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Criterion for decrease of electric field at ionization point
of liquid-metal ion sources
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Criterion for decrease of electric field at the ionization point of liquid-metal ion sources has been
derived. The argument is based on the equation of space-charge limited current with small charge
approximation and the balance of electric field stress, with liquid flow and surface tension stress.
The result was such that it is possible to decrease the electric field with an increase in the applied
voltage, that is, the source current, under the condition of weaker dependence of current density on
the electric field than that in the conventional low temperature field evaporation theory. The
dependence of the ion current density on the electric field was calculated from the dependence of the
angular current intensity on the electric field, assuming postionization theory. The result indicated
that the dependence became almost proportional, which is surprisingly weak for field ion emission.
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I. INTRODUCTION where A and B are fitting parameters. Onck and B are

It has b believed that the ionizati hani \determined, we can easily derive the electric field at the ion-
't has been believe at the ionization mechanism 0i, .4, point from the above equation. The value®\aindB
liquid-metal ion sourceLMISs) is field evaporatior,but it

S . ) are listed in Table I. Figure 1 shows the relation between the
is still difficult to say that the theoretical establishment has g

been made. Both image hump mddehd charge exchange electric fieldF and the angular current intensity . |5 was
modef+* failed to show the experimentally obtained chargede‘cmed by the intensity of singly charged ions against the

o S i source current. We have assumed that the electric field can
state distribution R,;, atomic intensity of doubly charged

ions to singly charged ionsFor the charge state distribution, be expressed as
postionization modélis known to be superior, this model INF=C+Dglnlg, (2
requires evaporation model prior to the postionization. Thusy nerec andD,, are fitting parameters. From this equation,
the mechanism of liquid-metal ion sources is left unknown.We may write

We have been investigating the mass spectra of some
element ion sourc@sand alloy ion source§As a result, the lo=exp(—C)FF, 3

Rz, decreased with an increase in the source current at thghereE=1/D,, . The obtained values are denoted in Table .
regime higher than 1QA. The reason of this decreaseR3;  From this table, it is noted that the current is inversely pro-

would be primarily attributed to the decrease of electric fieldyortional to the tenth to the fiftieth power of the electric field.
at the ionization point. Generally, it is difficult to accept that

the electric field decreases with an increase in the applied

voltage. Here in th_|s artlcle,_ we dl_scuss the_ criterion for thlsm_ CRITERION FOR DECREASE OF ELECTRIC EIELD
decrease of electric field with an increase in the source cur-

rent. A. Space-charge limited current with small
charge approximation

The equation of space charge limited current with small

lCIfU[;%IEFQPEENNTDE'XCS:EDO'(:)ELE(?S?IISI\T"ZE:II?ISNN SOURCE charge approximatidi? holds where the electric field at the
THEORY ionization point is not zero,
c
Here we first derive the relation between the electric FE—F§,=€—J W, (4
0

field and the source current from the experimentally obtained
R,1. Ry; was measured by a sector magnet. Details in thevhereF, andFp are Laplace and Poisson field at the apex,
measurements are described in Ref. 6. We can obtain chargg is permittivity of vacuumc=4/3\m/e, J is the current

state distribution calculated by postionization theory fromdensity, andV is the applied voltage between emitter and

Ref. 5. We have fitted the curve by counter electrode. Generally, the Laplace fi€ld can be
written as
InRy,=A+BInyF, (1)
\%
. _ FL:k—, 6)
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TABLE |. Coefficients ofA, B, C, andD obtained from the experimental
results.

Element A B c Dg E
Cu —4.90x 10" 881 346 —1.06<10* —9.43
Au —3.86x 10" 6.55 3.58 —4.46x102 -22.4
Sn —4.80x100 117 284 —185<10%2 -54.1

where k is a coefficient weakly dependent an. If the
changes of; is small, differentiating both sides, we obtain

a2

Taking (V/kr,)?~ (c/€0)J\V into consideration, E(6) can
be reduced to

dv
2

2dr,

la

c dJ
+E—OJ\/VT.

3dv__dr, dJ .
2V ity @

la

As shown experimentally, the current density, i.e., the elec
tric field Fp decreases with an increase in the applied volt-

age. To allow this, the right-hand side of Ed§) or (7)

should be positive, even though the second term is negative.

This means that the apex radiug should increase with an
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B. Required relation between electric field and
current density

The balance at the aptcan be written as

SZEGFZZE 2+ —=
F-ocorp 2PV

wherep is the weight densitylN,, is the atomic density, and

v is the surface tension of the liquig:, K, and S; are
electric field stress, kinetic energy of liquid, and surface ten-
sion stress, respectively. If massive flow does not exist, that
is, reverse mode, kinetic energy term disappears. Differenti-
ating both sides of Eq.10), we obtain

dJ  FeoFp dFp 1 29I, dra
I 5pdleN)? Fp 25p(d/eN,)? Ta
S dF 1 dr
_F-7'P _i_a. (11)
K Fp 2K 1,
Substituting Eq(11) to Eq.(6),
1S;]dr, SedFp
57—2{“2? n TR (12

From this equation, it is possible that bath and Fp can

increase in the voltage. The dependence of the current defhcrease with an increase M, but also it is possible that

sity on the field should satisfy

either ofr 4 or Fp increases and the other decreases. Whether
the case is the former or the latter is determined by setting

% _ E the right-hand side is equal to zero, thus
2—>-~. (8
a
1Sy|dr, SgdFp
This can be written as 2[1+ ik TKE T (13
1 From Eq.(13), usingSg=K+ S,
Je=, n<2. o) q.(13) 9o K
a 14 Sy/4K 1+ Sy/4K
2R T2TESIK
This is a general equation of criterion for decrease of electric Fpocra i Mo : (14

field with an increase of the voltage. To apply this equatio
to LMIS, balance at the apex should be included in th
present equation.
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FIG. 1. Relation between electric fiekl and the angular current intensity
lg-

gThe magnitudes o8;, K, andSg are not known and some

researchers assume differently. For example, Kingham and
Swansof treated the equation with no limitation of magni-
tudes of these terms, which resultskrdominating the right
hand. Forbe$ treatedS; in balance withSe and W& as-
sumed, the liquid cone is terminated whéte-S;. We de-

fine these different treatment case I: Kingham and Swanson,
case Il: Gotolet al,, and case lll: Forbes. For each of them,
the critical relation is,

Casel S;/K—0, Fpoxr,?
Casell Sp/K—1, Fpocr,®*,

St/K—o  Fpor 2

(19
Caselll

For the current density, substituting E44) to Eq. (1),

3S;/K

. dFp
T ars K

dJ
Fp -

3" (16)

Thus in a similar way with Eq(15), critical relation between
JandFp is
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FIG. 2. Dependence of angular current intensjfyand current density as
a function ofX. (a) Dependence off, on X, and(b) dependence of on X.

Casel S;/K—0, JuFp,
Casell S;/K—1, JxF85,
Caselll S;/K—w JxFp.

From this equation, to decrease the electric field as th
source current increases, i.e., as the external voltage i
creases, dependence of the current density on the elect

field should be very weak.

C. Dependence of emission current and current
density on electric field

It is necessary to check the validity of the above argu-
ment with the experimental results. Experimentally observ-

lon sources 727
14 Sp/4K
-2 +X
Fporr “TFSTR "=, (19

Equation(16) will be
dJ 1 dF dF
—=|1 (1+— Sr\dFe_,dFe.
J 2W) K | Fp Fp
This equation is reduced to E¢L6) when X=0. And Eq.
(18) will be

dIQ_X(l-i—ST/K)de_Yde
1o W Fpo  Fp

Figures 2a) and Zb) show the dependence bf on Fp and
JonFp, that is,Y andZ as a function ofX. Solid, dashed,
and broken lines represent the characteristics for cases |, Il,
and lll, respectively. Here it should be not&d=0 gives
divergence of the relation. For cases | and BL/K was
taken as 0.1 and 10. In Fig(&, relation for Cu, Au, and Sn
ion sources calculated with postionization theory is indi-
cated. Assume case |, K<2, thendly>0 with dFp<0,
which agrees with the experimental result. However, taking
the fact into consideration that dependenceFgfon I is
approximately the tenth or fiftieth poweX, should be close

to 2. For case IlIX<1/2 is necessary and al3oshould be
close to 1/2. Under such a situation, dependencé @f Fp
becomes very weak. For CE=—9.43=Y s realized atX
=1.67, and for AuE=—22.4=Y s realized atX=1.78.
Obtained index of relatiod’s are 0.84 and 0.5, respectively.
These values are surprisingly small for field evaporation.
This may be attributed to the first assumption. Field depen-
dence of postionization theory is still strong, and if depen-
dence ofl, on F is weaker, dependence dfon F becomes
stronger, and vice versa.

(20

(21)

IV. CONCLUSION

In this study, criterion for decrease of the electric field at
the ionization point of liquid-metal ion sources has been de-

éived. The present study revealed that the dependence of cur-
jent density on the electric field should be lower than the
r%)nventional low temperature field evaporation theory. This

may give a useful information for the analysis of emission
mechanism of liquid-metal ion sources.
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