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ABSTRACT

Two electrochemical systems have been simulated, with a focus
on the anodic reactions and associated phenomena. These systems are the
Scanning Reference Electrode Technique instrument scanning an
anodically-polarized surface, and an electrospray ion source operated in
the positive ion modenlbah of these systems the region of interes
small (10-200um). The numeridatechnique used in the simulation was
able to incorporate: features amall as 0.5um; multiple reactionstahe
anode surface; @l nonuiform surface properties. lon transport was
modela@ by the Laphce guation, together wht norlinear concentration
and activation polarizaih bounary conditions on electroactive surfaces.
The Laplace equation was solved using a boundary integral analysis, and
the nonlinear polarization equations were satisfigia either a
successive-substitution (Picard) or a two-step GaussiSéieative
technique. Successive iterations for the polarization are determined from
the previous iteration’s current density distribution. This iterative process
continua until the dhange in the boundamotentials was less than a
specified tolerance.

INTRODUCTION

The simulations reported in this paper were performed with modified versions of
the BEPLATE code(1-3). BEPLATE was originally developed and successfully applied
to simulate electroformg oncomplex three-dimensional mandrels. BEPLATE uses the
Boundary Integral technique \wiboundry conditions to simulate the ion transport and
electrochemical kinetics boundary effects. Most of the scenarios that have been
successfully analyzed prior to this work were of normal engineering scale (on the order
of 1 mm b 1 meter) and involved single, fairly well understood electrochemical
processes. In this research, we have modified and applied the technique to simulate
detailed electrochemical processes on um- to mm-scale features. The technique has also
been extended to allow simulati o two parallel anodic electrochemical processes, as
well as spatially-varialel dectrochemical parameters. The first system described in this
paper is the Scanning Reference Electrode Technique (SRET) instrument (4). The SRET
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instrument measures the potential difference between two small pseudo-reference
electrodes on a probe scanned over a sample surface. The other electrochemical system
is an electrospray (ES) ion source (5). The electrospray system generates gas-phase ions
for detecton by mass pectrometry. Only a small subset of kaf these system were
modeled. The regions modeled are shown in Fig. 1a and 1b.
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Fig. 1 Two anodic electrochemical systems modeled.

Both simulations focus on the oxidai o chemical species on inert metal
anodes. The goals of this work were to better understand the details of theoapgrati
these two devices ana demonstrate th aility to model complex electrochemical
systems.

Governing EquationsThis model of electrochemical systems assumeistiiea
transport  (diffusion, convection, and migration ) and reaction of ioms kea
approximatd by solving the Lapce guation for the potentidhrough tle dectrolyte
volume, and then applying a saafacta representing t dectrolyte cnductivity, to
prodwce a arrent densit distribution. The scale of these problerassnall, but we do
assume that continuum conditions apply. The numerical solution must satisfy the
nonlinear boundary conditions at the electroactive surfaces (electrodes). These boundary
conditions approximate ¢h dfects of electrochemical surface reactions (activation
polarization) ad o mass-transfer effects (concentosti pdarization). Constant
electrical conductivity is assumed dluighou the dectrolyte, and thus all nonlinearities
are on the boundaries.

The oxidation of species at the metal-solution interface is described by Faraday’s

law. The oxidation rat&€ (equivalents/s-cf is proportionato the arrent densityl
(A/cnr) at the anode surface,



3
Q=—Il, 1
nF|| (1)

whereF is Faraday’s constang,is the aurrent efficieng of the process (assumedl lbe
1.0 in this study), and is the number of electrons per mole of the reaction. The current
densiyy on the anode is in tun proportionad to the normal derivative of the potential
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wherefi is the surface (unit) normal vector akids the cnductivity of the dectrolyte
(Mho/cm). The potential fiel@satisfies the Laplace equation

F@=0. 3)

Thus, tle aurrent density is obtaieby solving & 3 subje¢ to specifiel boundry
conditions. The boundary of the regidf) consists of: (i) insulated surfaces, for which
the gpplied boundry condition is zer namal flux (@@adn = 0); and (ii) potential
surfaces (anode and cathode). Using Green's Theorem, it can be shotlva tteplace
equation is equivalent to the boundary integral equation
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where the Green'’s function is the point source potential

1

G(P, Q) = 2P —q

(5)

Here, the gradient and the surface integration are with regp#oe boundar point Q,
P is an arbitray point on the boundary, anle - Q| is the distance between P and

Q. Eg 4 povides, for eacltP, a linea relationshp between the values ap and the

gradient of @ on the boundary, and is the stagipant for the Boundary Element
Method.

The boundary condiin on the anode for thes euations is not simply the
applied paentid; it must also take into accouthe nonlinear transfe(polarization)
function describing the physical phenomena occurring in the boundary layer near and at
the surface. In # analysis of the systems described in this paper a virtual cataamt
alo boundng insulated surfaces are used to reduce the model size. The virtual cathode
represents a surface of constant potential and completes the circuit of the
electrochemical cell. Since the virtual cathode represents an isopotential surface in
space, no electrochemical reactions occur on it. Thus, the usual cathode potential

components are not applicable and are replaced by a covistant
The polarization functions on @éhanode specify a nonlinearelationship
between tb airrent and the potential differe@ acoss this layer, making ¢hentire
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problem nonlinear. Specifically, ¥, and V. denote tk gplied ano@ and cathode
potentials ¥, 2V,), the applied potential differendé= V, — V. can be decomposed as a
potential drop in tb dectrolyte, AV, plus interfacial potential drop across the
electrolyte boundary layer, madep do the overvoltagen and the associated
equilibrium potential value&’ (Eq. 6). This $ £hematically illustrated in Fig. 2 for a
system involving two anodic reactions.

V=(E’+n,)+AV, -V, (6)

In general, the polarizationsi pecified by the soluton d the nonlinear
relationship between the local current density and the overvoltage,

I = F(n) (7)
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Fig. 2 Schematic of multiple reactions polarization model

The unknown overvoltage, together withethlguilibrium potential for each
reaction &the anode and the virtual cathode potential, defineetdectrode boundary
conditions for the Lapice guation, and must be determined self-consistently with egs.
3, 6, ad 7. In this work, the total anode overvoltagqg, is comprisé of two
components, one part due to the effects of electron transfer (activation polarizgtion
and the other due to the effects of mass transfer (concentration polarizajion

N.=Na+1.. (8)

(Othe resistare dfects d the interface, which wodlhave differem transfe functions,
are ignored for this analysis.) For actieati pdarization, tke arrent/potential
relationship is given by the modified Butler-Volmer equation,

EAEna _ﬂnC
| - |O%RT -e RT E, (9)

while the functional form of the concentration polarization is
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In these equatiorR is the gas constanik,is the temperature in Kelvim, anda,
are tle anodic and cathodic transfer coefficients, ahds the exchang aurrent. Thea,,
a., andl,are the parameters that comttoe adivation pdarization. |, is the value of
either anodic or cathodic current (at equilibrium, where these two currents are equal and
opposite) associated with zero actieatiovervoltage (), = 0). Sirce d zero activation
overvoltage tk external currents ar zeo, |, must be determined indiregtlby
extrapolaton ona Tafel [log(current) versus potential] plot. The transfer coefficigpts
and a.are n general different and essentialiiefine, withl,, the ragé mnstants for the
cathodc and anodic reactionst @ahe dectrodes. All of these parameters are dependent
on the specific electrode reactions, electrolyte composition, etc., arparimentally
determined. All potentials are with respect to the standard hydrogen electrode (SHE) at
0.0 V.

The limiting current density, (which is the maximum value of the rate of
transfer of electroactive species to or from the surface across the conaetcaincry
layer), is the primary variable controlling the concentration polarization.

The concentration (or diffusion) boundary layer is defined as the region near the
electrode through which mass transport perpendicular to the electroactive surface occurs
only by dffusion. The outer boundary of this layer is deterrditg the point at which
the concentratbn o the reacting species is edua the bulk value. This position is
generally determined by a linear extrapolation of the near-surface concentration gradient
to the bulk concentration. The diffusion layer is thinner than the hydrodynamic
(momentum) boundary layer. For an electrochemical reaction that comspe®es
from the dectrolyte, reactionstahe surface will decreaseehmoncentrabn rear the
surface. The limiting currénis reached, for example, whenetloncentraibon o a
consumed specieg the surfice pproaches zero and reaction current must be entirely
supporté by the molecules that are diffusing across thncentratbon bounary layer.

The diffusion coefficient Wl thus limt the anount of the species that can reactha
surface per unh time. Mass transfer effects due to the general fluid flow in the
electrolyte and streamwise depletion have been ignored in this model.

Polarization Iterative Techniques

In previous work we developed a modified Picard iteration scheme, combined
with relaxation and acceleration techniques, to solve the nonlinear polarization
equationgl). In this approach, the next guess is a weighted average of the two previous
values. This métod has been successful, but depe&gduponthe geometry and the
system parameters, convergenould be quite slow. The mai difficulty with this
method is that all values changt every stp of the dgorithm, which can cause
oscillation, and each iteration requires @mplete solution and is therefore
computationally expensive. This method was applied & dbctrospray simulations
describé below. Successful convergence reqdirery limiting relaxation factors and
several hundred thousand iterations.

In the present work, a new iteragidgorithm has bee developed. This method
employs a two-stage process, the inner itematieing a Gauss-Seibléechnique in
which noces on the anode are updated individually, reqginery little cdculation.
When this process has roughly converged #pensive global solution is then
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executed in the outer iteration. Our limited experience indicatéghisatechnique is

more robust than the Picard iteration, and converges much falstait 1 to two orders

of magnitude fewer iterations). An additional advantage of this approach is that no
guessed-at relaxation or acceleration factors are required. This new method was
applied to the SRET simulations, substantially reducing tbmputation&a time
required.

Polarization Modéfor Multiple ReactionsThere is the possibilit of multiple
reactions occurring simultaneouslithe anode. For the purposes of simplicity in this
initial study, all reactions wer assumed d& be anodic and thus to contribat an
algebraical positive porton o the total current, which is the sum oftlurrents for
each reaction. This multiple-reaction modification was applied ¢odectrospray but
not to the SRET model. Multiple reactions were modeled as parallel electrical (ion)
paths & the surface with sepamtadivation (eq9) and concentration q(el0)
polarization and separate equilibrium potentials as shown in Fig. 2.

For a given location, the potential onetldectrolyte side of the polarization
region, i.e. the interface potentid,in Fig. 2, is assumea the the same regardless of
the reaction The equilibrium potential ad pdarization components for each reaction
(E’+ n, + n) must sum to/,,- V, a this point. The total current from,,to V, is the
sum of tle arrents of the individual reaction components. A solution is found when
these conditions are satisfied.

APPLICATIONS
The SRET Instrument

In the SRET instrument, a small pebmontaining tw pseudoreference
electrodes § <anned across a surface tletect small changes in the rate of
electrochemical processes due to surface reaction or geometric inhomogeneties, Fig. la.
The mechanical resolath o the instrument aabe made a be 1.0um in the two
horizontal scanning directions (x,y) and @ré in the vertical direction (z). The vertical
probe location above the sample surface while immersed can usually be optically
estimated to within 5Qm. For the currently tested situation, a small current between the
virtual catho@ and the anode establishes an electric field which drives the oxiolatof
water & the anode surface. The oxidat process modifies th dectrical field
distribution; this modification is deteateby the scanmg probe pseudoreference
electrodes as a change in the potential difference between the two electrodes. Numerical
simulation allows detaikk predictions of tle dfects of the electroactivelvariabke aea
(defect) size and relative difference in electrochemical properties (contrast). The
purpose of this study was to determine limits of detection of typical defects.

The first SRET analysismulated oxyga generaton onthe surface of a small
(200 um n diameter) gadl disk situatel on the surface of an insulaty gdane. The
electrochemical parameterseagsssumed d be uniform over the disk surface. These
simulations were perforndeona model of tie dectrolyte volume withh 10000 um of
the disk. The geometrynd pdential of the virtual cathode was adjusted to achieve the
measured total current onetlanode. A ring virtual cathodet ¢he bp o the glindrical
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wall produced reasonably uniform current densities over the dfpthe gold disk and
allowed the necessamprobe translation with reoughclearance d prever the virtual
cathode, prob and insulathg boundries from interfering with e&icother. The probe

was modeled as an insulating volume. The pseudo-reference potentials were determined
from points representative of the electrodes on the probe-shaped insulating volume. The
shape of the tip electredand thebody d the probe were modeled. The ring electrode
was not explicity modeled. No bi-polar effects or electrical flow paths between
electrodes external to the electrolyte were modeled.

The® aalyses were performed tgive confidence in tb gplicaton o the
BEPLATE code to tld g/stem. The simulations produced potential difference vs.
position profiles qualitatively similar to those observed in experiments. The average
potential change produced was 12 mV and the Full-Width-at-Half-Maximum was 400
um for a calculational experiment with an electrical conductivity o&x118* S/cm and
a probe height of 150 um. [Other parameters for this analysis were0.493, |, = 1 x
10" Alen?’, E,, = 1.229 V vs SHE, |= 5.36 A/cmi, D = 1x 10° cnf/s] Since there was
a significant potential gradient from the topdabdtom of the probe tip electrode, the
average is reported. This compares fairly well with ¢ékperimental values of 11.5 mV
and XX um. This model was also used to investigate the effect of scanning probe height,
total current and electrochemical parameterg dtect of changing the probe heigis
much greater than changing the total current and might be used as a means of detecting
probe height. The expected possible variation from nominal electrochemical parameters
produced only small changes in the potential differences.

Simulations of the full model witla complete sample disk (2.175 cm diam.)
indicated that, with th exception d the very edge of the disk, éhaurrent density is
fairly uniform. Thus, water oxidation occurs fairly uniformly over most of the surface of
the sample disk. The small regi o elevated current densityt the edge was found to
not measurably affect the electrical field at the specified probe electrode height. In order
to extra¢ the detailed potential difference on the scale efétperiment, a model with
much smaller elements was required. Unfortunately, a full model (complete with anode
and cathode modeled in detail) would have requireceraumputational resources than
available. Also, the larger model wduha hawe cnveniently allowed the probe te
accurately scanned across the sample.

A more tractable, detailed model ofetldectrolyte volume withi 5000 um of
the center of the sample disk was used to amalguniform dik of metal with a small
region having a differehlocal exchang aurrent. These simulations were prefodhan
a smaller modethan the gal disk simulations. The virtual cathode in this model was
changed from the upper portion of the bounding cylinder to be the disk at the top of the
modeled cylinder. Té& aurrent densit variation across a 1@m radius defect is
presented in Fig.8and 3b. The very rapid change in current dendittha edge of the
defect was expected and the trends observed (for the differing contrast) are physically
reasonable, indicating thahe modification to incorporate local electrochemical
property differences into the model is effective.
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Fig. 3 Calculated current density through the center of the defect, radius = 10 mm. (a)
across disk, (b) detail annd aefect with differing defect parameters.

The dfects of differng defect sizes & wmmpared in Fig. 4. The normalized
potential difference for defects of 1én radius ad dffering contrast are presented in
Fig. 5. The potential differences lea similar trend as the gdldsk analyses and
indicate tle aility of the instrumento deted this defect sie and contrast. (These
results wee ajusted for gml dependencies, using results from an equivalent case
without any defect under tb assumption thtathe grd dependencies will effecthe
calculations in the same manner. Since the grid are sometimes a significaom porti
the signal v ae trying to measure in the simulation, these trends must be vdlioyate
experimental data whehis available.) The model was alssed to investigate probe
height variations.

The Electrospray Experiment(5,6)

The ES ion source is used generate gas-phase ions from analyte species
originally in solution, for analysis by rea pectrometry (MS). The ES ion source
configuration investigated in this paper, is commgtisetwo electrodes, e.g.: a narrow
bore metal ES capillgror emitte (i.e., the working electrode), held at alhipcsitive
potential (positive ion mode) or negative potential (negative ion mode); and the
atmospheric sampling aperture plate (i.e.e tbounter electrode) of the mass
spectrometer, held at a potential at or near ground. During typical ES-MS operating
conditions, a solubn o an analyte is pumped through the ES emitter, and sprayed
towards the aperture plate. The applied electric field causes ions of the same polarity as
the potential applied to the ES capillary to migrate in the liquid towaeldillary
tip. When the budup d an excess of ions of one polarity tae surface of the liquid
reaches the point that coulombic forces in the gap are sufficient to overcome the surface
tenson o the liquid, droplets enrichedniore ion pdarity are emitted from the



capillary. This results in a quasi-continuous steady-state currerd aeiuhter electrode
with a direction consistent with the polarity of the potential difference (7).
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sized defects defects with different parameters.

Charge balance is maintained in this device through electrochemical
oxidation/reduction of the components of the metal ES emitter and/or one or more of the
species in the solution. Oxidation reactions occur in the ES emitter in positive ion mode,
while reduction reactions occur in negative ion mode. The current existing at the emitter
owing to these reactions (i.e., the faradaic current) is equal in magnitude but opposite in
polarity to the aurrent measuredtahe wunter electrode (i.e., the ES current). The
discharge of excess ions and/or creation of ions efgipropriate polarity thereby
supports an excess of or@nipdarity in the dhargel droplet. Reduction/oxidadn o
some species at the counter electrode occurs to complete the electrical circuit.

For the purposes of the investigation of tectrochemical processes, prihe
electrolyte near # end of the emitter and the Taylor cond the it was modeled. The
tip of the Taylor cone, whit uncer typical conditions extends to form & faat then
breaks up into droplets, has been truncated and modeled as a virtual cathode.

The Specific ES System ModelEde model was developed for an ES ion source
of the basic geometry with a 1Qfn-i.d. inert metal ES emitter held at a positive 3.5 kV
relative toa @unter electrod & ground, spaced 1.0 cm away. The solvent/electrolyte
system was CIKCN/H,0O (90/10 v/v) containing various concentrations of ferrocene (Fc,
dicyclopentadienlyiron). The most prominent redox reactions withia #mitter under
these conditions were assumed to h@ Hnd Fc oxidation.

The products of the redox reactions within the ES emitter travel in the liquid
from the inner emitter wall, through the tube, into the Taylor contetheujet, and into
charged droplets. In our simulation, the locus of curmemsfer into the jeis modeled
as a flat-dik virtual cathode (bfixed paential). The potential differenc&/, between
the emitter (anode) and the virtual cathode was fixed in this BEPLATE code simulation
at -130 V. This value, wimeused in the model, produced the same ES current (i.e.,
5.21 x 10 A) as that experimentally measured at a solution flow ofu&/fhin using
the ES geometry and solvent composition described below.

The three solvent systems simulated for the ES systedel in this work were:

(1) pure CHCN with 50 pM Fc; (2) CHCN/H,O (90/10 v/v); and (3) CKEN/H,O

9



(90/10 v/v) contaimg 50 pM Fc. Three different scenarios were modeled: ferrocene
oxidation orly; water oxidation (i.e., oxygegeneration) only; ad bah ferrocere and
water oxidation. The electrical conductivity wag 8.10° S/cm. The oxygen generation
electrochemical parameters were the samin the SRET simulations. The ferrocene
electrochemical parameters were: o =0.493, J,=1x 10" Alend,
E,.=0.572 V vs. SHE, I= 4.82x 10° Alcn?’, D = 2.4x 10° cni/s.

The predicted current density (A/&nand interface potential/(, ) for dl three
systems are compared in Figs. 6a and 6b. The current density distributions for two of the
cases (for both reactions, and for oxygeneraton ory) show larg arrent densities
at the tip (at 0 um) while decreasing rapidly (by 3-4 orders of magnitude) within the first
300 um into the emitter. The Fc-only curve is flat, indicating that the current density on
the anode surface is nearly uniform.

While the Fc-only results are numerically correct they are perhaps not physically
meaningful. Tle onstant current density ia @nsequence of the system being
constraind by the low limiting current of the Fc reaction and the limited langjtthe
model 000 pm). This simulation applied a constant potential difference (130V) across
the virtual cathod and the anode. This potential difference was chosen from the two-
reaction model resultsot provide the same total current ase thexperiment.
Unfortunately, for the Fc-only case this largpotential difference drove the nonlinear
concentrabn pdarization fa from normal valuesral produced a very large potential
difference acoss the polarization layer. Albugh this condition is not physically
realistic (because other processes would intervea prevert this large a potential
difference from ever being established), this simulation does illustrate what can happen
when the limiting current is lowm®ughto cause the whole surface of an anodeet@tb
the limiting current values. Very uniform current density distributions and high potential
drops ca be obtained. Asa mnsequence of this over-constrained condition, the
interface potentials for the Fc-only model are much larger than for the other systems and
were omitted from Figure 6b.
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Fig. 6 Single reaction current density (ajdapdential (b) compared with multiple
reaction results as a function of distance from the tip of the emitter.
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The predicted interface potential distributiod  and tle airrent densities
(A/c’) for the two-reaction system are shown in Fig. 7 for two modets diffiering
ferrocene oxidation limiting current valueg,, includes tle dfects of tre equilibrium
potential @ad d activation and concentration polarizations for both reactions . The plot
in Fig. 7a covers the region from the spraydi the emitter up © 1000um upstream,
while the plot in Fig. 7b shows just the 250 um region at the tip. As one moves from the
upstream region of the emitter to the spray tip, the total current ylegrailually
increases, until it goes through a rather complicated transition near the tip. This is due to
the relative dectrochemical parameters of the two competing, paraltkxgrocesses.

In the low current density region, far from the tip, Fc oxidation supplies the majority of
the aurrent. As oe gproaches the tip, the rate of this reaction increases to a point
limited by the maximum achievableutk of materid to the dectrode, i.e., the limiting
current,l. An increase o¥,, beyond this value cannot increase the rate for this reaction.
To supply moe aurrent, the interfacial potentiancreases, which increases the rate of
H,O oxidation. Therefore, both the interface potential and current owing,@ H
oxidation are observed to increase substantially attabeusame point as which the
limiting current for the Fc reaction is reached.eTturrent due to ED oxidation
continues to increasas one travels downstream. Limiting current changesbeaseen

to change the potential, current distributions and redagimounts of the two reactions
throughou the emitter. Studies of th dfects of concentratn o the ferrocee and the
electrical conductivit of the supporting electrolyte (ACN) are included in Ref. 6. A
Tafel plot of this data shows trends thak awonsistent with te dectrochemical
parameters.
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Fig. 7 Current density and interface potential as a fanali distance from the tip for
cases with different limiting currents for Fc+. (a) complete length of anode, (b) first 250
pm of anode.

SUMMARY
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The results preserdehere represdnthe @mputational simulatin o the
electrochemical operath o two electrochemical systems. This was accomplished
through adaptatn o the BEPLATE™ code, originall developed for large-scale
electroforming simulations. The new features in this work are the small scale of these
systems, tl@ aility to use nonuniform polarizain parameters and the multiple,
competitive redox reactions in the ES emitter problemh@lghthe simulations were
computationally intensive, converged solutions eveadieved. These provided
predictions of the either the SRET probe potential difference and sample current density
distribution, or the interface potential anck tturrent densities of each reaction for the
ES emitter problem. These problems challenge the nurhesanique in two different
ways. First, the extremely large change in the elemeataioss the span of the SRET
probe analysis providd numerical difficulties n producing a solution. Secondly, the
non-linear, multiple-reaatn pdarization equations challenged the iterative process in
achieving converged solutions for the ES emitter polarization iterations. These studies
were usedd optimize an applicaton o the system using the SRET, amdpredid the
sensitivity of the system prior to experimental studies.

From this initial modehg o thes dectrolytic systems, several major pieces of
information were obtained. For the SRET analysis, a possible technique for determining
the probe elevation, that may be due to the shadowing effect of the pgabis
lowered to the surface, was identified. Secona, dhility to simulate variations in
electrochemical parameters acrossatherwise featureks sirface, yieldng variable
current densities, has bedemonstrated for the BEPLATE code. For the ES analysis,
the computational simulations predicted basically the essa®ctrolytic behavio for the
ES ion sowe & has bee observed experimentally and that is consistent with the
controlled-current electrolyticdl analogy pu forward by Van Berkel and Zhou (8,9).

Tha is, the situation within the ES emitter is not one of controlled-electrode-potential.
Instead, the potentslsek those levels required to satisfy the integrated current
condition imposed together with @hequilibrium potentials and the polarization
properties (includig bah electron-transfer and mass-transfer polarization components)
of the one or more redox reactions that can take place. The model predicts actual values
of the potentials at the emitter surface as a function of location, as well as the amount of
current supplied by each of the different redox reactions.

Also important was the determinai o the dfective dectrode aea within the
ES emitter. Alhoughthe total length of the inner surface oé tamitter modeled (1 mm
in length) was in contact with ¢hdectrolyte, the majont of the aurrent owing to the
redox reactions (that may realistigalbe expected) originated within a 200-3Q0n
region rear the spray tip. This limited effectivanode aea, equhin length to
approximately thee emitter inner diameters or less, is a direct consequence of the
limited penetraton o the dectric field into this high-aspect-ratigeometry under
“‘normal” ES conditions where high currentstlae tip cause high IR drops. &lwrrent
density distribution must follow the limitations of this potential gradient distribution.
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