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ABSTRACT

We modified the xpdp1 1d3v particle-in-cell plasma simulation code, adding 2 conductive
grids to the system. Leaving one grid to the floating potential, and driving the potential of the
other  grid directly,  we simulate  a  retarding-field ion energy analyzer  (RFA),  and directly
compare the measured and real plasma energy distribution. Setting the opacity of the plasma-
facing grid to near-1, we reduce the disturbance the RFA causes, approximating its small area
compared to the plasma container surface in experiments. We examine the cases of a planar
plasma source and volume ionization, both with a Maxwellian distribution, and compare the
RFA characteristic if Monte-Carlo charged-neutral interactions with the background gas and
simplified secondary emission from the plasma vessel walls and RFA grids are included in the
simulation.

1 INTRODUCTION

Plasmas have many practical applications, from surface processing to nuclear fusion.
We often wish to measure various quantities of the plasma, such as density, plasma potential,
temperature,  and  energy  distribution.  But  that  turns  out  to  be  difficult,  because  our
measurements non-negligibly affect the plasma, distorting the results. It is here that numerical
simulations are useful, because they allow us to calibrate our measuring systems, or conduct
an experiment entirely inside a simulation, as well as perform measurements we would be
unable to do outside a simulation. We attempt to simulate an ion energy analyzer, with the
hope of  yielding useful  data  for  its  calibration,  especially since  in  real  experiments,  it  is
difficult to get a known ion temperature for this purpose.
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2 ION ENERGY ANALYZER

An ion energy analyser is composed of 3 elements, seen in Figure 1: the collector plate
on the left side, the discriminator grid in the middle, and the deflector grid on the right. By
leaving the deflector on a floating potential, it will, in a typical plasma, become negatively
charged, and deflect electrons. The voltage on the discriminator grid is driven directly, only
allowing ions with sufficient energy to pass. Finally, the deflector grid is set to a very low
voltage, lower than the discriminator, so that all the ions that pass the discriminator reach the
collector plate.

We measure the current-voltage characteristic, where the current is proportional to the
amount of ions with sufficient energy to pass the discriminator [1]:

ji(U d)=e0∫
vmin

∞

vx f (vx )dv x , (1)

vmin=√2e0U d /mi , (2)

where ji is the ion current density, Ud  the deflector grid voltage, mi is the ion mass, f the ion
velocity distribution, and e0 the base charge, taken to also be the charge of the ions. From this
we can derive the ion energy distribution as

f (v x)=
−mi

e0
2

dji

dU d

. (3)

Additionally in the case of a Maxwellian distribution

ji(U d)= jis exp (
−e0 Ud

k BT i

) , (4)

where jis is the saturated ion current, kB is the Boltzmann constant, and Ti is the ion 
temperature.

3 PARTICLE SIMULATIONS

Due to plasma self-interaction, and the analyzer's effect on the surrounding plasma, the
measured characteristic does not necessarily agree with theory. Thus we resort to numerical
solutions,  specifically  particle-in-cell  simulations.  While  2  and 3  dimensional  simulations
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Figure 1: A simple ion energy analyzer circuit. The dashed lines represent semipermeable
grids. Both the grids and the collector plate are insulated form the plasma vessel.
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yield more accurate results, they are computationally too expensive, so we use  XPDP1 [2] - a
1d3v  code,  meaning  it  simulates  only  one  spatial  and  3  velocity  dimensions.  It  is  an
electrostatic code, with an optional external homogeneous constant magnetic field imposed.
Thus Maxwell's equations are approximated to

∇×B=0 , (5)

∇×E=0 , (6)

∇⋅B=0 , (7)

∇⋅E=
ρ
ϵ0

, (8)

where ρ is the charge density, ε0 is the dielectric constant, and E and B are the electric and
magnetic field, respectively. Adjusting the equations for a one-dimensional discrete grid, we
arrive at the difference equation

ϕi−1−2ϕi+ϕi+1=
−Δ x2

ϵ0
ρi , (9)

where Δx is the distance between adjacent grid points, and φi is the electric potential at 
position iΔx. Charge density is calculated using a simple cloud-in-cell weighing scheme, and 
the field felt by the super-particles is weighed in the same way. This, coupled with boundary 
conditions, allows us to calculate the potential, and from it the electric field, using simple 
linear algebra. The equations of motion for the particles are integrated using the standard 
Boris method [3].

XPDP1 only supports conductive plates bounding the plasma at each end, and not semi-
permeable grids inserted within the system. So to simulate an ion energy analyzer, we 
modified the program to support such grids. The new circuit used is shown in Figure 2, where 
each grid has an individually adjustable permeability. U1, which we shall refer to as Ud, is 
slowly stepwise changed over the course of a simulation, first increasing for a number of 
fixed size steps, then decreasing, etc. When measuring the current-voltage characteristic, Ud 
first remains constant for a defined initialization time, then, after each stepwise change, the 
program waits for a stabilization time, so the system reaches an equilibrium, before initiating 
the current measurement on the collector plate for another set amount of time - the sampling 
time. The lack of a hysteresis on so obtained characteristics can serve as our assurance that the
chosen stabilization time is sufficient.

4 SYSTEM SETUP

The system we wish to simulate is that of a plasma bounded between two floating-
potential electrodes, with a source region in the centre, and with source-free regions on either
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Figure 2: Circuit used for XPDP1_rfa. The dashed lines
represent semipermeable grids inserted in the plasma.
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side, as can be seen in Figure 3. Because the ions generated are colder than the electrons,
there is a positive charge build-up in the source region, which causes the potential drop to the
source-free region [4]. According to reference [5], this drop is not affected by the size of the
source region, so we may reduce it to a planar source. And due to the systems symmetry, it is
sufficient to simulate only half of it, provided we reflect the particles leaving the system at the
source side - we accomplish this by enabling the reflux option, present in both XPDP1 and
XPDP1_rfa.

5 MEASUREMENTS

We run all our simulations with U0 set to -80 V, the deflector grid set to a floating
potential,  and driving the discriminator  grid with U1,  which we shall  refer  to as  Ud.  The
permeability of the deflector grid is set to 0.2, to approximate the small size of real ion energy
analyzers compared to plasma vessel walls, while the permeability of the discriminator grid is
set to 0.9, to let as many ions through as possible, and thus reduce the statistical error. The gas
used was argon, with only single ionization allowed, and secondary emission on the plates
and  grids  was  disabled,  as  were  ion  and  electron  interactions  with  the  neutral  gas.  The
electron temperature was always  2 eV,  the ratio  between physical  particles and computer
super-particles was 109,  Δx = 8.35∙10-5  m, Δt = 4∙10-11  s, the distance between the collector
plate and discriminator grid was 3 mm, and the distance between the deflector grid and the
right edge of the system was 4 mm.

5.1 Grid thickness

Setting the ion temperature to Ti  = 0.1 eV, ion current density to j i  = 0.628 A/m2, and
electron current density to je = -758 A/m2, we then altered the inter-grid distance and measured
the I-V characteristic. The results are seen in Figure 4. We also measure Umax, defined as the
maximum potential in the area between the grids, averaged over a sampling period. 
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Figure 3: The original plasma system (upper picture), an equivalent system with planar
sources (middle), and the final system, using only one half due to symmetry. The ion energy

analyzer grids are omitted.
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We notice that for d=0.6mm and d=1.4mm, Umax always equals Ud, so we would expect
the characteristics to be the same. The reason they differ is because for a narrow peak of
potential  Upeak,  the  energy required  for  a  particle  to  pass  is  less  than  Upeak.  Omitting  the
derivation for brevity, we can see this intuitively, because a cloud-in-cell particle of thickness
Δx will never lie entirely on the potential Upeak, which occupies a much narrower space. It
turns out that Upeak must remain constant for 3 grid points, for particles passing over it to
require exactly Upeak energy. So we modify XPDP1_rfa to have grids of thickness  2Δx, and
the initial  potential  is  also expanded to be constant  for  a  distance of   Δx,  for  analogous
reasons.  Repeating  the  measurement  with  a  so  modified  program,  we  find  that  the
characteristics for d=0.6mm and d=1.4mm now match. Meanwhile, for d=2.2mm, Upeak differs
from Ud, for reasons we will explore later. From this point on, all simulations are conducted
with widened grids. The subscript 'simulated' shall denote quantities exactly as found in the
simulation,  while  'measured'  denotes  their  values  as  obtained  from  the  simulated
measurement. No non-computer-simulated experiments were performed.

5.2 Ion temperature 1

Setting d=0.6mm, ji=-je, and with ji proportionate to the ion thermal velocity, with ji=1.4
A/m2 at Ti=0.5 eV, we measure the current-voltage characteristic at different ion temperatures.
The results are shown in Figure 5.  For this inter-grid distance, Umax=Ud still holds. Fitting
lines to the linear portions of the characteristics, we calculate T i, summarizing the results in
Table 1. We notice that, while the relative error increases as T i falls, the agreement between
simulation and theory is good.

Table 1: Measured ion temperatures compared to the real ones, for d=0.6mm.

Tsimulated [eV] 0.5 0.8 2 5 10

Tmeasured [eV] 0.35 0.97 2.2 5.3 10.7
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Figure 4: Collector current density versus discriminator
potential. d denotes the inter-grid distance.
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5.3 Ion temperature 2

We repeat the prior simulations, but with d=1.4mm. We find that Umax no longer equals
Ud, as seen in Figure 6. The relationship is now non-linear, due to the buildup of deflected
ions in front of the discriminator grid, which raise the potential above Ud.

The current-voltage characteristic, shown in Figure 7, is now distorted, and we do not expect
it to yield the correct ion temperature. However, even using a smoothed Umax in place of Ud,
yielding the corrected characteristic in Figure 8, still does not yield the correct temperature.
We  suspect  this  is  due  to  the  highly  time-varying  nature  of  Umax,  further  distorting  our
measurements. We also notice that the measured ion temperature stops falling below 2 eV,
which qualitatively matches real experimental results.
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Figure 5: Collector current density versus discriminator voltage, for inter-grid distance
d=0.6mm.

Figure 6: Maximum inter-grid potential versus discriminator grid voltage, for
inter-grid distance d=1.4mm.
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Table 2: Ion temperatures calculated using the discriminator potential and the maximum
intergrid potential, compared to their real values, for inter-grid distance d=1.4mm.

Tsimulated[eV] 0.5 0.6 0.7 0.8 2 5

Tmeasured U[eV] 3.23 4 4.17 2.78 4.55 9.09

Tmeasured Umax[eV] 2.7 2.38 2.56 1.67 2.56 5.88

6 CONCLUSIONS

Much light has been shed on the behaviour of retarding field ion energy analyzers. It
appears that a too large inter-grid distance has a detrimental effect on accuracy, due to the
buildup of ions between grids, which inflate the retarding potential above the one set by the
discriminator grid, as seen in Figure 9. However, in practice, we are unable to reduce this
distance too much, due to the possibility of electric breakdown of the gas. A viable approach
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Figure 7: Collector current density versus discriminator grid
potential, for inter-grid distance d=1.4mm.

Figure 8: Collector current density versus maximum inter-grid
potential, for inter-grid distance d=1.4mm.
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might be to lower the deflector grid permeability, which would reduce the amount of ions
between the grids, and thus reduce their effect on the discriminator potential.
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Figure 9: Electric potential for Ti=0.8 eV, d=2.2 mm, and with the
retarding potential set to 0 V. The left dashed line marks the discriminator

grid, and the right line marks the deflector grid.
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