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Abstract. The mechanisms of electron and ion generation from Taylor cones of liquid 
metals are discussed. In the case of electron emission the vacuum arcing mechanism of 
Swanson and Schwind, which accounts for the observed high current repetitive pulsing is 
briefly reviewed. For ion emission mechanisms from onset to the high current regime are 
proposed. It is concluded that at onset ions are generated exclusively by field desorption. A 
theory to account for the observed emitter heating is advanced, and it is concluded that high 
currents result from field ionization of thermally evaporated atoms. It is shown that space 
charge becomes important even at very low ion currents and'is instrumental in providing 
stabilization in all regimes of ion emission. 

PACS: 82.65, 79.40, 68.70 

Liquid metal ion sources have been studied by several 
investigators since at least 1967 [1-7]. These sources 
provide a high brightness, quasi-point source of metal 
ions for high-resolution ion beam lithography and 
other potential applications. The details of the ion 
generating mechanism seem very incompletely under- 
stood. Recently Swanson and Schwind [8] have also 
investigated liquid metal field emission sources. The 
mechanism in this case, as proposed by these authors, 
seems straightforward but will be briefly included here 
since it provides an interesting contrast to the ion 
emission case and serves to throw some light on the 
latter. 
A liquid metal ionization or electron source typically 
consists of a fine tungsten capillary (0.02 to 0.002 cm in 
diameter) or of a capillary with a tungsten needle pro- 
jecting through it, and an extraction electrode in front of 
this assembly. The tungsten assembly is cleaned, for 
instance by sputtering, so that it is wetted by the liquid 
metal used, which is then forced into the capillary by a 
suitable arrangement. When a critical voltage, generally 
5-10 kV, is applied between capillary and extractor the 
liquid metal is pulled outward by the electrostatic forces 
at its surface. It was shown in 1964 by Taylor [9] that the 
balance between electric and surface tension stresses 
leads to the formation of a cone of half-angle 49.3 ~ at a 

critical voltage V~ which depends on the electrode 
configuration and the surface tension. In principle, this 
cone should become infinitely sharp at its apex. Under 
some conditions dynamic instabilities occur and jetting 
with the ejection of liquid droplets is observed. For many 
liquid metals of low ionization potential it is possible 
however to minimize droplet formation. If the liquid 
metal electrode is made positive with respect to the 
extractor relatively stable, dc ion emission results for 
such metals with currents ranging from a few microam- 
peres to milliamperes. For Ga at currents > 105 amperes 
Swanson [10] has observed incandescence of the liquid 
cone itself, and at slightly higher currents a glow is seen 
in front of the liquid cone; the glow region increases in 
size with increasing current. Its size seems to be ~ 1 gm 
or slightly larger. These effects seem to occur with all 
metals. Ion emission has been reported for Ga [47, alkali 
metals [2, 4, 5], Au [6], Bi-Sn-Cd (Wood's metal) [3], 
Hg [6], and others [6]. Some authors [4] mention 
energy spreads of ~ 10 eV for ions. For alkali ions both 
singly and to a lesser extent doubly charged ions, as 
well as dimer and multimer ions have been reported 
[3]. In one instance a space charge limited, i.e. i -  V 3/2 
current voltage relation has been reported [2]. 
If the polarity is reversed Swanson and Schwind [8] 
find, with an applied dc voltage that emission consists 
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of nano-second pulses, the current per pulse reaching 
values of 200-300 amperes (!). The pulse repetition 
rate appears to be limited by the charging time of the 
power supply. 
Since the formation of the emitter cone depends on 
electric forces, ion sources of this kind have also been 
called EHD (electrohydrodynamic) ion sources, and 
presumably the same, rather misleading, designation 
could also be applied to these configurations when 
used for electron emission. 

1. Mechanism of Electron Emission 

The mechanism proposed by Swanson and Schwind 
[81 seems to explain the phenomenon and is here given 
very briefly. On application of the critical Taylor 
voltage a liquid cone of very high curvature at its apex 
is formed and since the field near this apex is of the 
correct sign for field emission, electron tunneling oc- 
curs. The current initially emitted (as seen in oscillos- 
cope traces) is of the order of several milliamperes. This 
leads to heating of the apex region, thermal evap- 
oration of metal atoms, and their ionization by field 
emitted electrons, which gain sufficient kinetic energy 
at very small distances from the cone (10-100/~). The 
resultant positive ions are attracted toward the cone 
where they (a) reduce electron space charge thus 
increasing field emission and (b) cause the sputter 
desorption of additional ions and neutrals. The result 
is an explosive increase in net current and destruction, 
literally blowing apart, of the cone apex. This phenom- 
enon, vacuum arcing [11], can be observed equally 
well with solid metal field emitters but is then a single 
event, requiring the preparation of a new tip for its 
repetition. In the present case, on the other hand, the 
cone apex reforms very quickly under the electric stress 
on the liquid conductor and the process repeats itself. 

2. Ion Emission 

We turn next to the case where the cone is made 
positive and ion emission is observed. The principal 
questions are : 
1) What is the mechanism of ion generation? 
2) Why is it stable, unlike the electron emission case ? 
3) Why is heating of the cone observed at quite small 
currents ? 
4) Is the "plasma" region in front of the cone in- 
cidental to or central to the ion generating 
mechanism(s)? 

2.1 The Taylor Cone 

We start by considering briefly the Taylor voltage, the 
electric field near the cone apex, and the forces acting 

on the cone. The condition for stress equilibrium on 
the surface of a curved conducting liquid with an 
electric field E at its surface is 

7(1/r 1 + 1/r2) = (E/300)2/87z, (1) 

where 7 is surface tension of the liquid in dynes/cm, r 1 
and r 2 the principal radii of curvature and E the field in 
volts/cm. For a sphere r I = r  2 and the left side of (1) 
takes the familiar form 2y/r, while for a cone there is 
only one radius, which increases linearly with distance 
from the cone apex. Taylor [9] showed that (1) could 
be met by an electric potential of the form 

V = Ar 1/2 P1/2 (cos 0), (2) 

where r is the radius vector in spherical polar coor- 
dinates and P1/2 the Legendre polynomial of order 1/2 
and A a constant; this potential gives an outward 
normal field with the required r dependence and 
satisfies Laplace's equation. In order to satisfy the 
requirement that V = 0  on the cone surface, Pl/2(cos0) 
must be 0 on the cone, which is the case for (0 < 0 < ~z) 
0 = 130.7 ~ giving a cone half-angle of 49.3 ~ The out- 
ward normal field on the cone turns out to be [91 

E = (1/r)dV/dO = A t -  ~/2(d P 1/jdO)130 ~ 

= 0.974Ar- 1/2 (3) 

and thus from (1) the critical cone-forming voltage is 
given by 

V =  1.432 x 103~/1/2R~/2, (4) 

where R 0 is the value of r at 0 = 0  for the counter 
electrode (extractor) assuming that the latter has the 
idealized shape 

r=Ro[~l/2(cosO)] 2. (5) 

For actual geometries which do not conform to this 
shape R 0 can be thought of as a form factor of the 
order of the electrode spacing. To get some feeling for 
V~ let us assume R o ~ 0.1 cm, 7 = 700 dynes/cm ( a value 
appropriate for liquid Ga, but typical of most of the 
metals under consideration). We then find V~ = 11 kV 
in good agreement with the observed values, consider- 
ing the uncertainty in R o. 
For voltages less than V~ no cone will be formed and 
for voltages in excess of V c the net electric force exceeds 
the surface tension force so that the cone will be 
unstable. In reality it seems possible to exceed V~ 
considerably without the formation of droplets or the 
ejection of liquid jets in the case of ionization in 
vacuum. This point will be considered in more detail 
later. 
It is evident from the Taylor argument that a rounded 
cone apex must be unstable at V~ relative to elongation 
into a true cone since the electrostatic forces will 
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r0 

Fig. 1. Equipotential simulating shape of cone termi- 
nated by spherical apex cap based on (7) with k=0.5. 
a radius of core-sphere; r 0 distance from origin to 
equipotential at 0=0; r, radius of best inscribable 
sphere 

always exceed the surface tension forces. Thus any 
rounding will either have to be the result of a balance 
between the rate of removal of atoms and ions at the 
apex and the rate of supply of liquid, or must result 
from a reduction in apex field by space charge effects. 

2.2 Apex Field 

It is important  to know the electric field at the 
(rounded) cone apex. This can be obtained by the 
method of Dyke et al. [121: A "core" consisting of a 
conducting sphere on a conducting cone is chosen. For 
this geometry the potential is given by 

V(r,O)=(VR/R~o)(rn-a2n+ ir-(~+ l))Pn(COsO), (6) 

where r is the radius vector in polar coordinates, R o 
has the same meaning as in (4) and a is the radius of the 
core-sphere, n is chosen to make V= 0 along the cone, 
i.e. n = 1/2 in the present case. One then constructs an 
equipotential surface by picking a value of 
V=cons tan t  in such a way that this equipotential 
approximates the real geometry, in our case a cone of 
half-angle 49.3 ~ terminated by a spherical cap. Using 
n = 1/2 and (6) one obtains 

1 - k  2 
P1/2 (cos  0) = x l / 2 ( 1  _ k 2 / x 2 )  (7) 

as the equation of an equipotential, where use has been 
made of the fact that P1/2(0=0) = 1. k and x are defined 
by 

k = air o (8) 

x =r/r  o (9) 

and r 0 is the distance from the origin to the equipoten- 
tial at 0 = 0. Equation (7) can easily be solved for pairs 
of (0, r) values once a given k has been picked, so that a 
polar plot of the equipotential can be constructed. It 
was found that a good approximation to the desired 
geometry was obtained by the choice k = 0.5, as shown 
in Fig. l. The best sphere inscribable does not however 
have radius r o but 7.0r o. We designate this as the apex 
radius r, 

r a = 7r o . (10) 

The field-voltage proportionality constant for 0=0 ,  
rio =E(ro, 0)/gapplied is then given by 

1 (1 4- 3k 2) 1 
fi0 = ~ ~ 2 ~ 7 ~  - ( t o l l~  2 (11) 

" '0  "0 1 - -  ( 1 - k  2) 
\Ro/ 

For  ro/R o < 1 the last term on the right side of (11) is 1 
and, in terms of G, and for k=0.5  

rio ~ 2"32(Ror a)- 1/2 (12) 

It is interesting to compare this value with fl for a 
sphere of the same radius r a 

fisphere = 1 / ra  (13) 

so that we have 

fl0 . . . .  /flsphere = 2"32(ra/Ro) 1/2" (14) 

Using (4) for V~ and (12) for fi0 we find for V=  V~ an 
apex field E o 

E 0 = 3322(7/r,) 1/2 [volts/cm].  (15) 

If ? = 7 0 0  dynes/cm, G = 2 x 1 0 - 7  cm, E o = 2 x 1 0  s 
volts/cm. It will be shown presently that this is of 
the order required for field desorption. 

2.3 Force on the Cone 

In the absence of space charge the steady state con- 
figuration of the apex region would be determined by 
balance between the removal of atoms and ions and 
their resupply under the unbalanced electrostatic force. 
The latter is therefore of some interest. The net out- 
ward force along the cone axis of symmetry is given in 
the absence of space charge by the net outward force 
over the truncated region of the cone, since along the 
cone electric and surface tension forces balance at 
V= G 
Assuming a spherical cap tangent to the cone where 
sphere and cone join the force F would be given by 

2 2 F = 0.6rcr a (~o - 27/r,) 

= 0.6~r 2 [(Eo/300) 2 2,/] 

[ ~ roj 

= 5.43r,7 [dynes],  (16) 
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Fig. 2. Potential energy diagram for field evaporation when I -  q5 is 
small. (a) No applied field; (b) applied field E. The diagrams drawn 
assume that the ground state is actually ionic, but this is not 
essential, as long as the field deformed curve at the maximum of the 
potential barrier is ionic. M + A neutral curve, M -  + A + ionic curve. 
H, heat of adsorption (or vaporization) relative to neutral 
metal+neutral  atom in the absence of applied field. Q activation 
energy of field evaporation 

currents just beyond onset which are ~ 10- s amperes 
and would predict essentially no blunting by de- 
sorption since supply exceeds desorption by a factor of 

10 3. The electric field falls off from the 0 = 0  value 
with increasing polar angle and this may reduce the 
total force by a factor of ~ 5. It is also possible that the 
effective length of the supply capillary has been under- 
estimated. However it is still impossible to explain 
appreciable blunting on the basis of the above con- 
siderations alone. It will turn out that there is in fact 
some slight blunting and that this results from a 
reduction in E by space charge, rather than by supply 
limitation. Thus the conclusion of this section is that 
supply will always be adequate to provide the observ- 
ed ion currents. 

M+A 

. . . . . .  ~_0 

I 

X c ~ T-~+Ha~ Q 

Ee 

Fig. 3. Potential energy diagrams illustrating field desorption. (a) 
Field free case, (b) applied field E. M + A neutral curve, M -  + A + 
ionic curve, Ho heat of vaporization, I ionizat:on potential, of atom 
A, ~a work function of metal, Q activation energy of desorption, x C 
crossover of field deformed ionic and neutral curves 

where use of (1) and (15) has been made. For 7=700 
dynes/cm, ra=2 x 10 -7 cm, F=7.6  x lO-4dynes .  

2.4 Supply o f  Liquid 

If viscous forces within the cone itself can be neglected 
the mass flow dr~dr under this force would be given by 
the net negative pressure acting on the supply capillary 
of radius r c from Poiseuille's equation 

dv/ dt = r2 F/(8qI) [cm3/s]. (17) 

If F is taken as 8 x l 0 - r  and r~=10-2cm,  
t/~0.01 poise, /=0.1 cm one finds dr~dr = 10- s cm3/s. 
Converted into current, using ~ 3 x 1 0  -23 c m  3 as  

the volume of an atom and the fact that 1 ion/s 
= 1.6 x 10-19 amperes we find an equivalent current of 
0.05 amperes. This value is much larger than the ion 

2.5 Mechanism of  Ion Formation 

We consider next the mechanism of ion formation, 
starting at current onset. It seems clear that at least the 
initial step of ion emission is field evaporation or field 
desorption [13-15]. Two mechanisms for this have 
been proposed. Miiller [13] assumed that under con- 
ditions of very high field the "ionic" potential curve 
corresponding to the state Metal- + Ion fell below the 
"neutral" curve Metal+ Atom with desorption occur- 
ring by the atom moving outward, being adiabatically 
ionized and desorbing over the Schottky barrier of the 
field-deformed ionic curve (Fig. 2). At sufficiently high 
field the latter would present a negligible barrier and 
under these conditions the field required for desor- 
ption is obtainable from the relation 

H a + I , -  n49 = ( n 3 e 3 E )  l j2 - �89 a - ~i)E 2 , (18) 

essentially an energy balance equation, where E is field, 
H a the atomic binding energy, I ,  the appropriate sum 
of ionization potentials to produce an ion of charge n, 
q5 the work function, and ~, and "i atomic and ionic 
polarizabilities. This mechanism probably applies 
when I-~b is small, When I >> q5 Gomer and Swanson 
[14,15] have proposed a mechanism depicted 
schematically in Fig. 3, which consists of the in- 
tersection of neutral and ionic curves in such a way 
that (again for zero barrier height for desorption) 

H a + I , ,  nO - n2e2/4Xc = E e x c -  ~ 2 2 ( ~ a - -  ~i) E �9 (19) 

Here xc is the distance from the surface at which the 
intersection of the curves occurs, i.e. ~2A.  Both 
models indicate that fields of the order of one to 
several volts/Angstrom are required, depending o n  H a ,  

I and q5 and this is confirmed by experiments on solid 
field emitters. 
Since the quantitative validity of the image potential 
law at the fields involved is not clear, since x c is 
increased from its zero field value by field penetration 
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[15], and since the effective polarizability of an atom in 
a metal surface is difficult to calculate, it is not easy to 
go beyond semiquantitative estimates of desorption 
fields. This has nevertheless been attempted by 
Brandon [16] who concludes that for Ga E=1.16 
volts/A, i.e. 1.16 x 108 volts/cm. 
It will turn out that a related phenomenon, field 
ionization [17] probably contributes most to current 
generation at high currents. This can be understood by 
analogy with field desorption, as indicated by Fig. 4, 
and consists of the intersection of an ionic and neutral 
curve at distances where the potential of the latter is 
sensibly zero. Looked at in terms of electrons, it 
amounts to tunneling of an electron out of a field 
deformed atomic potential. 
In general the fields required for field desorption of an 
atom are considerably higher ~.han those for field 
ionization of the same gas phase atom as is obvious 
from Figs. 3 and 4. 

s V i  m=-3.6 n2/X 
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2.6 Space Charge Effects 

We next consider space charge effects. For electron 
emission these become appreciable only at much high- 
er currents than those involved here, but because of 
their mass ion velocities are less by a factor of ~ 300 
and space charge becomes important in the microam- 
pere range. An exact solution to the space charge 
problem for the cone is very difficult and we limit 
ourselves to the case of concentric spheres, that is, we 
replace emitter and collector by small and large 
spheres, respectively. An approximate connection with 
the cone will be made via a scaling argument. Unlike 
the classical, thermionic, case treated by Langmuir 
[18] it is not permissible to set the field at the emitter 
equal to zero since, as we have seen, fields of the order 
of volts/A are in fact required there. 
The basic equations are 

~'2V=4TcO (20) 

with 

i 
o~ 47zr2v (21) 

and 

v = (2Ve/m) I/2 + v r (22) 

v r ~ (2kT /m)  1/2 (23) 

so that 

2d2V + 2 r - ~  =i[(2~)l /aV1/2+(kT/m)l /2] -1 (24) 
r ~7-r2 

Let x = r/r a where r a is the emitter radius. Define V o as 
the applied voltage required, if there were no space 

i-ex 

M +A 
N M - +  A + 

XM- A X c m I-dO 
Ee 

Fig. 4. Potential energy diagrams illustrating field ionization. All 
symbols as in Fig. 3. Correspondence with Fig. 3 can be made by 
assuming, in Fig. 3, a field so weak that intersection occurs in the fiat 
portion of the neutral curve, i.e. to the right of the intersection shown 
there 

charge, to produce the necessary field E 0 at r a : 

Eo = Vo/r.. 

Let V/V  o =y.  Equation (24) then becomes 

.2d2y + 2 x ~ x = ( r n l  1/2 
X ~X 2 \2eJ iV~ 

(25) 

. [y , /2  + (vrlvo]-I  (26) 
where 

v o -- (2goe/m) *i2 . (27) 

For  g in volts, i in amperes and m expressed as 
molecular weight M, (26) becomes 

x2y" + 2xy' = 6.49 x lOSiM*i2go 3/2 

�9 [yl/2 +(kT/Voe)l/2] - 1 (28) 

with initial conditions 

y(1)=0 (29) 

y'(1) = 1. (30) 

If it were not for the appearance of V o in the term 
(kT/Voe) 1/2 in (28), the latter could be solved numeri- 
cally without further ado for various values of 
iM1/2Vo3/2 ~ the integration being carried out until 
such values of x as yield a constant value of y=y(oo)  
(or until y '~0) .  By assuming a value, or values, of V 0 
the current would then be determined and also the 
voltage required to produce it, namely Voy(Oo ). The 
presence of the term (kT/Voe) 1/2 forces us however to 
make some more explicit assumptions about the emis- 
sion process. Specifically we first assume that the field 
is sufficiently high to make the lifetime of a surface 
atom with respect to ion desorption constant at a value 
z. The current is then given by 

i = 4~zr~ 101 s/z ions/s, (31) 

where the number of atoms/cm 2 is taken as 1015. In 
units of amperes (31) becomes 

i = 2.01 x 10- 3r2/'c [ a m p e r e s ] .  (32) 
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Table 1. Solutions of (36) in tabular form. Symbols as in text. 
For Vo<l the term 0.16 Vo -~/z in (36) was calculated as if Vo=20 
in that term 

V 0 [volts] V [volts] i [amperes] V/V o V3/2/i 

0.01 0.0154 1.2 x l 0  -11 1.54 1.6 x 108 
0.5 1.81 3.13 x 10 -s 3.62 7.8 x 107 
1.0 4.61 1.25 x 10-7 4.61 7.9 x 107 
5.0 40.5 3.13 x 10 -6 8.1 8.2 x 107 

10.0 102 1.25 x 10 -s 10.2 8.2 x 107 
20 258 5 x 10 5 12.9 8.3 x 10 v 
50 875 3.13x 10 -4 17.5 8.3x l07 

100 2,280 1.25 • 1 0  . 3  22.8 8.7 x 10 v 
500 16,750 0.031 33.5 7 x 107 

I I I I I I 

w 1.0 

ta.J 

ui 2 3 4 5 6 7 8 
X 

Fig. 6. E(x)/E(1) vs. x for various values of V o, based on solutions of 
(36). Note that forV 0 =20 the field E peaks at x=  t.2, and is almost 
2E(1) at that point 

8 

> 1.0 
"7 
> .8 
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,2 
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7 /2o 

" l O ~ t  
0 6  

0 2  
I 0 0.4 0.8 22 

S 
S 

f 

f 

.01 
20 

i I I I ~ I i [ J I 
20 40 60 80 IO0 

X 

Fig. 5. Plots of V(x)/V(oo) vs. x for various values of Vo, based on 
solutions of (36). Insert shows region for l<x_<2 for 1/o=20 , to 
illustrate the fact that for appreciable space charge the field E will 
have its maximum at x > t 

I f  we n o w  pick a fixed va lue  for  E o we can  e l imina te  ra 

f r o m  (32) by (25) a n d  have  

i = 2 x 10 -3  Vff/(E~). (33) 

Subs t i t u t i on  of  this express ion  for i in (28) yields 

6.49 x lOSiM1/2Vo s/a = 1.30 x 103M1/2V~/2/(E~'c) (34) 

a n d  (28) b e c o m e s  

xZy " + 2xy' = 1.30 x 103M 112 Vd/Z/(E~z) 

�9 [yl /2q-(~-) l /2Vol/2]-I  (35) 

This  p r o c e d u r e  is e q u i v a l e n t  to a s s u m i n g  tha t  changes  

in i resul t  f r o m  increases  in r a if  z a n d  E o are  cons ide r ed  

to s tay cons tan t .  W i t h  the  expl ic i t  (and  s l ight ly  a rb i t -  
rary)  cho ice  E o = 4 x 108 vo l t s / cm,  z = 1 0 -  ~ 3 s, M = 70 

( c o r r e s p o n d i n g  to  Ga),  (35) f inal ly b e c o m e s  

x2y" + 2xy'= 0.68 V~/2(y t/2 Jr- O.16Vo- o ~/2)- 1, (36) 

where  T = 3 0 0 K  has been  used. E q u a t i o n  (36) was 

so lved  n u m e r i c a l l y  for va r i ous  va lues  o f  V 0 unt i l  y no  

l o n g e r  inc reased  a p p r e c i a b l y  wi th  inc reas ing  x. T h e  

a r b i t r a r y  cu to f f  was m a d e  at  x = 1 0 4 .  T h e  app l i ed  

vo l t age  V can n o w  be f o u n d  as Vo.y(oo), where  oo is 

t a k e n  to be e q u i v a l e n t  to x = 104 a n d  i can  be o b t a i n e d  

f r o m  (33). T a b l e  1 shows  the  va lues  of  i vs. the  

c o r r e s p o n d i n g  app l i ed  vo l t age  V for v a r i o u s  va lues  of  

V 0 as well  as V/Vo-y(oe ). Also  s h o w n  are  va lues  of  
V3/2/i. These  a re  sensibly c o n s t a n t  unt i l  i < 1 0  -11 

i nd i ca t i ng  space  cha rge  behav io r ,  for  which  i s h o u l d  be 

p r o p o r t i o n a l  to V 3/2. F i g u r e  5 shows  p lo ts  of  

V(x)/V(oo) vs. x for  s o m e  selected va lues  of  Vo. It  is 

c lear  tha t  the po t en t i a l  rises m u c h  less r ap id ly  t h a n  in 

the  absence  of  space  charge.  F i g u r e  6 shows  the  field, 

re la t ive  to tha t  at  x =  1, vs. x. 

If  we n o w  shed o u r  scruples  a b o u t  the  t e r m  (kT/Voe) 1/2 
in (28) o r  (36) and  a s sume  tha t  its exac t  m a g n i t u d e  is 

re la t ive ly  u n i m p o r t a n t  so l o n g  as it is f ini te  a n d  thus  

p r e v e n t s  V2V f r o m  b e c o m i n g  infini te  at  x =  12, we can  

a lso  i n t e rp re t  the  resul ts  in t e rms  of  f ixed ra, if  we 

a s s u m e  tha t  the  v a r i a t i o n  in E o r e q u i r e d  to increase  i is 

so smal l  tha t  a c o n s t a n t  va lue  o f  E o can  be a s s u m e d  

even  w h e n  i is var ied.  In  tha t  case  a f ixed cho ice  o f  

V~ rue= Eor a suffices to o b t a i n  i, the  va lues  o f  V 0 s h o w n  

in T a b l e  1 be ing  n o w  cons ide r ed  s imply  as n u m b e r s  

r e q u i r e d  to va ry  i. W e  call  these  V 0 (parameter ) .  

W e  h a v e  f rom (34) a n d  the  va lues  o f  E o a n d  ~ used to 
o b t a i n  (36) 

i =  1.26 x 10 ?V3/2V1/2 (param)  

1 This point was confirmed by direct calculation, using V o = 20 volts 
and T=300 and 900K, for i=0.1, 1, and 10 microamperes. The 
results do not differ from those shown in Fig. 7, obtained as 
described in the text. 
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and 

v =  %.y(oo). (3s) 

For a particular choice of V 0 i is now obtained as a 
function of applied voltage V by picking a value of V 0 
(param) from Table 1, using the appropriate value of 
y(oe) to obtain V from (38) and the value of i from (37). 
A plot of logi  vs. y (oo) -  V/V o for V o =20  volts, obtain- 
ed in this way, is shown in Fig. 7 ; space charge effects 
are still appreciable when i ~ 1 0  -6 amperes, where 
V/Vo=I.5. The choice Vo=20 volts corresponds to 
E o = l  x 108v/cm for r = 2 x  10 - l c m ,  or to 
2 x 108 v/cm for ra = 10- ~ cm. 
It should be emphasized that the smallness of r~ is 
crucial to this result, although this is not directly 
obvious. An example will illustrate this. Suppose we 
choose E o = 2 x 10 s volt/cm and r~ = 10-6 rather than 
10 -7 cm. We then have V 0 =200  volts, instead of 
20 volts and from (37) we see that the ratio V/V o = 1.5 
now corresponds to i =  3 x 10-5 amperes, or 30 times 
higher than for r , = 1 0  -7 cm. The physical reason 
is that higher currents are now required to produce 
the same current density. 
We now adapt these results to the Taylor cone in a 
rough way by assuming (a) that the values of current 
for the sphere of same radius r~ as the cone apex must 
be divided by ~ 4  to give the equivalent cone current, 
since the emitting area of the latter is ~ ~r 2 rather than 
4=r~ as for the sphere, and (b) that once this correction 
has been made the same ratio of V/V o can be used for 
the cone as for the sphere. Table II lists some repre- 
sentative assumptions of r,, Eo, and values of i and V 
based on these assumptions, calculated by means of 
(14), (37), (38) and the solutions of (36). 
The numerical values of V listed in Table 2 depend not 
only on the quantitative validity of our extrapolation 
from sphere to cone but also on the exact value of R 0 
and must therefore be considered at best semiquanti- 
tative estimates. Despite this fact several conclusions 
emerge rather clearly: 1) Apex fields of > 10 s volts/cm 
can only be obtained with very small apex radii, even 
in the absence of space charge, and 2) space charge 
effects become significant at currents of > 10 .7 am- 
peres. There is some trade-off between apex radius and 
V/V o, as already pointed out, and also V~o.r 
decreases with increasing r~, as indicated by (14). 
Nevertheless it seems clear that r~ values much in 
excess of 100/~ would require voltages in considerable 
excess of experimentally observed values to produce 
the required apex fields. This conclusion is of consider- 
able significance for ion-optic applications, since it 
implies a very small effective source size and con- 
sequent high brightness, as is in fact observed experi- 
mentally. Since the apex is probably spheroidal rather 
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Fig. 7. L o g i  vs. y(o~)=V(oo)/V o for Vo=20 , based  on (37) 

Table  2. Var ious  combina t ions  of r, E0, i, and  V. The values for i refer 
to a sphere  and  should  be divided by ~ 4  for the cone. The values 
of V o cor respond  to the vol tage  required to produce  the field E o at  
the surface of a sphere of rad ius  r, in the absence of space charge  

i.o Eo Vo i v~pl, o,o ~ono 
[cm]  [vo l t s / cm]  [vol ts]  [ amperes ]  [vol ts ]  [vol ts]  

10 v l0  s 10 4 x 10 .7  15 6,450 

10 -7 l0  s 10 2.8 x 10 .6  36 15,566 
10 7 2 x 1 0  s 20 1.1 •  -6  30 9,302 
I 0 -  7 2 x 108 20 8 x 10 -6 72 21,900 

2 x 1 0  -7 108 20 1.16x 10 -6 30 9,120 
3 x 1 0  -v  10 s 30 2.1 x l 0  6 45 11,200 
4 x  10 v l0  s 40 3.2 x 10 6 60 12,930 

8 x 10 -v l0  s 80 9 x 10 -6 75 18,430 
8 x l 0  -v 108 80 1.6 x l 0  -6 96 14,600 

than spherical, the effective source size is dependent on 
actual apex size. 
We are also able now to estimate to what extent space 
charge can contribute to relaxation of the cone apex 
from infinite sharpness. From (1) we find for example if 
r a = 2 10- 7 cm and 7 = 700 dynes/cm that the equilib- 
rium field is E =  1.26 x 108 volts/cm. It is clear from 
Table 2 that even a modest current can suffice to 
reduce E o to this value from that which would be 
present at ~ in the absence of space charge, say 2 • 108 
volts/cm. Thus such blunting as occurs seems to result 
entirely from reduction in apex field by space charge, 
rather than from any limitations on liquid supply, as 
already stated in an earlier section. 

2.7 Mechanisms of  Current Generation 
and Stabilization 

We are now ready to consider ion current formation 
from onset to high currents, as voltage is increased 
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from 0. Clearly there can be no current at all below V~ 
since cone formation is a prerequisite. If the apex field at 
V~ (in the absence of ion current and hence space charge 
effects) is too small to allow field desorption, no ion 
current will be observed at V~. Increases in V will then 
lead to droplet formation, possibly with concomitant 
ionization. This will be discussed in slightly greater detail 
in the next section. Assuming however that the apex field 
at V~ suffices for appreciable ion generation there will be a 
sharp onset of current at V~. In the case of Ga, for instance, 
the experimental onset value [10] appears to be 2 3 
microamperes, and this implies that there will already be 
some space charge effects at onset. The cone apex will 
consequently assume a form corresponding to equilib- 
rium between surface tension and electrostatic stress, the 
latter being reduced by space charge in the current 
generating region from the value which would obtain in 
the absence of current. As already pointed out the 
effective apex radius must be of the order of 10 50 A to 
account for the observed voltages required. In the 
current regime just beyond onset the mechanism of 
ionization must correspond to pure field desorption or 
evaporation, and consequently ion energy distributions 
will be narrow, and principally determined by quantum 
effects, i.e. uncertainties in the locus of ionization. 
These probably amount  to ~ 1 eV. 
Emission in this current-voltage regime will be stable 
since space charge provides negative, i.e., stabilizing, 
feedback: If through some fluctuation r a increases, E 
will decrease, and hence i will decrease. This causes a 
reduction in space charge so that E (for fixed V) 
increases, pulls the apex into a sharper configuration 
(i.e., decreases r,), thereby causing more i and also 
more space charge screening, this causing relaxation, 
etc. 
We must consider next what happens as V is increased 
so that i increases to >10 s amperes. It is found 
experimentally [10] for Ga, for instance, that the liquid 
cone is heated to > 1000 ~ at such currents. It is easy 
to show that ohmic heating at 10 -s amperes is un- 
important. (See, for instance, [8].) On the other hand, 
field desorption with short desorption times can lead 
to heating through an effect analogous to that observ- 
ed when a solid is cleaved. The separation energy in 
that case always exceeds the surface energy of the 
surfaces created because the breaking of bonds can 
never be tSerformed adiabatically and some energy is 
always imparted to the separated solids through 
"snapping back". In the present case, if the departing 
ion leaves very rapidly, the remanent liquid will not 
have time to assume its equilibrium configuration as 
the ion leaves. Thus the work of removing an ion 
exceeds the adiabatic value and the difference appears 
eventually as heat in the liquid. It turns out that only a 
very small amount of energy per ion formed is required 

to account for the temperature rises in fact observed at 
> 10 5 amperes. Very approximately we have a steady 
state 

K A r = = Q, (39) 
X 

where K is thermal conductivity, A T the temperature 
rise at the apex, x a mean distance over which this rise 
decays, Q the heat generated per unit time and (~ the 
heat per unit time per unit area. Equation (39) applies 
strictly speaking to a cylinder, not a truncated cone, 
but the correction factor will not exceed an order of 
magnitude. Taking liquid Ga as an example, K~0 .3  
watt cm 1 deg- i .  Taking x=0.01 cm we see that the 
required heat becomes, for A T = 1000 K 

-- 3 x 104 = 1015q/'c [-watt/cm2], (40) 

where q is the heat generated per ion. Thus 

q = 3 x 10-r [-ergs/atom] 

= 2  x 10s~ [eVl. (41) 

If r = 10 lZ s, q = 2 x 10- 4 eV. Alternately (but equiva- 
lently, since i, r, and r are related by (32)) 

K A T  
q~- xi r c r ~ •  (42) 

where i is ion current. Taking i = 10- 5 amperes we find 

10.2 q =1 0  r a[eV] (43) 

for ra in cm. If r~ = 2 x 10- 7 cm q = 4 x 10 - 4 eV and for 
smaller radii q will be correspondingly smaller. This 
heating mechanism was pointed out to the author by 
Prof. W. Kohn. 
In the case of solids the relaxation can involve only 
elastic deformations. In the case of liquids on the other 
hand there is in addition an analogue to plastic 
deformation which can occur on the time scale of 
interest. If an atom were plucked out of a liquid surface 
by field evaporation the surface area would increase by 

2 ~7  1 6 c m  2 ;rCratom = • 10- and the liquid would quickly 
get rid of this "hole", but not in the time of desorption. 
Thus there would be a relaxation energy of ~ 2 ~)~ratom 
ergs/ion, or for 7 = 700 ergs/cm 2, 5 x 10-13 ergs/ion or 
0.3 eV. This value is probably an overestimate because 
of partial relaxation during field desorption. Further it 
should be remembered that the estimate of the re- 
quired heat refers to a cylinder not a very blunt cone. 
Finally it must also be recalled that, if the field is not 
high enough to allow field desorption with zero acti- 
vation energy, the activation energy, which amounts to 
heat carried away by the desorbing particle, must be 
subtracted from the above value. 
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It is clear in any case that the effect just discussed can 
lead to sufficient heating to cause appreciable de- 
sorption of neutral atoms. The discussion of space 
charge limited field desorption also indicates that the 
high currents obtained experimentally at voltages of 
order 1.5-2V~ simply could not be obtained by field 
evaporation, since very much higher voltages would be 
needed to provide the required fields. Thus it seems 
clear that the high currents obtained at voltages above 
V~ must come from neutral atoms desorbed thermally 
and then ionized in some manner. It is easy to find 
some limits on the product of area which must supply 
this vapor and the (equilibriun~0 vapor pressure in- 
volved. The evaporating flux from a surface at tem- 
perature T such that the equilibrium vapor pressure is 
P is given by N/A 

]~r/A = P(2rcmk T)-  1/2 

= 1.3 x 102~ [atoms/cruZ/s] (44) 

for Ga at 1300K where A is area and P pressure. Thus 
if every evaporated atom were somehow ionized the 
resultant current would be 

im,x = 21Ptorr" A [amperes].  (45) 

Thus for i = 10 # amperes, P. A -- 4.7 x 10- 6 torr_cm z. 
If P =  1 torr, corresponding to T =  1350~ for Ga, 
A =4.7 x 10 -6 cm 2, or if it assumed to be given by 7cr 2, 
r = l . 2 x l 0 - 3 c m .  If P = 7 6 0 t o r r  a value of 
r = 4  x 10 .5 cm would result. Thus it is clear that an 
area much bigger than the hemispherical apex cap 
must contribute to current generation. 
We show next that the ionization mechanism cannot 
be impact ionization of vapor by field desorbed ions. 
Let us assume for the moment that the pressure of 
vapor is uniform (which is, of course, incorrect) in 
order to estimate the mean free path with respect to 
excitation (or ionization). The cross section al for 
inelastic collisions, i.e. electronic excitations in ion- 
atom collisions is ai = 10-19 _ _  10- 20 cm 2 for ion en- 
ergies in the range 1-5KeV [19]. Since ions gain 
~50% of their final kinetic energy in ~10r~ as in- 
dicated by Fig. 5 energies of the order of 0.1-5 KeV are 
obviously the only ones of relevance. The mean free 
path for excitation is then 2 i 

2i = (Oct)- 1 = k g/(Pai), (46) 

where 0 is gas density, or if P is expressed in torr 

h i = 1.4 x 10-16/(aPtorr), (47) 

where T = 1 4 0 0 K  has been used. Thus, for 
a = 1 0  19cm2 we find, at P = 1 0 3 t o r r  (a value not 
likely to be achievable) 2~ = 1.4 cm. If we assume that 
the region where vapor pressure is appreciable is of 
dimensions 10-acre,  we see that 10 -4 ionizing col- 

lisions per field desorbed ion would occur. The situa- 
tion would not be improved if P could somehow be 
raised: The cross section for elastic collisions % in 
which ion kinetic energy will be efficiently lost is 
c r ~  10- is cm 2, so that at P = 103 torr the mean free 
path for elastic collisions is )~e ~ 10-4 cm. Increasing P 
would correspondingly decrease 2e and thus ion ki- 
netic energy, thereby decreasing 2i. Ion-atom collisions 
could therefore lead to substantial current increases 
only if every electron thereby released ionized on 
average l0 s vapor atoms by avalanching. Since the 
cross section for electron excitation is of order 
10-15 _ 10-16 cm 2 (for electron energies of ~ 100 eV) 
and hence the mean free path for electron ionizing events 
also of order 10-'~cm at P = 1 0 3 t o r r  this seems im- 
possible. Although the pressures to be expected in front 
of the apex can be substantially increased by polarization 
effects, it seems impossible to attain the values necessary 
for impact ionization over a sufficient region of space to 
make this mechanism likely as a major contributor to 
current generation. At very high currents however, if 
secondary electrons from the cathode are able to reach 
the cone and its vicinity, electron impact ionization of 
metal vapor probably contributes substantially. Under 
these conditions however ion energies will show a wide 
spread, and the effective source size will also have 
increased substantially so that this regime is of little 
interest for ion-optical applications. 
The most likely mechanism for current generation 
under conditions where space charge limited field 
evaporation cannot account for more than a fraction 
of the current is probably field ionization. The overall 
mechanism can be envisaged as follows. Metal atoms 
evaporating from the cone in the vicinity of the apex 
are drawn into the high field region by the polarization 
force, �89 2 and are there field ionized. Thus 
supply from a region much larger than that corre- 
sponding to the immediate cone apex is utilized, and 
since impact ionization is not involved low steady state 
vapor densities present no difficulty. The electrons 
liberated by field ionization are accelerated to the cone 
and serve to heat it. The energy supplied in this way 
overcompensates that withdrawn by vaporization. The 
latter is ~ 5 eV/atom; since the distances at which field 
ionization occurs probably lie between 0.1r a and ra 
from the surface the energy delivered per electron is 
necessarily much greater. The reason that runaway 
heating does not occur is probably that the total 
number of atoms evaporating exceeds those being 
ionized by a sufficient factor. Under conditions where 
field ionization predominates, the field at the cone 
apex is probably reduced to the point where field 
desorption no longer occurs. Under conditions of 
appreciable space charge the potential drop between 
emitter and cathode is not concentrated near the 
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emitter as in the absence of space charge but distri- 
buted over a larger distance (Fig. 5). Consequently 
high fields are also maintained over much larger 
distances, (Fig. 6) and are sufficient for field ioniza- 
tion still to occur at 1-5 G in front of the cone apex. The 
lifetime with respect to field ionization can be esti- 
mated very crudely 1-17] from 

1/'c = v e e -  6.8 x 10713/2/E (47) 

where "r is an electronic frequency, ~ 1015 s-1 and I 
the ionization potential of the atom being field ionized. 
For Ga I = 6 e V  and for E=108 volts/cm 
r ~ 2 x l 0 - 1 ~ s .  In this time an atom moving with 
thermal velocity moves ~ 100/~. In this distance the 
high field is not changing very much under space 
charge conditions and consequently the probability of 
field ionization is high. 
Although the probability of impact ionization or 
excitations by ions is small as we have seen it should 
nevertheless suffice to account for the visible light seen 
for i > I 0  microamperes. At very high voltages and 
currents it is conceivable that pressures in the apex 
region are sufficiently high to allow enough multipli- 
cation of electron ionization to make field ionization 
the minor and electron impact ionization the major 
current generating mechanism. As already indicated 
the primary source of electrons under these conditions 
may be secondaries released from the cathode under 
ion impact. 
Unlike the electron emission case runaway is not 
observed for ion emission. The reason is that unlike the 
electron emission case there is sufficient negative feed- 
back present in all regimes of ion emission. This is 
provided by space charge and by the fact that a 
decrease in apex field leads to an increase in apex 
radius, hence a further decrease in field and thus to 
decreases in emission which in turn reduce space 
charge thus lead to increase in field etc. The reason 
space charge is effective in ion but not in electron 
emission is of course that the primary charge carriers 
in ion generation are massive and the counter charge 
carriers, which reduce space charge are light, with the 
opposite situation occurring in electron emission. 
Although it seems certain that ion-atom collisions 
cannot contribute appreciably to ion current, such 
collisions may nevertheless lead to appreciable 
broadening of the ion energy distribution, since elastic 
and charge exchange collisions have very high cross 
sections. Considerable broadening is also known to 
occur in field ionization [17] at high fields, since then 
the locus of ionization is distributed over an apprecia- 
ble region of space, and hence of potential. 
We must finally consider why it is possible to exceed 
the Taylor cone voltage V c without destroying the 

cone. The answer can be given only qualitatively, but 
must be that under space charge conditions the field is 
concentrated in the space charge region, i.e. lines of 
force are so concentrated that the field on the cone 
surface does not appreciably exceed the Taylor field. It 
is obviously not practical to attempt a calculation of 
equilibrium shape under space charge conditions with- 
out far more detailed knowledge of the actual current 
distribution than is available at present. 

2.8. Droplet Formation 

Finally droplet formation must be discussed since its 
occurence is undesirable for ion formation but desir- 
able if the object is "atomization", that is the deliberate 
formation of small droplets. It is clear that droplets 
must form if the field at the cone apex and down-shank 
from it exceeds the critical field. Thus, if at V~ the field 
in the apex region is insufficient for enough field 
evaporation to produce appreciable space charge, the 
cone apex will be pulled out into a jet and when the 
length of the latter exceeds 2~cr, where r is the jet 
radius, necking off and hence droplet formation will 
occur in accordance with well known classical theory 
E20]. It should be noted that the field at the apex is (in 
theory) infinite but of course this region has dimension 
of less than a single atom. Thus the criterion just 
spelled out applies to the region immediately adjacent 
to the theoretical cone apex. Formally we may write 
from (2), (3) and (4) that droplets will form if 

139471/2/r 1/2 < Ec ' (48) 

where E, is the field for sufficient field desorption to 
give adequate space charge, i.e. to give a current of say 
10- 6 amperes, and r is the radius of curvature of the cone 
slightly below its theoretical apex. If r is chosen as 
10 -Tcm and 7=700 dynes/cm the left-hand side of 
inequality (48) gives Ec< 1.17 l0 s volts/cm. Thus very 
roughly we expect no droplet formation for metals for 
which the desorption field is of order 1 V/A, and would 
expect droplet formation for metals with appreciably 
higher evaporation fields. 

3. Conclusion 

The foregoing indicates that the processes entering 
into the operation of a liquid metal ion source are by 
no means simple and that at best a semiquantitative 
description of the various phenomena is possible. 
Nevertheless even a qualitative understanding of these 
sources is of some interest because of the potential 
applications of these sources as in ion optical appli- 
cations of various kinds. 
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