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ARTICLE INFO ABSTRACT

Keywords: Retarding field analyzers (RFA) are widely used to measure ion energy distributions and fluxes from
RFA plasmas, but quantitative flux determination requires accurate knowledge of their grid stack transmission.
Transmission The dependence of the transmission factor on the barrier voltage is investigated through a combination of
Plasma diagnostics experimental measurements and ion trajectory simulations. Experimental results for different ion species reveal
E;;day cup a common transmission-voltage relationship independent of ion species, indicating that the effect is intrinsic
to the analyzer. Ion trajectories through a four-grid RFA were modeled using SIMION to examine the influence
of grid alignment and bias configuration. Without retarding potential, the transmission can be estimated by
optical inspection. However, applied voltages introduce electrostatic lensing, which is most pronounced when
grids are geometrically aligned. The electron suppressor grid introduces appreciable oscillations in transmission
as a function of the voltage just below the ion cutoff voltage. The overall transmission arises from an intricate

interplay of lensing, alignment, and grid spacing.

1. Introduction

The retarding field analyzer (RFA) is a compact and versatile in-
strument widely used to measure charged particle fluxes. Its ease
of use and reliability have made it a standard tool for measuring
ion energy distribution functions (IEDFs), particularly in the fields
of plasma and ion beam physics [1-3]. One may think of (indus-
trial) low-temperature plasma generators [4,5], thermonuclear fusion
reactors [6-8], ion beam sources and interactions [9,10], spacecraft
thrusters [11-14], and plasma sources for extreme ultraviolet (EUV)
light for photolithography [15-17].

An RFA primarily consists of a Faraday cup (FC) to collect incoming
ions (or electrons) and a stack of high-transmission grids (Fig. 1). The
device owes its name to the retarding field that is created by applying a
voltage to one of its electrodes. In this paper, we focus on ions, noting
that the same principles apply to electrons with voltages of opposite
polarity. The incoming ions are decelerated while passing through the
field created by the retarding electrode. The potential on the retarding
grid-electrode basically acts as a high-pass energy filter. It allows only
ions with a kinetic energy E,;, greater than ¢V to overcome the
potential barrier, where ¢ is the charge state of the ion and Vj is the
voltage set on the retarding electrode. Ions with insufficient energy are
repelled. Differentiation of the measured current with respect to the
retarding voltage yields the kinetic-energy distribution of the incoming
ions.

* Corresponding author.
E-mail address: r.a.hoekstra@rug.nl (R. Hoekstra).

https://doi.org/10.1016/j.nimb.2026.166217

The use of gridded electrodes aims to establish near-uniform poten-
tials within the grid stack, thereby improving the energy resolution of
the RFA. In practice, perfectly uniform potentials cannot be achieved
due to field penetration within the electrodes, as discussed previously
by Sakai [18]. However, the grids do intercept a significant fraction
of the ions, reducing the measured current. Consequently, corrections
are necessary to obtain quantitative ion fluxes from RFA measurements.
Despite their wide use, a generic procedure for such corrections remains
lacking and is recognized as a challenge in the absolute interpretation
of RFA data [19-23].

A first-order correction for transmission losses is to scale the ion
flux by the optical transmission value T, of the grid type used. An-
other widely used approach is the so-called “T"” or ‘“transmission
multiplication rule”, in which the optical transmission factors of all n
individual grids are multiplied. The difference between these methods
is substantial. As is evidenced by the comparison of the transmission
values for an RFA with four identical grids of 81% transmission in
either perfect alignment (i.e. only displaced along the optical axis) or
all shifted with respect to one another. Assuming a parallel beam with
no angular divergence, the transmission of the grid stack is 81% for
perfect alignment of the four grids, while in the fully misaligned case,
a transmission of 43% (0.81%) is obtained. Throughout this work, this
parallel beam transmission is referred to as the optical transmission.
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Table 1

Comparison between the grid geometry used in the present work and that
investigated by Trottenberg et al. [23], including differences in aperture shape,
spacing, single-grid transmission, symmetry, and relative grid orientation.

This work Trottenberg et al. [23]
Holes Square Circular
Hole side/diameter 229 pm 500 pm
Grid thickness 25.4 pm 200 pm
Single hole area 52.4 x 10° pm? 196 x 10° pm?
Hole-hole dist. 254 pm 700 pm
Transmission 81% 46%
Symmetry 4-fold 6-fold
Translation Yes No
Rotation No Yes

This represents a difference of nearly a factor of two, implying large
uncertainties associated with the choice of the transmission correction
method. Both approaches rely on simplified assumptions about the
ion trajectories. The optical method assumes straight-line trajectories,
while the multiplication method assumes a homogeneous ion flux
across all grids. In reality, ions follow neither perfect straight-line
trajectories nor uniform spatial distributions. Instead, their trajectories
are influenced by the electrode potentials and the geometry of the grid
stack, giving rise to electrostatic lensing effects. Such lensing behavior
caused by nonuniform fields within a gridded RFA has previously been
discussed by Klenzing et al. [24]. Such lensing can focus or deflect
ion trajectories, potentially directing a larger fraction of ions onto
one of the consecutive grids and thereby altering the fraction of ions
intercepted. The magnitude of these lensing effects depends on the volt-
ages applied to the electrodes. Consequently, the transmission factor
is voltage-dependent, as will be demonstrated by our experiments and
simulations with monoenergetic ion beams. These experiments and sim-
ulations will underline the necessity of considering setting-dependent
RFA transmission functions.

Recent work by Trottenberg et al. [23] demonstrated that the
relative orientation of drilled grids can strongly affect the measured
transmission characteristics of an RFA, leading to pronounced non-
monotonic features associated with ion focusing and “channeling”
phenomena through aligned apertures. Their study considered a grid
geometry consisting of circular apertures arranged in a hexagonal
pattern, while in the present work square apertures arranged on a
square lattice are investigated. The alignment of successive grids was
changed either by relative grid rotation (Trottenberg et al. [23]), or
in our case through lateral translation of the grids. In addition, the
grid dimensions (hole size and area, grid thickness, and geometrical
transmission) are clearly different between the two. A comparative
list of RFA specifications is presented in Table 1. These specifications
result in different symmetry and transparency of the grid systems used.
Together, the two sets of works cover complementary aspects of the
role of grid geometry and alignment effects on RFA transmission. It
is of note that the ratio between hole side/diameter and the distance
between consecutive grids is close to 0.1 for both cases. This quantity
is a representative measure for field inhomogeneities [18].

In this work, the dependence of the transmission factor on the
retarding voltage is investigated through a combination of experimental
measurements and ion trajectory simulations. Experimental results re-
veal a transmission-voltage relationship which is the same for different
ions beams, confirming that this behavior is an intrinsic characteristic
of that RFA. To further explore this effect, ion trajectory simulations are
performed for multiple grid configurations. The following section out-
lines the working principles of the RFA, emphasizing transmission and
electrostatic lensing, after which the experimental setup and simulation
approach are described.
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Fig. 1. Schematic of a four-grid retarding field analyzer. The retarding volt-
age Vy defines a potential barrier transmitting only ions above a threshold
energy. A negative suppressor voltage V prevents both plasma and secondary
electrons from entering or escaping the Faraday cup.

2. RFA working principles

This work is based on a four-grid retarding field analyzer equipped
with a Faraday cup (FC) for ion collection. We focus specifically on
a four-grid configuration, as it corresponds to the RFA used in our
experimental measurements. The schematic and working principles of
the instrument are shown in Fig. 1. Ions entering the RFA first pass
through a grounded entrance grid (G) after which they encounter a set
of two grids (R, and R,) that together form the retarding electrode. The
potential applied to these retarding grids defines the threshold energy
for ions to reach the FC. Between the retarder and the collector, a
suppressor grid (S) is placed that is biased negatively to serve two tasks:
(i) to repel incoming plasma electrons and (ii) to prevent secondary
electrons generated in the FC from escaping the FC.

The main function of the grids is to establish near-uniform electric
fields between successive electrodes. This reduces unwanted effects on
the ions’ trajectories by field gradients stemming from specific, local
electrode geometries, such as edges, holes, and connectors. Our grid
stacks are commercial one by Kimball Physics (FC-73A), in which the
retarding electrode has grids on either side of the retarding electrode
plate. The use of a double-gridded retarding electrode aims to enhance
the uniformity of the retarding barrier potential between the two grids
with the goal of improving the energy resolution with respect to stacks
with a single-grid retarding electrode. Nevertheless, ions flying through
the center of a grid opening will experience a slightly different electric
force compared to those passing close to the grid wires, e.g. Ref. [18].

Each grid effectively divides the beam into multiple smaller beam-
lets corresponding to ions passing through individual square apertures,
cf. Figs. 2 and 4. These apertures act as weak electrostatic lenses
that slightly deflect ion trajectories away from running parallel to the
optical axis, introducing the electrostatic lensing effects. Depending
on the specific grid configuration and applied potentials, these lensing
effects can focus or defocus the beam, thereby modifying which ions are
intercepted by subsequent grids. As a result, RFAs with identical optical
transmissions may still exhibit different effective ion transmissions due
to differences in grid configuration. Here, the term grid configuration
refers to the relative positioning of the individual grids within the stack,
including lateral shifts, relative rotations, and variations in the spacing
between the successive grids. In this work, only lateral shifts are con-
sidered. Rotational shifts were previously investigated by Trottenberg
et al. [23].
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Fig. 2. The grid configuration of the four-grid RFA. Each grid was pho-
tographed separately with a CMOS camera (XIMEA MQO13MG-E2) due to
the limited depth of field, and the images were subsequently overlaid to
reconstruct the full configuration.

3. Research methods
3.1. Experimental setup

The ion beam experiments were performed in our crossed-beam
setup [9,25], which is one of the two permanent stations at the
ZERNIKELEIF low-energy ion beam facility at the University of Gronin-
gen. The ion beams are generated by a 14-GHz electron cyclotron
resonance ion source (ECRIS), which can be operated on voltages
up to 30 kV. Due to the internal plasma potential, the actual ion
energy is approximately 15 eV/q (with q the charge state of the
ion) [26] higher than the energy expected from the voltage set to
the source. Typical beam energy spreads are 5 eV/q [26]. ECR ion
sources are the workhorses for producing high-intensity, highly charged
ion beams [27]. We mainly use the source to produce Sn ion beams
to support our research on Sn ion interactions with matter, in the
context of understanding and improving 13.5-nm EUV sources for
photolithography [25,28]. After extraction from the ECRIS, the wished
ion beam is selected using a 110° analyzing magnet with a mass-over-
charge resolution of about 0.5%. The selected ion beam then enters
a 10-m central beamline from which it is bent into the crossed-beam
setup by means of a 45° bending magnet. On its way from the bending
magnet to the gas target, the ion beam is collimated by a set of six
apertures, of which the smallest two have a diameter of 1.5 mm. This
limits the divergence of the beam to less than 1°. The base pressure in
the beamline and station is approximately 1 x 10~8 mbar. Therefore,
no appreciable traces of electron capture by the ions are observed in
the RFA signals. The ion current is measured with a Keithley 6485
picoammeter.

3.2. Optical inspection of a grid stack

The optical transmission of the RFA grid stack was determined using
shadowgraphy images taken with a CMOS camera (XIMEA MQO013MG-
E2). Due to the camera’s limited depth of field, each grid was imaged
separately, and an overlay was constructed to visualize the complete
grid stack (Fig. 2).

Binary images of individual grids were obtained by applying inde-
pendent thresholds to correct for variations in image brightness and
then combined to obtain the stack’s transmission pattern. From these
binary images, both the grid spacing and wire thickness were derived.
The separations between the successive electrodes are 2.54 mm (0.1")
between the G-grid and the R,-grid, 0.635 mm (0.025") between the
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Fig. 3. Comparison between different numerical settings used in SIMION. The
upper panel compares different simulation approaches using the complete
enclosed geometry, the full grid-stack (10 x 10 mm), and high-resolution
simulations with a spatial discretization of 2.54 pm per grid unit on a
reduced grid stack geometry (2 x 2 mm). The lower panel compares the
default trajectory integration step (4x) of 1 grid unit to a reduced trajectory
integration step of 0.1 grid unit.

two retarding grids (R, and R,), and 1.905 mm (0.075") between the
R,-grid and the S-grid. Each grid has 100 pitches per inch (0.254 mm
pitch), and a wire diameter of 25.4 pm (0.001"), matching the single-
grid transmission of 81%. The overlay analysis gives an overall optical
transmission of 47%, slightly above the 43% expected from multiplica-
tive stacking due to partial overlap of the grid wires (Fig. 2). These
geometrical parameters will be used in the simulation models.

3.3. Simulation approach

The simulations presented here are performed with the software
package SIMION [29,30]. For all nine different grid configurations, the
ion trajectories of a 4 keV He!* ion beam flying through an RFA have
been simulated by replacing the full geometry of the RFA with the grid
stack alone. Prior to those calculations, simulations of the full-geometry
of the RFA, including the surrounding shield and Faraday cup, were
performed for four of these configurations. These calculations required
specialized hardware with 128 GB of RAM and simulation times of
several weeks per model. For this reason, we evaluated whether simu-
lations restricted to the grid stack alone (10 x 10 mm) could accurately
reproduce the behavior of the full geometry. As shown in the top panel
of Fig. 3, excellent agreement between the two approaches is found.

As simulation grid size units in the model, we used 12.7 pm. This
value was chosen such that grid wires are composed of two grid
units, a minimum that is required by the software to define solid
structures. The chosen resolution represents a compromise between
numerical accuracy and computational feasibility, as increasing the
spatial resolution rapidly leads to very large memory requirements and
simulation times in SIMION. To assess the influence of discretization,
additional simulations were performed for a higher spatial resolution
of 2.54 pm per grid unit. The results of this discretization check are
also included in the top panel of Fig. 3. No significant changes in
the calculated transmission characteristics are found for the different
approaches, indicating that using solely the grid-stack geometry is a
valid approach.

As a further validity check, we tested the trajectory integration used
by SIMION. We used its default setting, which corresponds to a nominal
step length of 1 grid unit (12.7 pm) per integration step. For validation,
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Fig. 4. Schematic illustration of the aligned (top) and staggered (bottom)
multi-grid configurations viewed from the front (xy-plane). In the aligned
case, consecutive grids are perfectly positioned behind one other, while in the
staggered case, (one of) the next grid(s) is laterally offset (by half a cell) so
that a wire crossing coincides with the center of the first grid’s opening.

Optical Arrangement
Model | ansmission G-grid  Ry-grid  Ry-grid  S-grid
1 81% ‘ I
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Fig. 5. Compilation of the grid configurations used in nine simulations models,
viewed from the xy-plane (normal to the grid surfaces). In model 1, all grids
are aligned, giving an optical transmission of 81%. In model 2, at least one
of the grids is staggered relative to the entrance grids, reducing the optical
transmission to 64%. Model 3 resembles the grid arrangement of the actual
RFA depicted in Fig. 2 with an optical transmission of 47%.

we performed an additional simulation run (for model 1) with the
nominal step length decreased to 0.1 grid unit. As can be seen in the
lower panel of Fig. 3, making the trajectory integration step smaller by
a factor of 10 yields no difference in the obtained results.

The exact grid configuration of the RFA (see Fig. 2) is rather
complex due to a slight waviness of individual wires. In SIMION, due to
the size of the computational mesh, we are limited to the use of straight
grid wires. The dependence of the transmission on the alignment of the
wires will be examined using several options for stacking the four grids.
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Fig. 6. Experimental transmission curves for 4 keV He'*, 12 keV Sn**, and
17.5 keV O°* ion beams. All exhibit the same V-I response: a slight rise
in transmission followed by a pronounced dip and peak near the retarding
threshold, independent of ion species, charge, or energy. This demonstrates
that the transmission function is an intrinsic feature of the RFA. The inset of
shows the negative derivative of the transmission curves, corresponding to the
ion energy distribution functions.

The relative positioning of the individual wires is described using
two classes of arrangements (see Fig. 4):

« aligned: this arrangement will introduce no physical ion obstruc-
tion on a consecutive grid for straight line ion trajectories.

- staggered: physical ion obstruction on a consecutive grid (dis-
placed by half a cell) will occur for straight ion trajectories.

Each pair of consecutive grids can be arranged in perfect alignment
or staggered. For a four-grid system, this results in eight different RFA
configurations. By means of the geometrical transmission of a single
grid (81%), the optical transmission for each configurations can be
calculated. An overview of the eight different configurations is shown
in Fig. 5, along with a ninth configuration resembling the actual RFA
depicted in Fig. 2. In its second column, Fig. 5 presents the overall
optical transmission and the relative positioning of each grid with
respect to the entrance grid (G).

It is of note that in the present study, the possible grid configura-
tions are limited to idealized lateral shifts between the successive grids
and do not include rotation or waviness of the grid wires. Consequently,
the “random” configuration considered here (model 3) does not fully
capture the actual grid arrangement as shown in Fig. 2.

4. Experimental results

The ion transmission as a function of the retarding voltage has been
measured for several monoenergetic ion beams. For all experimental
data sets the measured I(V) curve was scaled at V; = 0 V to the grid
stack’s optical transmission of 47% (see Section 3.2). Because different
retarding voltages are required to fully stop ion beams of different
energy and charge state, the retarding potential is scaled by a factor
of q/E,, which allows for a direct comparison between different ion
beams.

Fig. 6 shows the experimental transmission curves for ion beams of
2 keV He!* (gray), 12 keV Sn** (ochre), and 17.5 keV O°* (turquoise).
The same I(V) response is observed for all ion beams. As the retard-
ing voltage is increased, the transmission fraction initially increases
slightly. Below the blocking voltage of the ions, the signal exhibits a
pronounced dip followed by a sharp peak. The increase in measured
current is counterintuitive, since a higher potential should only reduce
the transmitted ion current. The resulting dip and peak might therefore
produce nonphysical features in the derived energy distribution. The
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Fig. 7. Experimental transmission curves for Sn** beams at various kinetic
energies. While higher-energy beams follow the characteristic transmission
shape, low-energy beams show deviations caused by the stronger relative
influence of the suppressor potential.

inset of Fig. 6 shows the negative derivative of the transmission curves,
corresponding to the IEDF. The consistency of I(V) responses for the
different ion beams indicates that the observed transmission function
is a generic feature of the specific RFA used.

Fig. 7 shows the measured transmission curves for an Sn* jon beam
of different energies. While the shape of the curve is retained for the
highest energies, it slightly changes if the ion energy is lowered well
below 1 keV. A likely explanation for this behavior lies in the fixed
suppressor voltage of —100 V used throughout the measurements. The
effect of the fixed suppressor voltage on the transmission function will
be discussed in more detail in Section 5.2.

5. Simulation results

The following results are obtained from ion trajectory simulations
of 4 keV He!* ions through the different grid-model configurations
illustrated in Fig. 5. Although the experimental results (Fig. 6) showed
that the transmission curve is insensitive to the choice of projectile
(with keV energy), using 4 keV He'* in the simulations maintains
consistency with the experimental dataset. A fixed suppressor voltage
of —100 V is used for all simulation models, unless stated otherwise.

5.1. Perfect grid alignment (Model 1, T,

o = 81%)

Model 1 has a grid configuration with all its grids perfectly lined
up behind each other. The results of the trajectory simulations are
presented in Fig. 8. The top panel of the figure depicts the fraction of
ions that end up in the Faraday cup, and represents the ion transmission
through the RFA. In the lower panels, each panel corresponds to a
specific grid and shows the fraction of ions intercepted by that grid,
i.e. the splat fraction.

The ion transmission is strongly affected by the applied retarding
voltage and clearly deviates from both the single-grid transmission
of 81% and the 43% calculated by the transmission multiplication
rule. Over the retarding voltage range of 0 to 4 kV, the average ion
transmission is 64%, as indicated by the black dashed line.

Ions flying into the detector perpendicular to the grids will only be
obstructed by the first grid, the entrance grid. Therefore, when no bias
is applied to any one of the grids, an ion transmission equal to the
single-grid transmission of 81% is expected. This value is reproduced
by the simulations. At low barrier voltages, the transmission decreases
smoothly to approximately 55% at about three-quarters of the bias
needed to fully block the ions. At high barrier voltages, the transmission
starts to show irregular wiggles, before it fully drops to zero, see
top panel of Fig. 8. The figure shows that the decreasing trend in
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Fig. 8. Simulation results of the transmission (top row) and splat fraction
(lower rows) for a 4 keV He!* beam through an RFA configuration with lined
up grids. The optical transmission of this model is 81%.
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Fig. 9. Compilation of the xy-position of the 4 keV He!* ions (out of the 10°
incoming ions) which splat on either the R,-grid (orange), R,-grid (green), or
S-grid (red), as they pass the entrance grid for different retarding voltages,
as obtained from simulations using model 1. Each point represents a single
splatted ion, color-coded according to the grid on which they splat. The
entrance grid itself is colored in blue.

transmission is caused by an increased splatting on the R;-grid. The
wiggles are by and large related to ions hitting the suppressor grid
(S-grid), and to a lesser extent the second retarding grid (R,-grid).

For a selection of retarding voltages, the xy-positions of obstructed
ions as they pass through the entrance grid are shown in Fig. 9. Each
point in these figures represents a single splatted ion, color-coded
according to the grid on which it splatted (see Fig. 5). It is shown that
the initial smooth decrease in transmission due to an increasing number
of ions splatting on the first retarding grid (R,-grid), as shown in Fig.
8, stems from lensing effects at the entrance grid (G-grid).

5.2. Staggered grid alignments (Models 2, T,,, = 64%)

The simulation results for staggered configurations (models 2a-g,
see Fig. 5) are shown in Fig. 10. For clarity, the ion transmission (gray
area) is plotted together with the splat fractions of the individual grids
(colored areas). Note that all seven configurations of model 2 have
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the same optical transmission of 64%. To make sure that together all
contributions add up to unity, the ions which at qV/E, > 1 get back-
reflected and end up outside (O) of the RFA are represented by the
purple area.

Except for configuration 2g, all transmission curves show a behavior
similar to model 1: an initial decrease in ion transmission (from 64% to
about 40%) followed by the occurrence of wiggles just below the drop-
off voltage. Below, we discuss the recurring features in the transmission
curves (Fig. 10) and relate them to the way the grids are consecutively
stacked (see Fig. 5).

Low barrier voltages (qVy/E, < 0.6)

The initial decrease in ion transmission is associated with an in-
creased splatting on the R,-grid (orange area) in configurations 2a-c,
where R, is aligned with the entrance grid, as in model 1. In 2d and
2e, the R,-grid is staggered, leading to a constant splatting fraction on
R,. The first grid aligned to the entrance grid is R,, and accordingly
the decrease in ion transmission originates from splatting on the R,-
grid. In 2f, only the suppressor (S) grid is aligned, while both retarding
grids are staggered; here, the decrease in ion transmission results from
increased splatting of the S-grid (red area). These findings indicate that
the initial decrease in ion transmission arises whenever at least one
consecutive grid is aligned with the entrance grid. The voltage at which
this decreasing trend stops is determined by the distance between the
entrance grid and the first aligned grid. Since the R,-grid is positioned
further downstream, and the suppressor even further, a smaller poten-
tial gradient is sufficient to produce comparable focusing and splatting
effect at larger separations. In 2g, where all grids are staggered with
respect to the entrance grid, no such decrease is observed.

The transmission behavior for low barrier voltages across config-
urations 2a-g is largely determined by which grids are aligned with
the entrance grid and how subsequent grids are staggered. An initial
transmission drop consistently appears whenever at least one grid is
directly aligned, while configurations with all grids staggered (e.g., 2g)
avoid this feature.

High barrier voltages (qVy/E, > 0.6)

Ton splatting on the suppressor grid determines the wiggle structure
in model 2a and model 2f. In these cases, the suppressor grid is
staggered while the two retarding grids are aligned (see Fig. 5). For
model 2a, the xy-positions of the splatted ions as they pass through
the entrance grid are shown in Fig. 11 for a selection of high barrier
voltages. At voltages between 80%-90% of the blocking voltage, nearly
all ions not intercepted by the first retarding grid are focused onto the
suppressor. This causes the ion transmission to drop to almost 0 in that
voltage range.

Fig. 10 also shows that the oscillatory features in configurations
2b—e are primarily driven by splatting on the second retarding grid
when it is staggered relative to the first. The oscillations are weakest
in 2g, where both retarding grids and the suppressor grid are aligned.
Overall, pronounced oscillations in ion transmission occur when either
the second retarding grid or the suppressor grid is staggered with
respect to the first retarding grid.

For high barrier voltages, the presence and strength of oscillations
depends on the interplay between the retarding grids and the sup-
pressor grid: oscillations are strongest when one of these is staggered
relative to its predecessor, and weakest when they are all aligned.
These general trends highlight how grid alignment governs both the
baseline transmission level and the detailed shape of the transmission
curves. Remarkably enough the highest and most constant transmission
is found for configuration 2g (see Fig. 10) in which neither grid R, R,,
nor S is aligned with the entrance grid.
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Fig. 10. Compilation of simulation results for the transmission (gray shaded
area) through all the different model configurations with the same optical
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that end up outside (O) of the RFA are represented by the purple areas.

The effect of the suppressor

So far, we have seen that the RFA transmission can be well repre-
sented by a single common function using a scaled argument of ¢V, /E,,.
However, this neglects possible effects of the suppressor voltage. The
suppressor is held at a constant value in this case of —100 V, and
this voltage becomes increasingly significant for lower energy beams,
as was already indicated in Section 4. Using model configuration 2a,
Fig. 12 (top panel) presents simulated transmission results for ions
with kinetic energies from 4000 eV down to 10 eV. In addition to the



L. Assink et al.

VR = O.SSEQ

0.1

0.0
=0.1 ’
=
-‘5 V& = 0.97Eo
20.1 : 22
>

o
o

-0.1

¢ %
-0.1 0.0

0.1-0.1 0.0
X position

0.1-0.1 0.0 o0.1

Fig. 11. Compilation of the xy-position of the ions (out of the 10° incoming
ions) which splat on either the R;-grid (orange), R,-grid (green), or S-grid
(red), as they pass through the entrance grid for different retarding voltages,
as obtained from simulations using model 2a. Each point represents a single
splatted ion, color-coded according to the grid on which they splat. The
entrance grid itself is colored in blue. For these simulations a total number
of 10° incoming ions is used.

=10 eV 20 eV 50 eV 100 ev 4000 eV

0.6

0.4

0.2

)

transmission fraction

0.0 PERFEI SR BT T NS T e S S N

0.6

/

/
il INETITE N EE

0.4

0.2

supp. splat fraction

Ly oo o by 0 by by s 1

0.0
0.0 0.2 0.4 0.6 0.8 1.0

scaled retarding potential
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on the suppressor grid (bottom panel) for ions with energies of 4000, 100, 50,
20, and 10 eV flying through RFA model 2a. For all simulations, the suppressor
voltage is —100 V.

transmission function, the splat fraction on the suppressor grid is shown
to highlight its contribution.

First of all, in between ¢V,/E, is 0.6 and 0.9 the link between
decreased transmission and increased suppressor splatting is clearly
visible. The precise width of the range depends on the energy of the
ions: the lower the ion energy, the earlier the loss in transmission starts.
In addition there is a slow shift of the transmission peak towards lower
potentials with decreasing ion energy. This signals the enhanced effect
of the negative suppressor voltage on the potential at the position of the
second retarder grid (R,) when the maximum retarder voltage needed
to block the ions gets lower for low-energy incoming ions. Together
with the suppressor voltage constituting an increasing contribution to
the energy of the ions, this turns the retarder—suppressor system into a
strong electrostatic lens.

In practice, this behavior implies that a fundamental trade-off in
the design and operation of retarding field analyzers is required for low
energy ions (E;, <100 eV). The suppressor potential is indispensable for
minimizing secondary electrons from escaping the FC. However, when
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Fig. 13. Comparison of simulation transmission curves for different combi-
nations of ion beam energy (E,) and suppressor voltage (Vg). The curves
corresponding to V5 = —100 V are identical to those shown in Fig. 12 and
are included here for direct comparison of similar |gE,/V;| values.

kept constant at a relatively high value, it can disproportionately affect
the transmission of low-energy ions. As a rule of thumb, Fig. 12 suggests
that if |gE,/V;| > 1, the effect is not yet significant.

At smaller ratios of |gE,/V,| the common transmission curve needs
to be adjusted or one needs to accept that the absolute current measure-
ment is slightly higher due to secondary electrons escaping from the
FC. This effect is likely negligibly small as for low-energy ions and in
particular for singly charged ions the secondary electrons have energies
well below 20 eV. For low-energy measurements, a suppressor voltage
of =100 V is therefore typically not needed. We investigated whether
similar transmission curves are obtained for identical |gE,/V;| ratios
at lower ion beam energies and correspondingly reduced suppressor
voltages. Fig. 13 compares the cases of 50 eV and 100 eV ion beams
with a suppressor voltage of —100 V (corresponding to |¢E/V;| ratios
of 0.5 and 1, respectively), as presented in Fig. 12, with the combi-
nations of 10 eV and —20 V (|gE,/V,| = 0.5) and 50 eV with —50
V (IgEy/V,| = 1). It is observed that the transmission curves overlap
closely when the same |gE,/V;| ratio is maintained, indicating that the
transmission behavior is primarily governed by this ratio rather than
the absolute suppressor voltage.

5.3. Random grid alignment (Model 3, T,,, = 47%)

Model 3 has a grid configuration that resembles the actual RFA
shown in Fig. 2. None of the grids are either aligned nor staggered with
respect to the entrance grid. The results of the trajectory simulations are
shown in Fig. 14.

From the figure it is seen that now with the grids arranged randomly
rather than in a strictly aligned or staggered manner, the transmission
curve becomes noticeably flatter. No single grid dominates the loss
of ions by splatting, and their contributions are more evenly spread
out over the retarder voltage range. Consequently, the characteristic
initial drop and oscillatory structures seen in the ordered configurations
are largely suppressed. This suggests that randomization effectively
averages out the grid-specific effects, leading to a smoother and more
uniform transmission behavior. These findings are consistent with the
experimental results shown in Fig. 6, which exhibit only a slight change
in transmission at low barrier voltages. However, the pronounced dip
and peak present in the experimental figures are not reproduced by
the simulations. This discrepancy may partly arise from the simplified
nature of the simulation model with randomly aligned grids, which
only approximates the complex grid stack configuration illustrated in
Fig. 2.

In addition, another factor might be beam divergence. The maxi-
mum angle defined by the collimating diaphragms in our experimental
setup is approximately 1°. To assess the effect of a small inclination
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Fig. 15. Simulated transmission characteristics for the “random” grid config-
uration (model 3) for a 4 keV He* ion beam at normal incidence (black solid
line) and at 1° inclination (purple dashed line) with respect to the grid normal.

angle of the incoming beam, an additional simulation was performed
and is shown in Fig. 15. It appears that the inclusion of a small inclina-
tion angle in the incoming beam even further flattens the transmission
curve.

Both non-ideal alignment and beam divergence have the tendency
to flatten the transmission curve of an RFA, implying that RFA de-
sign should not aim for perfect grid alignment. This complements the
work of Trottenberg et al. [23] who reached the same conclusion for
rotational grid alignment of grids with circular holes.

6. Conclusion

In this work, the voltage-dependent transmission of a four-grid
retarding field analyzer has been investigated through a combination
of monoenergetic ion-beam experiments and detailed ion-trajectory
simulations. Experimentally, all investigated ion species and charge
states experience the same characteristic transmission-voltage response
when the retarding voltage is scaled by ¢V /E,, demonstrating that the
observed behavior is an intrinsic property of the analyzer rather than a
feature of the incoming beam. Initially, the transmission changes only
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weakly with retarding voltage, followed by a pronounced dip and sharp
peak just below the cutoff voltage. At lower ion energies, deviations
from this universal curve occur due to the increasing relative influence
of the fixed suppressor potential.

The simulations reproduce the essential features of the measured
transmission curves and provide a physical explanation of their origin.
They show that the transmission is affected by electrostatic lensing
effects arising from the grid apertures and their relative alignment. As
a retarding voltage is applied, these lensing effects slightly bend ion
trajectories in particular the ones passing through the grid near the grid
wires. This enhances the probabilities of interception by the subsequent
grid(s). Which one of the grids that dominates the ion loss depends
on the relative alignment of consecutive grids. In particular, aligned
grid pairs promote voltage-dependent focusing that leads to systematic
transmission losses, while staggered or randomly aligned configurations
tend to suppress such effects.

Near the cutoff voltage, the suppressor grid plays a decisive role in
shaping the transmission function. For certain grid configurations, ions
that pass the retarding grids are strongly focused onto the suppressor,
producing oscillatory features in the transmission curve. These oscil-
lations are most pronounced when the suppressor or second retarding
grid is staggered with respect to its predecessor. At low ion energies, the
fixed suppressor voltage significantly alters the effective retarding field,
shifting and distorting the transmission curve and imposing practical
constraints on absolute flux measurements.

Overall, the results demonstrate that RFA transmission cannot be
adequately described by simple optical transparency estimates or by
multiplicative transmission rules. Instead, transmission is a voltage-
dependent function determined by an interplay of grid geometry, align-
ment, spacing, and electrode biasing. Accurate quantitative interpre-
tation of RFA measurements therefore requires explicit considerations
of this transmission function, particularly when deriving the ion en-
ergy distribution function or measuring absolute ion fluxes. These
findings underscore the importance of analyzer specific calibration or
simulation-based correction methods and provide clear guidelines for
the design and operation of RFAs with improved and more stable
transmission characteristics.
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