi as a func
tion of k. They show a discontinuity, the position 
of which depends on the geometrical parameters 
under consideration (e, a, DA1A2 ,DCA), as do the ML 
curves shown in fig. 3. Thus flexible operating 
conditions of the gun and therefore of the micros
cope will not be obtained fork values lower than 
about 15. It will thus be necessary to choose wor
king conditions such that k > 15 and 30 kV< Va< 
80 kV, which corresponds to the condition Ve < 2kV. 
These can be satisfied with short DcA distances 
or with good tips (Denizart, 1981). 
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Furthermore, the study shows that Zi is less 
sensitive to kif a and DcA are large - but if 
DcA is large Ve cannot be kept sufficiently low -
and e and DA

1
A small. So if DA1A2 has to be as 

small as possfble for each value of Va, it will be 
necessary to modify the DA1A2 di stance in vacuum 
and under tension, to avoid breakdown problems 
between the anodes. Even, if this can be done on 
an experimental low voltage gun, it is not realis
tic on the M.E.B.A.H.T. 

Thus, if only the problem of the source po
sition stability is considered a geometry such 
as a"' 60°, e "' 1 mm, DA1A2 = 1 mm would give 
good results for Va > 50 kV that is to say for 
k > 20. 

Furthermore, the choice of the best geometry 
has to take into account the values of C50 and 
the variations of Zi which have to be, at the 
same time, as small as possible. As we are con
sidering the case where the entrance pupil is de
fined by the conjugate of one of the anodes, the 
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study shows that, whatever the linear magnifica
tion ML may be, the geometry that gives the smal
lest values of Cso is such that a~ 45° , e ~ 8 mm, 
DA1A2 ~ 7 mm and DcA = 10 mm (fig. 4) . 

Furthermore, as can be seen in fig. 2, the 
source position stability is quite acceptable for 
this last configuration if k is chosen greater 
than 20. 

This gun geometry has been built and adapted 
on a microscope (Denizart, 1981 and Denizart et 
al. 1981) and it has been possible to obtain a 
source for which the transverse coherence length 
determined by the Young's holes method (Munch, 
1975; Denizart, 1981) is 0.6 µm. 

Nevertheless, such a gun is not suitable for 
an adaptation to the M.E.B.A.H.T. accelerator es
pecially considering the life-time problem created 
by the poor protection of the tip against break
down. For this reason, a s imilar study of the 
behaviour of the tetrode F.E.G. has been made. 

Tetrode Field Emission Guns 

Since the optical properties of the tetrode 
gun can be defined in terms of two independent 
electrical parameters k1 = Vi /Ve and k2 = Va/Ve, 
the influence of each geometrical parameter on 
the source position and on the aberration coeffi
cients has been studied as a function of k1 and 
k2. 

The study has covered the following ranges 
of the electrical and geometrical parameters : 
0 < k1 < 25, 5 < k2 < 50 and 1 mm< e2 < 6 mm, 
1 mm< ¢2 < 6 lliTI, 35° < B1 = B3 < 60° , 1 mm< ¢1 
= ¢3 < 6 mm, 3 mm< e1 = e2 < 10 mm, 3 mm< DA

1
A

2 
< 10 mm and 5 mm< DcA < 10 mm. We set out from 
an initial geometry derived from the results ob
tained for the triode guns and from the prelimi
nary studies. This geometry is such that : 
e1 = e3 = 4 mm, ¢1 = ¢3 = 1 mm, e2 = 2 mm, 
¢2 = 3 mm and B1 = 45°. 

The values of k1 that give a stable position 
of the source, whatever k2 may be, are k1 = 0 

40 

20 

0 

Zj(mm) 

___________ k
1

:15 

-----------~k 1,o 

20 40 

15 

and k1 > 15. If 0 ~ k1 ~ 7, the curves Zi(k2) may 
exhibit discontinuities (fig. 5a) . It can be 
seen that for k1 > 15, Cso takes constant and 
small values but for k1 = 0, Cso i s greater than 
104 mm and has not been indicated on f ig. 5b. 
Furthermore, the corresponding values of the li
near magnification ML cannot compensate the va
lues of C50 (fig. 5c). 

In spite of the poor Cso value obtained for 
ki = 0, we have considered this case in the follo
wing ; it is of practical interest due to the tip 
protection it can provide against the breakdown 
phenomena (Engel and Sauer, 1979). 

e mm cxo 
DA1A2mm DCAmm 

1 8 45 7 10 

2 1 60 10 10 

1000 

750 

500 

250 

01------~---~---~---
0 0 .5 

Fig. 4. Typical variation Cso 
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40 

Fig. 5. Typical variation Zi = Zi(k2), 
Cso = Cs0 (k2) and ML= ML(k2), Parameter k1. 
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Fig. 6. Variation of Zi, Cso• ML as functions of 
½tor k1 = 0 and k1 = 15. Parameter e2 (a,b,c) 
and ¢2 (a',b',c'). 

In a first stage, the geometrical parameters 
of the intennediate anode A2 have been studied. 
The best results correspond to 3 mm< ¢2 < 5 mm 
and 1 mm< e2 < 3 mm for k1 = 0 and k1 > 15, but 
the values of Cso are always very large for k1 = 0 
and not compensated by ML. For k1 > 15, Z;, Cso 
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and ML are less sensitive to the variations of 
e2 and ¢2 than for k1 = 0 (fig. 6). 

In a second stage, taking e2 = 2 mm and 
¢2 = 4 ITITI, the influence of the geometrical para
meters of A1 and A3 have been stud ied . A prelimi
nary study of some geometries where A3 was plane 
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showed that the stability of the source position 
was poor, particularly for k1 = 0, and we have 
therefore considered the case where A1 and A3 are 
the same (fig. lb) and we put : ¢1 = ¢3 = ¢ , 
e1 = e3 = e and B1 = B3 = B. From the study, we 
draw the following conclusions : 

- the angle B has practically no inf l uence 
on the optical properties of the tetrode gun par
ticularly for k1 = 0, while Cso is always about 
3.10 4 mm. For k1 > 15, Zi, C~0 , ML vary slowly 
and the smallest Cso is obtained for B = 48°. 

- the diameter ¢ does not affect Zi and Ml 
and Cso increases with ¢ for k1 = 0. The same is 
true for k1 = 15 if ¢< 3 mm. 

- the thickness e has a greater influence on 
the optical properties than B or ¢ but the corres
ponding variations do not strongly modify these 
properties. The best values are obtained for 
e "4 mm. 

- the di stance DA1A2 has the same type of 
influence as e and taking into account the break
down problems between the anodes, it seems reaso
nable to choose 4 mm < DA1A < 5 mm. 

A "best geometry" wouTd thus be such that 
¢ = 1 mm, e = 4 mm, B = 48°, ¢2 = 4 mm, e2 = 2 mm, 
DA1A2 = 4 mm and DAzA3 = 10 mm. 

Concerning the influence of DcA, it can be 
said that if the geometry is the "best" one, the 
variations of DcA have no influence on the proper
ti~s of the gun ; this is not true if the geome
trical parameters do not have the optimal values 
and discontinuities appear in the Zi(k2) curves. 

All the properties which have been calculated 
for the "best geometry" are summarized on fig. ?a 
for k1 = 0 and on fig . 7b for k1 = 15. It is this 
geometry which has been chosen for our study of 
the optical properties of an F.E.G. + a linear ac
celerator . 

Tetrode Field Emission Gun Plus Twenty-Stage 
Linear Accelerator System 

. Taking into account the technological cons
traints related to the construction of the elec
trodes of the accelerator, we have considered 
plane electrodes. 

The study covers electrical parameters in 
the ranges O < k1 < 30 (k} = Vi/Ve) and O < k2 
< 100 (k2 =Va/Ve= (V2o Ve)/20) and geometrical 
parameters in the ranges 1 mm < eE < 10 mm, 2. 5 mm 
< R < 60 mm and 5 mm < DcA < 10 mm. The distance 
d between electrodes is taken to 50.5 mm, which 
is the lower limit for a maximum potential diffe
rence of 80 kV and the distance D (fig. le) bet
ween the third anode (A3) of the gun and the first 
electrode (E1) of the accelerator has been deter
mined in such a way that the accelerator field 
does not perturb the field in the gun and hence 
the optical properties of this gun. The optimal 
value of Dis 40 mm. 

Concerning the source stability problem, an 
example of the results obtained for all the confi
gurations which have been studied is shown in 
fig . 8 for two values of DcA-A stable position 
of the source is obtained for k1 = O and k1 > 20 
whatever k2 may be.For k1 = 15 and DcA = 10 mm, 
the source stability is good but is not satisfac
tory for DcA = 5 mm. 
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Fig. 7. Variation of Zi, Cso• c80, ML, f 0 and fi 
asarunction of k2 ; for k1 = (a) and k1 = 15 
(b). 

Turning to the variations of Cso, it can be 
seen (fig. 9) that for k1 = 0, the very large va
lues taken by Cso are not compensated by the linear 
magnification. On the other hand for k1 = 20, 
DcA = 5 mm and R > 7.5mmtrevalues of Cso lie bet
ween 20 and 50 mm. Giving priority to the source 
position stability, k1 must be taken between 15 
and 20 and DcA = 5 mm. 

The electrical parameters now being determi
ned, the influence of eE and Ron Zi and Cso has 
been studied and the smallest variations 6Zi of 
z1 are obtained for k1 = 20, DcA = 10 mm, R = 
10 mm and eE < 3 mm. For these values, 6Zi = 
1.4 mm if 10 < k2 < 90 and 6Zi "0.4 rrrn if 10 < k2 
< 50 (figs. 10a and 10b). 

An example of the Cso variations as a func
tion of R is shown in fig. 9 for k2 = 50, k1 = 
0,20 and DcA = 5,10 mm, the thickness being 1 mm. 
The smallest Cso (and the greatest ML) correspond 
to k1 = 20 and DcA = 5 mm whatever R may be. 
However, as shown in Table 1, ML cannot compensate 
the great values taken by Cso for k1 = 0. 

Note also that for k1 = 20 and DcA = 5 mm, 
Cso is constant for R > 7.5 mm if e[ = 1 mm, 
R > 15 mm if eE = 3 mm and R > 30 ITTTI if eE = 10 mm. 
Furthermore Cso is not very sensitive to k2 for 
R > 5 mm. 
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Zj(mm) a 
20 40 so so k 2 
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250 
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50/J 

Fig . 8 . Typical variation Zi = Zi ( kz) for 
DcA = 10 mm (a) and DcA = 5 mm (b). Parameter R 
(mm) . 

kl DcA mm Cso mm ML 

0 5 9. 5 103 0.09 

10 3.4 104 0.06 

20 5 36 0.8 

10 80 0.25 

Table 1. Typical values of Cso and ML for 
k1 = 0,20 and DcA = 5,10 mm. 

We recall finall y that Ceo is always 100 to 
1000 times smaller than Cso· It thus seems rea
sonable to regard following geometrical parameters 
of the accelerator electrodes as the best that can 
be achi eved : 10 mm< R < 15 mm and eE ~ 1 mm. 
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Fig. 9. Variation of ML (a) and Cso (b) as func
tion of R for e 1 mm, k2 = 50, k1 = 0.20 and 
DcA = 5.10 mm. 
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Conclusion 

The results given above form part of a study 
of the gun plus linear accelerator system for the 
Toulouse 1.6 MV (M.E.B.A.H.T.). They show that it 
should be possible to obtain a perfectly stable 
position of the source. 

The radius of the source will lie between 
200 and 800 nm for Ve= 1 kV, k1 = 15, DcA = 5 mm 
and between 150 and 300 nm for Ve= 3 kV, k1 = 15, 
DcA = 5 mm. These values could be reduced by intro
ducing a diaphragm between the gun and the accele
rator. The determination of the characteristics 
of a system with such an aperture is the main ob
ject of our present work. 
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