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When the liquid metal ion sources (LMIS) operate in the high-current mode, an instability arises which is accompanied by the 
comparatively low-frequency ion current oscillations and microdroplet emission. Two distinct groups of microdroplets are observed. 
the large ones (with radius higher than 103 .&) and the smaller ones (10-10O A). The rate of formation of small-sca~e droplets 
proves to be two or three orders higher than that of the large droplets. In this work it is shown that the appearance of the above 
groups of microdroplets is due to two kinds of instability developed in an LMIS. The smaller droplets are due to the Rayleigh 
instability on the surface of thin cylindrical jets ejected from the tip of the Taylor cone at higher currents. This instability results in 
jet fragmentation and formation of small droplets (with sizes of the order of the jet radius) till the jet completely disappears. 
Following this the jet ejection reappears and the jet fragmentation process is repeated. Thus, the Rayleigh instabiliB, is 
accompanied by the comparatively low-frequency ion current oscillations ( f =  1-10 MHz) which are due to the process of 
fragmentation and recovery of the jets. This process leads to the liquid-metal pressure modulation and causes the comparatively 
large-scale capillary wave extension on the Taylor cone surface as a result of the Faraday parametrical effect. It is this effect that 
leads to formation of the large droplets generated on the Taylor cone surface. We have made measuremer~ts of the angular 
distributions of the large and small droplets, as well as their intensities in the instability mode in tin LMIS. The measurements were 
carried out with transmission electron microscopy (TEM). The higher harmonic dependence of low frequencies ~m the currenl 
value have been defined. Also, the comparison between the computed and the experimental data have been canied out. 

1. Introduction 

The typical LMIS consists of sharpened high- 
melting metal needle. The liquid metal with high 
wetting ability goes up along the needle. If the 
voltage V is sufficiently high in space between the 
needle and the extractor, the liquid takes the 
Taylor cone shape [1]. At the cone apex [2], the 
fields are sufficiently large to induce ion evapora- 
tion directly from the liquid metal. The operation 
at higher currents induces a narrow liquid jet 
from the Taylor cone [2]. From the apex of this 
jet, the high-current emission is provided [3]. The 
above mentioned evolution of the emission geom- 
etry w?.s first ~;hac~cd by Sudraud et al. [45] in 
Ga and Au sources. The electrostatic pressure on 
c~e je~ apex domiv-ates, pulling out a jet. How- 
ever, the jet length h and radius a are fixed at 
given current values as a result of the process of 

intensive ion emission [3]. The electric field E '," 
the tip of the jet is limited because of the space 
charge [2,3]: E = E i, where /:i is the characteris- 
tic field for ion evaporation. Therefore, the cur- 
rent increase is only connected with the jet radius 
extension (emission site area) [3] which is also 
accompanied by elongation of the jet. A number 
of papers deal with the emission instability and 
the formation of liquid droplets at higher cur- 
rents [4-7]. Below we show that the jet is unsta- 
ble with respect to formation of sausage-like 
shapes (the Rayleigh instability [8]) which results 
in the formation of small droplets. 

2. Calculation of the jet parameters 

Let us determine the geometrical parameters 
of the cylindrical jet with a semistvherical tip 
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occurring on the cone, the base dimensions of 
which are much greater  than those of the jet 
radius and length. In keeping with the condit ions 
of the mass and m o m e n t u m  conscrvation it fol- 
lows that [9] 

a2 = ~ M I  = E i ~/  167ro" 
vepU,,  ' v .  ~ 1 aE 2 , (1) 

where  I is current, p is th,: liquid density, M is 
the ion mass, e is the electron (ion) charge, vo is 
the velocity of jet and or is the surface tension 
coefficient. The ratios (1) determine the jet ra- 
dius and velocity dependence  on a current  value. 

At higher currents (a >> 1 6 ~ / E i  2) 

a2= ~ i  7rp 1' t'° Ei 87rp (2) 

i.e. the jet radius change is ~ v~-, while the jet 
velocity remains constant.  For tin (E~ = 2.4 × 10 ~° 
V / l l ,  tr = 0.4 J / tu  ~-) in accordance with eq. (1), 
at r = 4 0  /zA a = 2 0  .4,,v o = 5 . 5 × 1 0  z m / s ;  if 
I = 12(I/.tA then a = 35 A, v, = 5.8 × 102 m / s .  

The  computed value of the jet length is deter-  
mined by thc cxpression [9] 

where R o is the distance from :he vertex of 
needle  to the extractor (R 0 >> h). In case of  the 
steep characteristics I( V ), h --, a 2 ~ I. Making use 
of the experimental dependencies  I ( V )  and rz- 
tios ~1~ and (3), it is possible to de termine  the 
value of h( l ) .  The jet length and radius calcula- 
tions [9] for corresponding current values using 
eqs. (1) and (3) have confirmed excellently the 
experimental  data [5]. For the case of a tin LMIS 
from the measured dependence  of I (V)  (see fig, 
3. R,, : 5 × 1~!-" cm) it is possible to obtain: at 
l = 4 0 # A , h =  1 9 0 A ; a t  l = 1 2 0 g A ,  h = 5 7 0 A .  

We have computed  [9] the lateral electric field 
distribution k~ along the jet. When analyzing the 
stability, we ttsed the average values of these 
ficlds (f)r Sn'  I2~,, = 0.35E i at I = 40 ~A;  k~,v = 
~1.3 I:'~ at I = 120 gA) .  

3. The Rayleigh instability and the formation of 
small droplets 

The Rayleigh instability [8] leading to jet  frag- 
menta t ion  into droplets is due  to the compet i t ion 
of the two kinds of surface tensions, the radial 
tension and the "wave" tension (resulting from 
the periodic  modula ted  surface along the jet axis). 
When  the lateral electric field is high enough  
there appears  an additional mechanism of insta- 
bility [10] shifting the maximum of the growth 
rate to the  shorter  wavelength region. The insta- 
bility cri terion is formed for the condition of  the 
characteristic t ime t 0 of sausage development  in 
the frame of  reference that  moves with the jet to 
be shor ter  than the t ime necessary for the liquid 
to flow along the jet length (h / t ' o ) :  

to < h / v o .  (4) 

According to eq. (4) the instability can occur  
only in sufficiently long jets. The  value of t 0 can 
be es t imated  from maximum growth rate Ym 
known from the linear theory [9,11]: 

t .  = (2yM) -I  InKuTK------~ + 2  In I + t'K'7~ 
Ym 

(5) 

where /£,,, is the wave number  associated with 
the maximum growth rate. v is the kinematic 
viscosity coefficient (for S n v  ~ 10 -7 m2/s) ,  T -  2 
× l03 K is the liquid t empera tu re  and K B is the 
Bol tzmann constant. Fig. 1 shows the data of the 
numerical  calculations of the saul, age di~pcisiun 
ratio [9] for tiquid tin with due  regard for the 
lateral electric field and the viscosity for the 
currents  of 40 and 120 g A .  Thus  it is evident that  
criterion (4) for these currents  is justified. The  
ins~.abi!ity thre~hhold corresponds  to a current  of 
20 p~A. It should be pointed  out here that  for 

= 0 (case the which was considered by Ray!eigh 
[8]) the growth rate y > 0 only if X = Ka < 1 (fig. 
1). The  shift of growth rate maximum towards the 
Ka > 1 region is connected with the effect of the 
latcral electric field. 

The radius R of initial droplets,  detaching 
from the jet as a result of sausage development ,  
can be evaluated by means of the relation 7ra?Am 
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4 3 = ~ ' R - ,  where A m = 2rr/K m. It gives: R = 
a(37r/2Xm )t/3. For I = 40 uA,  R = 1.4a = 28 .a,, 
while in case of I = 120 p.A, R = '..3a = 45 ~,. 
The initial droplet carries a large charge and they 
must break up into smaller fragments (R = 15-20 
at) according to the Rayleigh instabiqty criterion 
[12]. The sausage development  can be accompa- 
nied by the formation of  satellite droplets  [13] 
which have a radius three  times smaller than that 
of  the large ones (R = 10-15 k,) [14]. Thus,  the 
initial stage of jet decay has already been accom- 
panied by microdroplet  chaos (the droplets emit- 
ted are characterized by a wide spread of  their 
dimensions). The  microdroplet  chaos is en- 
chanced further. This is connected with the lat- 
eral electric field of remaining part of  the jet, 
which is decreased due to potential screening by 
the charged droplets. Correspondingly, the de- 
crease of the lateral electric field results in 
sausage wavelength growth (fig. 1) and the radius 
of  the droplets increase. When the capillary and 
electrostatic pressures become equal on the jet 
tip the latter breaks up completely. A probable 
picture of micro-droplet chaos is presented in fig. 
2. 

Af ter  the jet decays and the droplet leaves the 
near  region of the jet, the jet is re-established and 
the process of the jet decay recurs. An increase in 
current  results in an increase in jet decay time 
because in this case the jet is longer, and the 
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Fig. !. Wavelength X m = 2 r r a / a  m corresponding to the 
growth rate in its maximum Y',n (solid line) and Ym as a 
funct ion of lateral electric field (dashed line). Curves 1, 1' at 

1 = 40 p,A; Curves 2, 2 '  at I = 120/xA. 
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Fig. 2. Microdroplel chaos scenario. 

electrostatic and capiHa1~' pressure equilibrium 
occurs in a smaller electric field (the jet radius 
being large). Numerical methods have shown a 
decay time of % = 5 x 10-s ',; at I = 4{) p-A, and 
2.7 × l0 -3 s at i ---- 120 #A.  Under  the condkkm 
that r t corresp,mds to the current oscilIation 
cycle, j =  1 /% = 20 MHz, and f = a MHz at ," - 
!29 Thus, as the current  increases, the fre- 
quency of  oscillations is decreased noticeably. 
During the course of the decay at I = 40 p-A, the 
droplet  number  is N = 5 x  10 z, and at I = 1 2 0  
p.A, N = 2 x 103. The intensity of droplets for- 
mation (N /%)  depends to some extent on the 
current  beyond the Rayleigh instability threshold 
( N / r  a = 10 m s- l ) .  

4° The Faraday instaM~ity and L.rgc droplet f~r- 
mation 

The periodic process of jet decay and re- 
establishment causes a pressure modulation in 
the liquid at a frequency f =  1/% that leads to 
capillary waves parametrica; excitation (the Fara- 
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Fig. 3. Experimental scheme and Sn LMIS I(I/)curves. 

day effect [15]~ on the Taylor 's cone surface  ac- 
companied  by large d:'oplcts tcaring off  the  peak:; 
of  the capillary waves. Undcr  the condi t ion  of 
FC'-<.Lq '.t .q CC ~ 

% = 2rrf, f =  1/rd, (6) 

where % = v~rK~/p is the frequency of capillary 
wave [8], K~ is the wave number.  It follows that 

5. E x p e r i m e n t s  

Our experiments were conducted using a Sn 
LMIS with a steel needle, the surface of which 
was mechanically processed in order to create a 
developed system of grooves on it. It enabled the 
needle to possess low hydrodynamical impedance. 
The radius of curvature of needle's apex was 
about 10 /~m. The hole of 0.2 cm in diameter 
served to let the droplet fraction come through 
the extractor, depositing on a system of TEM 
specimens located at the distance of 5 cm from 
the extractor. The diameter of a TEM specimen 
is equal to 0.3 cm. The distance between the 
specimens in d = 1 cm. The scheme of the experi- 
ment as well as I(V) curves of ion sources stud- 
ied are presented in fig. 3. The reservoir contain- 
ing Sn was located at the base of the needle and 
supplied with intensive heating. For the unstable 
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At t = 40/~A,  ,~.~ ~ 11) 4 A: at t = 120 /xA,  a~ = :3 
× 104 ,~. Cor respondingly  o, the large drop le t  ra- 
dius t K =  l/b~ ) is 10'  A and 3 ×  10 ~ A. The 
intensity of such drople t s  formation is equal  to 

Ill 7 s ~ providcd that  scvcral drople ts  arc  com- 
ing off during the oscillation cycle. Thus,  the  
intensity of large drople ts  formation is two to 
three orders of  magni tude  smaller than that of 
the small ones. Earli,-r this fact was po in ted  out 
by Th~mlpson [ 16]. 
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Fig. 4. The pictures of separate areas of (a) the central and (b) 
t h e  pe r i f c r i ca l  ~d = 1 c m )  s p e c i m e n s  at  1 = 1 2 0 / x A .  
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mode of LMIS the time of specimens exposure 
was equal to 10 s. The droplet size distribution 
was studied by means of TEM. The data are 
given in fig. 4 which shows the smaller droplet 
deposition mainly in the central specimens. The 
quantity of the larger droplets is small, which can 
be seen on those specimens. Fig. 5 presents the 
droplet distribution according to their size in the 
central specimen. Later on, considering that the 
smaller droplets (R < 100 ,~) are deposited on 
the area as large as the area of a separate speci- 
men, the rate of the small droplet formation is 
= 10 m s -t .  The rate of large dmp!et formation is 
three orders smaller. Thus, the small droplet dis- 
tribution is comparatively dense whereas that of 
the large ones is rather discrete. The distribution 
of this kind as well as its deposition mode is in 
qualitative accordance with the microdroplet 
chaos scenario of small droplet formation and the 
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Fig. 5. Dependence  of  microdroplet formation intensity on 
their size for different currehts, shown in the central speci- 
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resonance mechanism of the large dorplet forma- 
tion. 

Fig. 6 shows the current oscillation depen- 
dence on the current value. The results shown 
above are in qualitative and quantitative accor- 
dance with our calculations. 

6. Summary 

This study shows that the bayic pRh~ciplcs of 
the droplet emission mechanism in LMIS are 
based on the classical ideas by Faraday [15], 
Rayleigh [8,12], Taylor [1], Gomcr [2], and King- 
ham and Swanson [3]. The LMIS turns into an 
intensive microdroplet emitter (R ~ 10-200 A) 
with sufficiently high currents. These results may 
have a practical interest for deposition of differ- 
ent kinds of coatings. 
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