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Introduction

The ion collection of probes immersed in a plasma has been studied for a long time, going back to the work
of Mott-Smith and Langmuir [1]. However, even at low pressures of a few Pa, the ion current can be affected
by collisions due to the large cross section for charge exchange, as is illustrated in Figure 1. At low pressure,
ions perform an orbital motion around the probe, which is well described by the Bernstein-Rabinowitz-
Laframboise (BRL) theory [2,3]. At increasing neutral gas pressures, collisions destroy this angular
momentum, leading to an increased current collected by the probe (Figure 1, middle), as described by the
Allen-Boyd and Reynolds (ABR) theory [4]. At even higher pressures, the current begins to decrease with
increasing pressure, as the mobility of ions becomes small (Figure 1, right). However, while these general
trends are well recognized in the literature, available theories for collisional or collision-enhanced ion
currents onto probes are complex, not well validated, and often only valid for a certain range of probe
sheath thickness or collisionality [5].
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Figure 1: lllustration of the movement of ions attracted to a negatively biased probe for different neutral gas pressures.

To overcome this unsatisfactory situation, we proposed to modify the model of Gatti and Kortshagen,
which describes the ion current onto a negatively charged spherical dust particle over a large range of
collisionality [6]. The model treats the ion current onto the particle as the sum of collisionless, collision-
enhanced and diffusion limited contributions, weighted by the probabilities for either none, one, or many
collisions to occur within the sheath around the particle. This simple, intuitive, and fully analytical model
yielded surprisingly good agreement with particle-in-cell (PIC) simulations over six orders of magnitude of
collisionality [6].

The goal of this project was to modify the spherical Gatti and Kortshagen model to cylindrical probes and
an arbitrary sheath thickness, using the same idea of expressing the ion current as a sum of multiple
components with weight factors that “turn off” components when they are invalid. However, self-
consistent PIC simulations are required to validate the model, as in [6]. Therefore, we proposed using the



2D particle-in-cell code EDIPIC maintained by the Princeton Collaborative Low Temperature Plasma
Research Facility (PCRF) to compute ion currents onto probes of different radii over a large range of
pressures, which are then compared to the results of the modified model.

Project Outcomes

Configuration and modification of the particle-in-cell code

Several modifications to the particle-in-cell (PIC) code EDIPIC were necessary to make it suitable for
simulating a quasi-infinite plasma volume around a negatively biased, cylindrical probe. These
modifications were identified and implemented together with the PCRF team, are publicly available on
GitHub [7] , and will be discussed in an upcoming publication. Since the entire EDIPIC code is publicly
available, other researchers will be able to use this code to test future probe models. Furthermore, we also
implemented an advanced ion-neutral collision model [8] as part of this project that will make its way into
the main EDIPIC code.
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boundaries are adjusted to thermalize

electrons, i.e., electrons hitting the boundary were reinserted with a random direction and velocity
according to a Maxwell-Boltzmann distribution with a temperature of T, = 3 eV. In this way, electrons are
forced to follow a Maxwell distribution with a constant temperature, corresponding to the assumptions
that probe models in the literature use, for comparison. Non-Maxwellian electron energy distribution
functions (EEDFs) can easily be implemented and will be explored at a later date. Some of the boundaries
are additionally set up to also thermalize ions. This is done to remove the excess energy that ions might
have gained when being attracted by the probe, orbiting around it and then leaving again towards the
further plasma volume, where we assume a low ion temperature.

idea that we simulate only a small
section of a larger discharge volume,

Both electrons and ions are reinserted after interaction with most boundaries. The probe, however, needs
to obviously act as an absorbing surface. The probe is set to a negative potential, according to the aims of



the project to attract positive ions. This, however, necessitates another conductive/absorbing surface
within the discharge volume. Otherwise, the plasma potential in the volume will simply adjust to a
potential slightly above the probe potential to balance ion and electron fluxes towards the probe, which is
undesired. To fix the plasma potential to the desired value, a second conductive object is inserted into the
simulation: the grounding ring. Said ring is forced to a potential of 0 V and, due to it being much larger than
the probe (cylindrical coordinates), will fix the plasma potential to 10 V — 12 V outside the probe sheath.

Electrons and ions absorbed by the probe or the grounding ring would cause the ion density to reduce over
time. To prevent that from happening, a new electron-ion pair (mimicking ionization) is created whenever
an ion is lost to any surface. The region of plasma insertion is shown in Figure 2.

The described simulation setup was successful in simulating a quasi-infinite plasma surrounding the probe,
while keeping densities, temperatures, and the plasma potential constant in time and space outside of the
sheath surrounding the probe and the grounding ring.

Simulation results
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Figure 3: Plasma potential (left) and electron density (right) surrounding a cylindrical probe (located at r = 0) with a

diameter of 100 um, length of 5 mm and biased at -30 V. The simulation was performed with pure argon at a pressure of

3 Pa.
Figure 3 shows an enlarged view of the simulated region directly surrounding the probe. This example
simulation was performed at a probe bias of -30 V relative to ground, or -42 V relative to the plasma
potential. The argon pressure was set to 3 Pa, corresponding to the collision-enhanced regime (compare
Figure 1). Both in the plasma potential surrounding the probe (Figure 3, left) as well as in the electron
density (Figure 3, right), it becomes apparent that the region strongly disturbed by the probe extends
roughly 2 mm. However, modest electric fields accelerating ions towards the probe can be observed to
reach further into the wider plasma volume than that.

This observation underlines the importance of simulation the plasma in two dimensions: even a probe that
is much longer (5 mm) than it is wide (100 um diameter) cannot be modeled as an infinitely long cylinder,



unless it’s length also considerably exceeds the thickness of the sheath. For the very typical probe
dimensions and electron densities we are studying here, this is not the case.

This becomes clear from Figure 4, where the ion
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Discussing first the collisionless limit for pressures of P < 0.1 Pa (under these conditions), we see that both
literature models agree well with the 1D simulation. This is expected since both models approach the
collisionless BRL theory in this range [3], which is one-dimensional. However, we see that the 2D simulation
predicts a considerably higher current in this range due to the additional current drawn to the tip of the
probe. This illustrates that a one-dimensional approach is not appropriate for common probe dimensions
and plasma densities, both when it comes to models used to determine densities from probe
measurements and simulations that test these models. Since a large share of the validation studies in the
literature compares these models to 1D PIC simulations, the reliability of these studies needs to be
reconsidered. It should be noted that we are not the first to point out the influence of the finite probe
length [11], but the extent of the problem is not well recognized in the literature.

In the collision-enhanced regime, here around 3 Pa, agreement of both simulation results and the modified
Talbot and Chou model is considerably better. The theory of Zakrzewski and Kopiczynski predicts too high
acurrent, but even here, the discrepancy is small. However, in the collisional regime (P > 50 Pa), we observe
a strong discrepancy between both models and the simulation results. Here, both literature models
demonstrate considerable differences in the simulation results. This is particularly interesting because this
pressure range has become more important in recent years for plasma processing applications, and
because no validation studies for the models exist in the literature in this range.



A new model

Given the unsatisfying agreement between our simulation results and the two most prominent models in
the literature, we aim to introduce a more accurate and conceptually simpler model.

Following the approach of Gatti and Kortshagen, we combine the collisionless current and the collisional
current, each multiplied with the respective probability of an ion to cross the probe sheath with (Py) or
without (Po) collision at the given pressure. The current to the probe is then written as:

1
=P (IBRL,cyl + EIBRL,sph> + PNIBryant €]

Here, Igricy and lgrispn are the collisionless ion

collisions currents according to the BRL theory for a

-3 -2 -1 0 1 2 3 4 . . . .
107 107* 107 107 107 10° 107 10 cylindrical and a spherical probe, respectively.

This added term for the current attracted to a
= . . . .
4’("‘ spherical probe is a simple and approximate
F X o2 R .
-2 N \‘i approach from the literature to account for the
= s |- - \ -
= 107k Ny current attracted to the probe endcap [11]. /aryant
< \\\ . . .
L ‘\q\ is the ion current according to the model by
> N\,
c ‘\‘ Bryant, which covers both the collision-
e AN . . . .
.| -®- our model “,‘ \ enhanced and the highly collisional regime [12].
107° Vol - . . .
F ---- Mod. Talbot & Chou Y The model is also two-dimensional, thus,
Zakrzewski & Kopiczynski \ \\ . .
% PIC 2D W requiring no adjustments to account for the
] l l l ! Lo bl

103 102 101 10° 1ol 107 105 1o s current drawn to the endcap.

pressure [Pa] - .
The probability Py of an ion to cross the probe

Figure 5: Comparison between the simulation, models from the sheath without collisions depends on the ration

literature and the new model proposed in this project. Probe of sheath thickness S and the mean free path for

voltage: -42 V. lon density: 8 x 10*° m~3. . . S
ion-neutral collisions A; as P, = exp (— I)'

1

Correspondingly, Py = 1 — P,. For the sheath
thickness S, we use the model of Basu and Sen [13], and the mean free path is calculated according to a
constant cross-section of 1 x 1018 m?.

Figure 5 shows the ion current for different pressures according to the PIC simulation, the models from the
literature and as calculated with our new model (eq. 1).

In the collisionless range (here: P < 0.1 Pa), some discrepancies remain, presumably due to the approximate
approach of taking the endcap current into account. However, our new model does perform better than
the models from the literature.

Outside the collisionless regime, these discrepancies vanish, and we find excellent agreement between our
model and the simulation results. Especially in the pressure range between 10 Pa and 100 Pa, our model
produces much better agreement to the simulation than the literature models.



Parameterization
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For IRy, cy1 SUch a parameterization already exists [14], but that is not the case for Igyyant. For the spherical
BRL current, IRy, sph, available parameterizations [15] were found not to be precise enough over the entire
parameter space.

Thus, a parameterization for the spherical BRL results was developed as part of the project. We used the

original calculations by Laframboise [3], who provided a table of normalized currents i as a function of the

. . . \%
dimensionless probe potential n = —er ]j;’

Ble
T,.. The model does not depend on the properties of the probe and the plasma density separately, but is
instead described by the ratio of probe radius over Debye length Rp/Ap. Laframboise’s work tabulates i
over 1 curves for a range of Rp/Ap values, some of which are shown in Figure 6 as symbols. The figure also
shows our parameterization as dotted lines, which obviously agrees well with the precalculated points.

with the elementary charge e, and the electron temperature

This parameterization follows the approach of Chen for the cylindrical probe current [14], using the
following equation for the normalized probe current i:

i = ((AnB)™* + (CnD)~*)~1/*

Where A, B, Cand D are functions that depend only on Rp/Ap. The full parameterization will be described
in an upcoming publication.

The parameterization for the model by Bryant is underway, but has proven challenging, since the model
depends on additional parameters describing the neutral gas pressure and the shape of the probe, which
means that the complexity of the parameterization is considerably higher.
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Held J, Villafana W, Kaganovich |, and Kortshagen U 2025 The importance of the finite probe length on
the current attracted to a cylindrical probe (in preparation)
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Spain, Jul 8 —12, 2024
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