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ABSTRACT

Tonic liquid electrospray thrusters represent an alternative propulsion method for spacecraft to conventional plasma propulsion because they
do not require plasma generation, which significantly increases the thrust efficiency. The porous emitter thruster has the advantages of simple
propellant feeding and multi-site emissions, which miniaturize the thruster size and increase thrust. However, the multi-scale nature, that is,
nano- to micrometer-sized menisci on the millimeter-size porous needle tip, makes modeling multi-site emissions difficult, and direct obser-
vation is also challenging. This paper proposes a simple model for multi-site emissions, which assumes that the ionic conductivity or ion
transport in the porous media determines the ion-emission current. The conductivity was evaluated by comparing the experimental and
numerical data based on the model. The results suggest that the ionic conductivity of the porous emitter is suppressed by the ion-pore wall
friction stress. Additionally, the model indicates that the emission area expansion on the porous emitter creates the unique curve shape of the
current vs voltage characteristics for multi-site emissions.
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I. INTRODUCTION increments of spacecraft velocity for maneuver AV even for small
and low-power spacecraft.”

Three basic types of IL electrospray thrusters with different
emitter structures have been proposed: capillary,”'" externally
wetted,” "'* and porous.' ™" The porous type can be easily manu-
factured via mechanical machining'"~'® and allows the propellant
feeding system to be simple and small. It can also easily achieve a

Electrospray thrusters, which extract ions directly from a
liquid propellant without generating plasma, have attracted consid-
erable attention for small spacecraft systems because of their high
propulsion efficiency, even in low-power operations (e.g., a few
watts). Electrospray thrusters were first developed as colloid thrust-
ers,’ which achieve large thrust but low specific impulses. Recently,

ionic liquids (ILs), which are molten salt at room temperature, have purely ionic regime.”"" In addition, it can utilize multi-site emis-
been developed.” If thrusters emit ions from the IL of the propel- sion, which enhances the thrust. The emission region is large on
lant at higher speeds, they achieve higher speciﬁc impulses with the needle tip, with many emission sites. The multiple menisci may
smaller thrusts.” This operation mode, which is called “purely ionic ~ be generated by periodic internal pressure owing to various pores
regime,” is useful for long-term operation.”™® These IL electrospray or instability of ILs on the porous surface.”' ™’ Thus, the relatively
thruster technologies have introduced the possibility of large large tip curvature of the emitter needle tip potentially induces
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multi-site emission and increases the thrust, rather than a
completely sharp emitter geometry.' >’

There are large differences in the physics scale in porous IL
emission. Figure 1 shows the multi-scale of porous IL electrospray
thrusters: (a) an entire thruster head (=1 cm) has many porous
emitters, (b) one porous needle typically has a size less than 1 mm,
and (c) IL menisci with sizes of 1 nm-1um appear on the porous
needle tip, leading to the multi-site emissions. There are 10°- to
10%-order size differences between the emitter needle and menisci.

An empirical model,”* a statistical prediction model,”” and a
combination of numerical simulations’®*’ have been used to
describe the emissions. However, the physical modeling of multi-
site emission is unclear. Accurately predicting the current emitted
from porous emitters and reproducing the current vs voltage (I-V)
characteristics have been challenging owing to the complex geome-
try of IL menisci on the porous emitter needle. Optical observation
of the menisci is close to or below the diffraction limit, and electron
microscopy also resulted in limited success because high-energy
electrons caused the solidification of the IL.”"

In this study, the proposed model predicted the current
emitted from the porous emitter using the surface electric field on
the needle, which can be calculated as the solution of Laplace’s
equation. The current-voltage (I-V) characteristics are reproduced
using the model, avoiding multi-scale complexity. For the model-
ing, we focus on the assumption that ionic conductivity determines
ion emission rather than ion evaporation. References 29 and 30
have reported that conductivity significantly affects ion emissions.

Multi-site

(b)| 1 mm emission

Porous
emitter Q

FIG. 1. The multi-scale property of a porous IL electrospray thruster is
described as follows: (a) An entire thruster head (~1cm), (b) one porous
needle in the thruster (=1 mm), and (c) IL menisci on the porous needle tip
(~ 1nm-1um).
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The proposed model for describing emitted current density
jem incorporates ionic conductivity k suppressed by porous media
(model parameter) with the surface electric field Eg,s on the
porous needle and the threshold surface electric field Eqym for
emission. The total emitted current I.,, can be calculated via the
area integration of the emitted current density jem. The conductiv-
ity x was evaluated using the calculated surface electric field Equs
and the measured total emitted current I.,. The threshold electric
field Egyfm was also obtained via experiments. The detailed model
equations are described in Sec. II.

The model successfully simulated the I-V characteristics
using a constant ionic conductivity for 7 um class porous emitters,
where the expansion of the emission area resulted in the curve
shape corresponding to the multi-site emission. The proposed
physical model also explains the role of porous media in emission.
The ion-pore wall friction stress restricts the ionic conductivity in
the porous media, and the conductivity determines the emitted
current.

Il. MODELING
A. lon evaporation

Ions of the IL in the porous needle emitter are transported to
the needle tip. Multiple IL menisci are generated on the surface of
the needle tip. Ions are evaporated on the menisci tips as shown in
Fig. 2(a). The evaporation from the IL surface is described by the
kinetic process,‘“’32 as shown in Fig. 2(b),

N
ksT AG — G(E,) b
j=0c——exp|—————|>» 1) S
>
N
3
Surface charge o §
Multi-scale @
Multi-site emission Egure
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T= ”Visd_ll s pi(s+As)
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FIG. 2. (a) The global ion transport of the IL in the porous emitter needle and
menisci on the needle. The spread and non-spread streamlines of ions indicate
multi-site and single-site emissions, respectively. lons are not supplied to sur-
faces far from the tip when ions are not easily transported. (b) Structure of the
surface charge of the IL. A non-neutral region and a quasi-neutral region are
formed. (c) Stresses applied to ions in the porous emitter for momentum con-
servation as a continuum model.
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where o represents the surface charge density; kg represents the
Boltzmann constant; T represents the temperature of the IL; & is
Planck’s constant; E, represents the electric field on the IL surface;
G(E,) represents the reduction of the energy barrier due to E,,
which is described as G(Ev):(e3Ev/47r£0)l/ 2 for polar media
based on the Schottky hump; AG represents the evaporation energy
barrier for solvation;’’ and g, is the electric constant. There are

almost no emissions without an electric field because
AG/kpT < 1, and emission is observed when
AG — G(E,) = O(kgT) < AG, e.g., when
4meg(AG .
g, = A0y _ b @

e3 v

where E, is defined as the threshold electric field for ion evapora-
tion.”’ This indicates that a strong electric field E, =~ 2 x 10°V/m
is needed for emission, which is calculated with AG = 2eV.">””
Equation (1) is valid when AG > G(E,), ie., E, < E; When
E, > E,, all ions arriving at the meniscus tip are evaporated. Thus,
the current is limited by the current density in the porous media
upstream from the meniscus.

B. lon transport in porous media

The ion transport is described with momentum conservation
as a continuum model with porous media.””’* The momentum
conservation consists of inertial stress, Coulomb stress, ion-ion
friction stress, ion-pore wall friction stress, and pressure gradient
as shown in Fig. 2(c),

DU, o L .
miniTtl = giniEy — mimR(U; — Up) — 7 — Vpy, (3)

where m; represents the mass of the ions, U represents the fluid
velocity of the ions, U, represents the velocity of opposite polarity
ions not used for evaporation, g; represents the charge of the ions,
E represents the electric field in the IL, R represents the coefficient
of ion-ion friction stress, 7 represents the ion-pore wall friction
stress due to the porous internal wall, p; represents the isotropic
ion pressure, and n; is the concentration (i.e., the number density
of ions). Assuming a Newtonian fluid, the shear stress is propor-
tional to the velocity gradient.”” If the velocity on the wall Uy is
also assumed to be zero (no-slip condition),’ the ion-pore wall
friction stress is proportional to Uj,

dU

U — Uyan _
7= His =

L BTN T mittiRy Ui “
where [ denotes the axis perpendicular to the ion flow; u; repre-
sents the viscosity; Uyan represents the fluid velocity on the porous
wall; and Al represents the boundary-layer thickness for the wall
friction, which is assumed to be constant and thin; and R, is the
ion—pore wall friction stress coefficient.

The number density #; of both the anions and cations are
estimated as n; = 1y = p/Maye = 3.7 X 10 m~* in the IL, where
p = 1.1g/cm? is the density and m,y. = 88.6 g/mol is the averaged
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mass of ions. In a steady state, U, is negligible, and the inertial
term is assumed to be negligible compared with the ion-ion fric-
tion stress and ion-pore wall friction stress. The current density in
the IL can be expressed using a drift-diffusion model as follows:

71 = ni‘]iﬁi = ﬂi”iQiEI _%ﬁpb (5)
1
where y; represents the mobility,

qi
= 6
A= R+ Ry) (©)

If we ignore the ion pressure gradient, Ohm’s law is valid because
. . . 37,3
the ions are the current carriers in the ILs,”**

ji =Kk, (7)
where & represents the ionic conductivity in porous media,

K = Uinigi. (8)

The above equation indicates that x decreases with increasing
ion-pore wall friction R, in the porous emitter. When ion-pore
wall friction is absent (R, = 0), the conductivity x corresponds to
the intrinsic IL conductivity xy;. For 1-ethyl-3-methylimidazolium
dicyanamide (EMI-DCA), this implies that x ~ k. = 1.8S/m.
Thus, R, is estimated as R = 3.7 x 10*s™! using Egs. (6)
and (8).

C. Connection between ion evaporation and ion
transport in porous media

At the bottom of the menisci, the current density of Ohm’s :

law in the IL flowing through porous media [Eq. (7)] and the evap-
orated current density from the IL surface [Eq. (1)] are related to
current conservation and Gauss’s law,”****

o = ¢gy(E, — &.E), )

where &, is the dielectric constant of the IL, and the surface charge
region shown in Fig. 2(b) is assumed to be thin enough, indicating
that the surface charge areas of the vacuum side and liquid side are
identical.*’ Consider a connection between ion transport and ion
evaporation with three electric field ranges: E, < E,, E, = E,, and
E,>E,.

When E, <E,, the IL-vacuum boundary condition of j is
expressed using Egs. (1) and (7) as follows:

E, - AG — GE)] !
& AP T ’

where y represents the ratio of the kinetic emission time
h/kgT to the characteristic charge relaxation time eg/x.
When ¥k =1S/m, T =300K, and AG = 2¢€V, y is calculated as
X = hx/egokp T ~ 2.0 X 107 < 1 owing to the lower conductiv-
ity of ILs than those of liquid metals.”’ Thus, the conductivity

j= (10)
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determines the emissions, as assumed by Higuera.”” Ton emissions
from a single Taylor cone with changing shapes have been compre-
hensively investigated in this electric field range (E, < E,)."**

When E, = E,, the characteristic emitted current density j" is
expressed by Eq. (10) as

jox E, mf(E;_i),
el+y & £
where ¢ = SOE:)( ~50x107° Cc/ m?, which indicates that the
current density has an offset of 6" /&.
When E, > E,, the current density is still restricted by Ohm’s
law, ie., j = kE; because of y <« 1. In addition, as Gauss’s law

[Eq. (9)] is also valid, the current density can be expressed by the
same formula of Eq. (11),

K o
i=—(E ——).
! €r< 80)

In Eq. (12), the surface charge o should be self-consistently deter-
mined by the balance between the ion transport from the porous
media and the evaporation. Figure 2(b) shows the surface charge as
the non-neutral region. The non-neutral region (double layer) of

ILs may be on the order of nanometers."*™"" However, its detailed
1/2

(11)

(12)

structure is unclear. The Debye length Ap = (e.80ksT/2¢°no)
~ O(107'% m is smaller than the IL ion size. This discrepancy is
explained by the electrostatic effect and the steric effect.”” The IL
has a complex large molecular structure and high binding energies
that are comparable to those of covalent bonds.”” A non-neutral
region is formed near the interface, and the interior becomes quasi-
neutral, as shown in Fig. 2(b). The order of the surface charge is
O(o/gp) = O(E,) according to Eq. (9) because E, >> &,E, as E is
small in the quasi-neutral region. In the present work, o is
assumed to be constant for simplicity; i.e., the non-neutral region
cannot continue to be expanded with no limit by the increase in
the applied electric field, which may differ from the case of
E, <E,.

D. Multi-scale property between menisci and porous
needle

Ton emission starts at approximately Ey = E" = 2 x 10° V/m.
However, the emission begins when the surface electric field on
the porous needle (denoted as Egyf) reaches approximately
2x10” V/m, which is two orders of magnitude smaller than E,.
This discrepancy of electric fields is due to the formation of small
menisci tips on the porous needles. The electric field at the menisci
tips E, is enhanced up to E; = SmenisciEsurf / Sem considering
Gauss’s law under the condition of no space and surface charge,
where Spenisci 18 the total area of menisci tips emitting ion, and Sem
is the emission area of the porous needle surface, as shown in
Fig. 2(a). Here, Eqys represents the surface electric field on the
emitter surface under the condition of no space and surface charge.
According to the current conservation, the current density emitted
from the porous emitter je, satisfies jemSem = jSmenisci- When
E, < E,, the emitted current density jen, is expressed by Eq. (10) as

ARTICLE pubs.aip.org/aip/jap

. KEgus AG — G(E,)T\
m=—"1_1 _ . 13
Je < ( +zexP{ T (13)
In this study, because we assume kg T/AG < 1, the emitted current
density jem is negligible; i.e., jem =~ 0 when E, < E; In addition, when

E, > E., the emitted current density jen, is expressed by Eq. (12) as

) Swmenisci K ° K
jo = menisci (Ev _ _) =— (Esurf - Esurf,th)’ (14)

Sem Er =) Er

where Eg,f represents the offset of Eg,s interpreted as the threshold
of Egy¢ for emission, which is defined as

_ o Smenisci
Esutf,th =" -

15
&o Sem ( )

E. Proposed model

On the basis of Egs. (13) and (14), a model for predicting the
current emitted from the porous emitter needle is proposed.
Equation (14) is applicable, assuming that sufficient current density
exists upstream from the meniscus. Under this assumption, only
the local surface electric field Eg,s determines the emission area
Sem bY Esurf > Esurtn- The current density je, emitted from Sep is
expressed as

(Esurf(r) > Esurf,th):

(Esurf(r) < Esurf,th)> (16)

je (1‘) _ { ;Kr [Esurf(r) - Esurf,th]»
m = 0,

where 7 is the radial coordinate. The proposed model implies that x

is constant and independent of the local electric field. The assump- |
tion is valid when the following two conditions are satisfied: (i) the :

temperature is constant, and (ii) sufficient ions are transported to
the porous surface. Regarding (i), ¥ has been reported to be the
function of temperature (x = x(T)), and Joule heating increases
T.>°%°" However, Joule heating only makes T near the meniscus
tip 3%-5% higher than that at the meniscus bottom.”” In this study,
the T of the IL in the porous emitter is assumed to be constant, for
simplicity. Regarding (ii), when insufficient ions are transported to
the porous surface as a global flow in the emitter needle, the emis-
sion area on the porous needle may be restricted, and Eq. (16) is
invalid. The restricted emission area smaller than S.;,, of the model
underestimated x and induced a non-constant x (see Sec. [V C).

The total multi-site emission current per needle I, is calcu-
lated via area integration of Eq. (16),

Iem = J jem(r)ds (17)
Sem

The needle surface geometry is expressed in terms of the surface
position z.p, as

thip — 12 4 Hey — Ryips (0 < r < Ry cos ),
Zem = Re (18)
T+ =%+ hem — Rips (1 > Ryp cos ),

tano sina
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where z.,, represents the axial position of the emitter surface. The
needle tip region is described by 0 < r < Ryp cosa, and the linear
surface region is described by r > Ry, cos a.

The electric field on the porous needle surface Eq,s was calcu-
lated via numerical simulation. The electric field E is governed by
Gauss’s law in integral form,

_Pe gy

[ [

where S represents the surface area of the control volume; E repre-
sents the electric field; 7 represents the normal vector to the
control volume surface; dS represents the area for the area integra-
tion; V represents the control volume; p. represents the space
charge; and dV represents the volume for the volume integration.
The right-hand side of Eq. (19) can be ignored because the space
charge is negligible as E,_ is two orders of magnitude smaller than
E", where E,_ represents the electric field induced by the ion cloud
surrounding the menisci tips, which is estimated as

E_ = K/grgo(mE*r*/Zq)l/ 2293052 Thus, Eq. (19) is described as
Laplace’s equation, and the needle surface electric field Eg,s was
calculated numerically via the cut-cell method (Appendix).

Figure 3 shows the typical I-V plots produced by the afore-
mentioned model [Eqs. (16) and (17)] when varying the parameter
k/e, in Eq. (16). The plots employ an idealized geometric

(19)

< 5 ;LI T 1 1 1 11 rrr I T 1 1 1rrrrrr I T 1 1 11 rrrr I l;
3 - 3
- f K =100 uS/m ]
IS - ]
\(D 4 - —
9 t ]
T .
$ s Suppressed ]
c 3F ion transport E
g (ionic conductivity )
€ 2F 3
()] - ]
+ ]
= o ]
v C - . ]
s 1F Emission area E
£ F expansion 3
.E E l““ E
w0 :_I | : k=10 uS/m 3
0 1000 2000 3000

Emitter voltage V.., ,V

FIG. 3. |-V plots produced by the proposed model using the ideal geometric
configuration presented in Table |, with the tip of the emitter needle tip located
in the extractor grid plane and Egyfn = 20 V/um. The plots are generated by
varying the model parameter « in Eq. (16) from 10-100 xS/m in increments of
10 uS/m.
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TABLE I. Geometry design parameters and the values.

Parameters Descriptions Values
hem (mm) Height of emitter needles 1.0
Ryip (um) Curvature of emitter needle tips 100
a (o) Half-apex angle of needles 20
Tex (UM) Radius of extractor holes 400

configuration, listed in Table I, with the tip of the emitter needle
located in the extractor grid plane (emitter—extractor gap = 0). Here,
g, is a constant (&, = 8.91 for EMI-DCA), whereas x is increased
from 10-1004S/m in increments of 10uS/m. Additionally, these
plots assume a certain fixed threshold Egyfm = 20 V/um because
emission starts when Egy,s > Egyfm. This ion-emission threshold is
discussed in Sec. I'V. As the surface electric field increases with an
increasing voltage, this model indicates that the expansion of the
emission area (Sey,) influences the shape of the I-V curve.
Moreover, a decrease in k, which represents the ion-transport sup-
pression, leads to a reduction in the emitted current, as shown in
Fig. 3, where k was determined using the experimental data pre-
sented in Sec. IV.

Ill. EXPERIMENTAL SETUPS
A. Thruster head configurations

The thruster head consists of a porous emitter and an extrac-
tor grid, where porous materials of two different internal scales are
used. The first is a 50 nm class porous material manufactured via a
standard acid-leaching process,53 and the second is a 7um class

porous material manufactured via a sintering process (by Nippon ¢
Electric Glass Co., Ltd.). Figure 4(a) shows the surface geometry of !

the emitter array measured with a laser scanning microscope
(Keyence, VK-X3000) and design parameters, where hey, represents
the height of the emitter needles, Ry, represents the radius of the
needle tips, o represents the half-apex angle of the emitter needle,
and 7., represents the radius of the extractor holes. Figure 4(b)
shows the photograph taken downstream from one emitter needle
and an aligned extractor grid. The alignment error between the
needle tip and the center of the extractor grid holes is within
0.03 mm.

The values of these design parameters are presented in
Table I. We fabricated multiple needle shapes with a height of
1.0mm and spacing of 1.0 mm via computer numerical control
machining. One emitter array has 76 needles in 1.0 X 1.0 cm?
porous media. The grid gap d is adjusted using shim rings between
the thruster housing and the extractor grid.

B. Current vs voltage characteristic measurement

The I-V characteristics were measured to determine the total
current from the porous emitter. Figure 5 shows the experimental
setup used to apply voltages and measure currents. The porous
emitter was connected to a source meter (Keithley, 2657A) through
a 1 MQ resistor via the IL, and the extractor grid was connected to
another source meter (Keithley, 2612B) through a 100 kQ resistor.
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FIG. 4. Thruster head geometry: (a) The surface geometry of the emitter array measured by a laser scanning microscope (Keyence, VK-X3000) and design parameters,
where her represents the height of the emitter needles, Ry, represents the radius of the needle tips, e is the half-apex angle of needles, and re, represents the radius of
the extractor holes. (b) A picture taken downstream from one emitter needle and an aligned extractor grid. The alignment error between the needle tip and the center of

the extractor grid hole is within 0.03 mm.

The extractor voltage was fixed at 0V, and a 1.0 Hz bipolar pulse
voltage was applied to the emitter to measure the I-V characteris-
tics. The emitter current was obtained by averaging 60 points with
a measurement interval of 10 ms at each applied voltage.

An IL of 1-ethyl-3-methylimidazolium dicyanamide (EMI-DCA)
with a molecular weight of 177.23 g/mol was used as the propellant.
All measurements were conducted in a vacuum chamber at
5.0 x 10” Pa or less. Notably, we only focused on the emitter current
to validate the proposed model, but it was also confirmed that the
maximum extractor current was less than 10% of the emitter current.

IV. RESULTS AND DISCUSSION
A. Current vs voltage characteristics

Figures 6 and 7 show the I-V characteristics for grid gap d
with 7um class and 50 nm class emitters, respectively. The scat-
tered plots are experimental, and the error bars represent the stan-
dard deviation of repeated consecutive data. The emitter current
for the 50 nm class and 7 um class emitters has an error of approxi-
mately 10%-20% in consecutive operation.

The line plots in Figs. 6 and 7 are calculated using the pro-
posed model [Egs. (16) and (17)]. The parameter x/g, in Eq. (16)
was adjusted to fit the calculated I-V characteristics to the experi-
mental data, thereby allowing the determination of x through the
least squares method. Note that £, = 8.91 (EMI-DCA) is constant,
and the parameter estimation is discussed in Sec. IV C. The R?

value of the least squares method was evaluated, indicating the
validity of the fitting. All the R? values were larger than 0.95.

In the proposed model, the emitted current density was pro-
portional to |Egyf — Esufen| according to Eq. (16). Thus, if the
emission area S, is constant, the emitted current is a linear func-
tion of emitter voltage Ve, and the I-V characteristics should be
linear, where Egys is proportional to Ve,. However, the emission
area expands with an increase in Ve, and the emitted current is
determined via the area integration of the expanding emission area
according to Eq. (17). This emission-area expansion increases the
increment rate of the emitted current with an increase in Ven.
Consequently, the expanding emission area in the increase in the
emitter voltage results in the curve shape of the I-V characteristics.

In previous research, two types of I-V characteristics have
been reported. In Ref. 18, which considered a geometry similar to
that of the emitters examined in this study, the I-V characteristics
exhibited a gradual curve shape. The emission area expands with
an increase in the emitter voltage. This thruster has a relatively
large emitted current owing to multi-site emissions. In Ref. 54, the
curve shape of the I-V characteristics changes to a straight line
shape in the middle of the range of the increasing emitter voltage.
This transition of the I-V characteristics shape indicates that the
emission area expands up to the middle of the range of the increas-
ing emitter voltage; however, emission-area expansion is restricted,
and the emission area becomes constant as the emitter voltage
increases further.
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Vacuum chamber wall For the 7 um class emitter, the shape of the I-V characteristics
Keithley 2612B is successfully reproduced by the proposed model, and the shape is
curved with an increase in Ve, as shown in Fig. 6. This shape of
Iex Vex =0V | 100kQ the I-V characteristics of the 7 um class emitter corresponds to the

| (:) @ case of Ref. 18.
For the 50 nm class emitter, a curve shape is observed up to

the middle of the range of the increasing Ve, and a slightly
x straighter shape is observed thereafter, as shown in Fig. 7. The
. shape of the I-V characteristics of the 50 nm class emitter corre-
. sponds to the case of Ref. 54. The emission-area expansion for the
. 50 nm class emitter may be restricted in the middle of the range of
]

Keithley 2657A

the increasing Ven,.

Iem Vem 1 MS‘Z

HE-Q— .1
Grid gap d Figure 8 shows the experimental results of the current vs elec-
—_ tric field (I-Egp,) characteristics with 7 um and 50 nm class emitters

‘4)8 for the grid gap. The error magnitude of the repeated experiment is
approximately equivalent to the size of the marker [Fig. 8(a) 1uA
and Fig. 8(b) 0.1 uA]. The horizontal axis indicates the maximum

value of the surface electric field at the needle tip Egyf,—o in the
axial z-direction, and the vertical axis indicates the emitter current

B. Current vs electric field characteristics

FIG. 5. The experimental setup for applying voltage and measuring current.
The porous emitter was connected to a source meter (Keithley, 2657A) through
a 1MQ resistor via the IL, and the extractor grid was connected to another

source meter (Keithley, 2612B) through a 100 k< resistor. The extractor voltage per needle L. The emission starts when a certain electric field
was fixed at 0V, and a 1.0 Hz bipolar pulse voltage was applied to the emitter Equrf,r—o is applied, and the emitted current increases with Egyf,,—o.
to measure the |-V characteristics. The emitter current was obtained by averag- The starting point of the curve is evaluated as Egyf,m. Figure 8 indi-
ing 60 points with a measurement interval of 10 ms at each applied voltage. cates that Egyfq is determined to be 20 V/um regardless of the
. 3
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FIG. 6. |-V characteristics in the case of the 7 um class emitter with grid gap d for (a) anion and (b) cation emission. The scattered plots are experimental, and the error
bars represent the standard deviation of repeated consecutive data. The line plots show the results of calculations using the proposed model.
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FIG. 7. |-V characteristics in the case of the 50 nm class emitter with grid gap d for (a) anion and (b) cation emission. The scattered plots are experimental, and the error
bars represent the standard deviation of repeated consecutive data. The line plots show the results of calculations using the proposed model.

polarity and porosity. This value was used for the data for the pro-
posed model [Eq. (17)].

Figure 9 shows the two-dimensional distributions of the mag-
nitude of the electric field near the needle tip and the emission area
Sem for different grid gaps and emitter voltages. The emission area
Sem is defined as the location where the local Eg,r exceeds
Egufn = 20V/um in the proposed model [Eq. (16)], where the
direction of Egyf is perpendicular to the surface (see Fig. 11 in the
Appendix). The emission area increases with an increase in the
emitter voltage and a reduction in the grid gap, as shown in Fig. 9.
In Fig. 8(a), the emitted current increases with a reduction in the
grid gap. Thus, as the gap becomes smaller, the emission area
increases, and a large current is emitted from the large emission
area (i.e., multi-site emission). If currents are emitted from only
one point at the tip (i.e., single-site emission), the I-Ey, character-
istics should be identical among all the grid gaps.

In Fig. 8(b), the I-Ey, characteristics are almost invariable
among all the grid gaps. When a 50 nm class emitter is used, the
expansion of the emission area may be restricted in the middle of
the range of the increasing Ep,—o, as mentioned in Sec. IV A. It is
considered that the ion transport is insufficient upstream from the
porous needle surface in the case of the 50 nm class emitter.

C. Conductivity

Table II presents the estimated parameter k. This conductivity
was obtained via the fitting process described in Sec. IV A. Thus,
the line plots shown in Figs. 6 and 7 represent the values obtained
using the numerical model [Egs. (16) and (17)], employing the
parameters listed in Table II.

In addition, the ion-pore wall friction coefficient R, can
be evaluated because R, and R; are described with x as
R, = (niqiz)/(milc) —R =~ (noqiz)/(mavelc) — Ry using Egs. (6) and
(8). Table II presents the estimated R;, (as Ry, /Ry).

For the 7 um class emitter, the x of anions and cations can be
considered constant within 14% and 6% from their mean values in
d. The maximum error of consecutive experiments is approxi-
mately 20% of the mean values. Thus, x is considered constant and
independent of the grid gap d. This result of the constant x implies
that there is sufficient ion transport to the porous surface as global
flow in the porous emitter and that the emission area expands with
an increase in Ve, as discussed in Secs. IV A and IV B.

Table II indicates that the ion-pore wall friction R, is two or
three orders of magnitude larger than the ion-ion friction R;. Thus,
the ion-pore wall friction determines the conductivity, and the
conductivity determines the emitted current. Here, in particular,
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ions are current carriers in ILs, and conductivity is based on the conductivity x is related to the flow rate Q as Q = kEiSqoss/9> g
mobility of ions as Eq. (8). Moreover, the suppression of conductiv- where S5 is a cross section of the flow in a porous emitter, and Q 2
ity by ion—pore wall friction may play an essential role in ion evap- is defined as I = pQq/m.””** The current emitted as the droplet is
oration (purely ionic regime) because this model indicates that extinguished and evaporated determines the emitted current when
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TABLE II. Estimated conductivity «, the ion—pore wall friction coefficient R, normal-
ized by the ion—ion friction coefficient R, using the proposed model for each experi-
mental condition (porosity, polarity, and grid gap).

Porosity Polarity d (um) K (uS/m) Ry/R
7 um Anion (—) 0 140 +7 17014
100 151+£9 15691
200 159 + 35 14967
300 209+3 11353
7 um Cation (+) 0 204 +28 6912
100 172 £29 8200
200 177 + 38 7972
300 191+ 17 7379
50 nm Anion (=) 200 17+1 138120
300 293 82655
400 54+0 43778
50 nm Cation (+) 200 24+1 59178
300 43+4 32586
400 902 15740

ARTICLE pubs.aip.org/aip/jap

the flow rate Q is sufficiently small.*>>* Thus, a trade-off may exist:
a larger porous scale increases the emitted current owing to the
large x but may induce a droplet regime. This trade-off implies the
existence of an optimal porosity for the porous emitter for the large
emitted current and the purely ionic regime.

In the case of the 50 nm class emitter, k¥ depends on experi-
mental conditions. This non-constant &k implies that the
emission-area expansion may be restricted in the middle of the
range of the increasing Ve, because of insufficient ion transport to
a porous surface, as discussed in Secs. [V A and IV B. The insuffi-
cient ion transport as global flow in porous media arises from the
porous structure.”® The non-constant x for the various d values is
explained as follows. The emitted current I, is calculated via area
integration on S, using Eq. (17). However, the actual emission
area of the 50 nm class emitter is restricted and smaller than S,
from the middle of the range of the increasing Ven. Thus, when d
is small and Sy, is calculated to be larger than the actual emission
area, the model parameter x is underestimated as a small value
using the measured current Ioy,. In addition, R, is overestimated for
small d values.

Experimental plots?®

Calculated plots (Our model)

Calculated plots (Bayesian model?°)
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FIG. 10. Application of the proposed model to the experimental data reported in Ref. 22. The result of the Bayesian estimation model (available only for tip 2)
from Ref. 25 is also shown for comparison. (a) Anion and (b) cation emissions. The line plots represent the model calculations and the marked plots denote the

experimental data.
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The emitted current of the 7um class emitter exceeds that of
the 50 nm class emitter in Figs. 6 and 7, which is explained by the
smaller R, in the former case. Additionally, the emitted current of
the anions is smaller than that of the cations in Figs. 6 and 7. The
difficulty in emitting anions has also been reported.'® This smaller
emission current of anions compared with that of cations is also
explained by the larger R, of anions compared with cations.
However, the anion emission may be affected by the field emission
effect. When a strong negative electric field is applied
(E > 10°V/m), the electron cloud is formed around menisci.”’
The electron cloud shields the electric field and the surface charge
and weakens the electric field Ej in the IL, reducing the emitted
current density. Thus, x is evaluated as a smaller value and R, is
evaluated as a larger value in anion emission compared with the
cation emission.

D. Model applicability

The proposed model was also applied to experimental data
from previous studies. Figure 10 shows its application to the experi-
mental data in Ref. 22, including the plot of a Bayesian estimation
model from Ref. 25 for comparison. By analyzing the emitter
geometry employed in Ref. 22, we found that the tip curvature R
is not axially symmetric and varies in the azimuthal directions, that
of tip 1 ranging from 17 to 53 um and tip 2 ranging from 15 to
17 um. However, to calculate the electric fields for the analysis, we
assumed the following tip curvatures: Ry, = 53 um for tip 1 and
Rip = 15um for tip 2. Moreover, the error bars obtained via
repeated experiments and the manufacturing accuracy of the
emitter geometry were uncertain in Ref. 22. Thus, the x evaluation
values obtained from Fig. 10 should be considered as approxima-
tions (tip 1: x =181 and 216 uS/m for the anion and cation ,
respectively; tips 2: k¥ =951 and 1192uS/m for the anion and
cation, respectively). Thus, the differences in the tip curvatures of
tips 1 and 2 resulted in significant differences in the « values. As
shown in Fig. 10, the proposed model, despite its simplicity, repro-
duced the I-V shapes as effectively as the Bayesian model.”’

V. CONCLUSIONS

A simple model for multi-site emission [Eq. (16)] was pro-
posed based on momentum conservation of transported ions
through porous media, with the assumption that conductivity con-
trols ion emission.”” Using the proposed model, the I-V character-
istics of experiments were reproduced successfully with a 7um
class emitter. It is difficult to apply the model to the 50 nm class

emitter because ion transport may be insufficient, and
emission-area expansion is restricted with the increasing emitter
voltage.

The proposed model indicates that the expansion of the emis-
sion area (i.e., multi-site emission) causes the unique curve shape
of I-V characteristics.

The ion-ion friction Ry and ion-pore wall friction R;, deter-
mine k. Moreover, the ion-pore friction R, is the primary factor
determining x because R, is two orders of magnitude larger than
Ry. The larger emitted current for the 7 um class emitter compared
with that for the 50 nm class emitter is explained by the smaller
ion—pore wall friction.

ARTICLE pubs.aip.org/aip/jap

The proposed model assumes that the surface charge con-
verges on the order of magnitude of E,/gp owing to the quasi-
neutral region and the non-neutral sheathe (double layer) when a
strong electric field is applied to the IL (E, > E’). The boundary
conditions considering the non-neutral region should be investi-
gated in future research.
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APPENDIX: DISCRETIZATION

Equation (19) is discretized using second-order central differ-
ence methods applicable to the non-surface region, as depicted in
Fig. 11(a). A cut-cell method™ was applied to calculate the surface
electric field Eg,s on the exact boundary in the surface region
depicted in Fig. 11(a). Figure 11(b) shows the control volume for
the cut-cell method. Eg,f, Er, Ep, and Er represent the electric
fields defined on the left, top, bottom, and right interfaces of the
control volume, respectively; Az represents the distance between
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FIG. 11. (a) The cell reference of calculation in the surface and non-surface
regions. Electrostatic potential ¢ is defined on the cell center. (b) The control
volume for the cut-cell method. Egyf, Et, Ep, and Eg represent the electric
fields defined on the left, top, bottom, and right interfaces of the control volume,
respectively. Az represents the distance between cell centers, and Az, repre-
sents the distance between the exact emitter surface and the cell centers in the
surface region.

cell centers; and Azg,s represents the distance between the exact
emitter surface and the cell centers in the surface region.

In the surface region, the left-hand side of Eq. (19) is
expressed as

JJ _E - AdS = _Esurfssurf + ERSR - EBSB + ETST> (Al)
S

where Sguf, St, Sp, and Sg denote the left, top, bottom, and right
areas of the control volume, respectively. These electric fields in
Eq. (A1) are discretized as
Esurf = C1 d’i,j + CZ ¢i,j+1 + C3 ¢surf’
Er = Cudpijir + G5y,
Eg = Ceijr + Gy
Er = Csigrjrr + Codyjias

(A2)

where C;-Cy are the coefficients for second-order discretization,
which are constructed with Az, Azg,f, and Ar.
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FIG. 12. The result of the L, error cell convergence with two emitter height con-

ditions: h = 0.5 and 1.0 mm.

The numerical simulation of the surface electric field Eg,s was
verified with the analytical solution. In prolate spherical coordinate

(17-), the analytical potential™ is expressed as
tan"!n
= > A3
¢= tan~! 1, (A3)
where
n=- \/r2+<(z—d)+g)2—\/r2+((z—d)—g)2 (A4)
a 2 2) |’

and a = 2d(1 4 Ryp/ d)l/ 2. The emitter surface is described as n=

o = (14 Rep/ d)_l/ ?. The L, error” in the needle tip region
(r < 0.1 mm) was evaluated as

1 (Esurf,k - Esul’f,anat,k)2

5 >
Niotal k surf,ana,k

L, = (A5)

where Ny represents the total number of cells for the evaluation,
Equrfi represents the calculated surface electric field, and Egyrfanak
represents the analytical surface electric field. Figure 12 shows the
result of the L, error cell convergence with two emitter height con-
ditions: & = 0.5 and 1.0 mm. Figure 12 indicates that the numerical
calculation of the surface electric field was well-established as
approximately first order, i.e., a smaller calculation grid size corre-
sponded to a smaller calculation error. The first-order computa-
tional error was observed while Eq. (19) was discretized with the
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second-order accuracy. Non-smoothness of the electric field is
observed [e.g., z < 0.90 mm in Fig. 9(c)], whereas the electric field
is smooth near the tip [e.g, 0.95 < z < 1.00 mm in Fig. 9(a)]. In
this calculation, the control volume is fitted to the emitter surface
with a flat shape instead of a curved shape, and Er and Ep are not
defined at the exact center of the control volume surface, which
may reduce the calculation order and result in slight
non-smoothness.
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