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Samples of molybdenum, amorphous graphite, and Invar were mounted—one material at a
time—inside a graphite QinetiQ T5 ion thruster discharge chamber and biased at different
potentials with respect to the discharge plasma potential. Discharge plasma properties were
measured with Langmuir probes. Biasing the samples attracted ions at known energies,
ranging from 50-150 eV. By monitoring the ion current to each sample over the duration of
the experiment and measuring the mass of the samples before and after ion bombardment,
a quantitative calculation of sputter yield was made for each sample. Results for
molybdenum and Invar matched Yamamura and Tawara’s 1996 semi-empirical sputter
formula. The amorphous graphite samples showed significant erosion due to sputtering
when biased below the predicted threshold energy, suggesting that sputter threshold is still
not fully understood. Erosion rates in mg/hour are also presented for each material and
bias, with graphite having 1/30 to 1/10 the erosion rates of the other materials.

Introduction
In ion engines, thruster components experience erosion
due to a process called ion sputtering. This erosion
can be divided into two types: high-energy sputtering
of the grids, and low-energy sputtering of the
discharge chamber components. Grid erosion is
generally recognised as the main lifetime-limiting
mechanism for ion engines1-3. However, erosion of
discharge
chamber
components
does
limit
performance1,4 and can potentially cause grid shorts
due to spalling5,6.
Discharge chamber erosion is also worthy of
consideration because performance in the chamber
affects grid erosion. If more propellant is ionised in
the discharge chamber, fewer neutral particles leave
the chamber, and there is less grid erosion due to
charge-exchange ions. Charge exchange erosion is the
dominant wear mechanism for the accelerator grid7,8.

*

To ionise more propellant in the discharge chamber,
the electron energy, and therefore the plasma potential,
must be increased. Sputtering in the discharge
chamber is related to the plasma potential, so an
increase in plasma potential means an increase in
erosion due to sputtering.
The ions in the discharge chamber of the Kaufmann
ion thruster have energies well below 100 eV. No
previous experimental sputter yield data have been
reported for sputtering below 100 eV with xenon ions
incident on materials commonly used in ion thrusters911
. Increased knowledge of low-energy sputtering
could lead to better lifetime predictions for discharge
chamber components and greater understanding of
trade-offs between maximised thruster performance
and increased sputter erosion.
This paper describes research that was conducted to
gather data on low-energy sputtering of a variety of
materials through a range of energies. An ion thruster
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was used as an ion source, with material samples
mounted in the discharge chamber and biased at
different potentials to attract ions at a range of
energies. The ion current to each material sample was
monitored over the duration of the experiment, and the
mass of the samples was measured before and after ion
bombardment. Knowing the ion current and mass
loss, quantitative calculations of sputter yield—
defined as the number of atoms sputtered for each
incident ion—were made for each sample. Attempts
were made to account for doubly charged ions.
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M1 and M2 are the masses of the incident ion and
target atoms, respectively.
Sn =

Sputter Yield
Empirical Formula
In 1969, Sigmund published the following formula for
sputter yield with normally incident ions onto a
monatomic surface based on the Boltzmann transport
equation12:
Y =

0.042αS n
Us

(1)

Y is sputter yield, Sn is the nuclear stopping crosssection, and α is a function of the masses of the
incident ion and the target atom. Us is the surface
binding energy of the target material and is generally
assumed to have the same value as the heat of
sublimation. This formula works well for most sputter
scenarios, but is not accurate for sputtering by light or
low-energy incident ions 9.
The semi-empirical sputter yield formula evolved,
changing often as new data were gathered. The latest,
most comprehensive semi-empirical equation was
published by Yamamura and Tawara in 19969:
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Z1 and Z2 are the atomic numbers for the incident ion
and the target atom elements, and sn is the reduced
nuclear stopping power:
sn =

3.441 ε ln (ε + 2.718)
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Γ is a parameter describing the contribution to sputter
yield of the mechanism whereby ions penetrate deep
into the surface of the material, collide with atoms, and
are reflected back to sputter material at the surface.
This mechanism is most common with light, fast
incident ions. The other mechanism accounted for in
this semi-empirical equation is most common with
slow, heavy ions and consists of the ion interacting
with and causing cascades amongst the atoms near the
surface of the material.

s

Γ=

(2)

Q and s are fitting parameters, dependent on the target
material. Yamamura and Tawara provide a table of
these parameters for an extensive list of elements. E is
the energy of the incident ion, and Eth is the threshold
energy. The threshold energy is the energy of the
incident ion below which sputtering should not occur.
The other components of the equation are defined as
follows:
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W is another fitting parameter that is dependent on
target material and given in a table in reference 9. ke is
the Lindhard electronic stopping coefficient:
k e = 0.079
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Yamamura and Tawara define the threshold energy as:
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γ is the energy transfer factor, representing the
maximum energy transferred in an elastic collision:
γ =

4M 1M 2

(M 1 + M 2 )2

(10)

In this experiment, the ions are believed to be
normally incident onto the surfaces of the material
samples because the mean free path between ion
collisions with other ions and neutral atoms is much
larger than the sheath thickness.

shielded with amorphous graphite. A graphite T5 was
chosen because graphite is believed to have a much
lower sputter yield than materials normally used.
During the experiment, sputter from discharge
chamber components could deposit on the material
samples, causing error in the sputter yield
measurements. Using a material with a low sputter
yield minimises the error due to sputter deposits from
the discharge chamber components.
Because the thruster was only used as an ion source
and no beam was drawn, there was no neutraliser and a
single, 5-mm thick carbon grid replaced the triple-grid
acceleration system. This grid was used to mount the
material samples and to maintain the gas pressure
within the discharge chamber at a nominal level.

Although Invar is not a monatomic solid, the above
equations are valid for calculating Invar sputter yields.
For iron- and nickel-based alloys—Invar is a 36%
nickel-iron alloy—the calculated sputter yield is
assumed to be a weighted combination of the
contributions to sputter yield of each element13.
Threshold Energy
The value and even the existence of threshold energy
for every ion-target combination have been widely
debated. A variety of equations—mainly based on
binding energy, the energy transfer factor, and some
experimental data—have been published for threshold
energy for ions with both normal and oblique
incidences9,14-17.

Figure 1—Graphite T5 with modified mounting grid,
material samples, and Langmuir probes

For most materials used in this experiment, the
threshold energy for bombardment with xenon atoms
is assumed to be lower than 50 eV. The energies
studied in this experiment were between 50 and 150
eV, so the threshold limit was not explored for these
materials. The exception was carbon, which in most
literature is assumed to have a threshold higher than
130 eV when bombarded by normally incident xenon
ions9,15.

The thruster settings were different from those of
nominal operations. For each experiment, parameters
were adjusted until the discharge voltage was near 40
V and as steady as possible. Because no beam was
drawn, no main flow was necessary to ensure adequate
current to the material samples. For comparison,
Table 1 lists nominal operating parameters for the T5,
as well as operating parameters for this experiment.

Experiment
The ion source is a QinetiQ T51 discharge chamber—
the apparatus is shown in Figure 1. The anode and
chamber wall are made of amorphous graphite, and the
backplate, inner pole, outer pole, and baffle are

Table 1. Comparison of Thruster Parameters for
Nominal Operations and Erosion Experiment

Erosion Experiment
34.6-43.0 V
1.3-1.5 A
300-400 mA
0.1 mg/s
None

During each experiment, one of the mounted samples
was biased at a low potential (6 V or lower). This
sample did not sputter and instead collected deposits
from the sputtering of the other samples and discharge
chamber components. The amount of deposit on this
sample was used to estimate error in the sputter yield
measurements due to sputter deposition.

In each experiment, 15 material samples—all made of
the same material—were mounted on the grid at a
radius of 4.5 cm. Each of the samples was biased at a
different potential with respect to the anode. The
difference between the anode and plasma potentials
was determined using Langmuir probes periodically
throughout the duration of each experiment. For
graphite, the sample biases ranged from 50-150 V, and
for the other materials the biases ranged from 50-100
V.

For each experiment, several extra material samples
were made and weighed. These extra samples were
then subjected to everything that the experimental
samples were subjected to, except for sputtering. The
changes in mass of the extra samples were used to
calculate error from material loss in the samples due to
non-sputter processes like outgassing in vacuum and
any drift in the microbalance.

Discharge Voltage
Discharge Current
Magnet Current
Cathode Flow Rate
Main Flow Rate

Nominal
38 V
2.6 A
200 mA
0.1 mg/s
0.6 mg/s

Two cylindrical Langmuir probes were mounted on
the grid (see Figure 1) at the same radius as the
material samples and with their tips approximately 3.5
mm closer to the backplate than the sample surfaces.
One was made of molybdenum and the other of
tantalum, and both had a tip of length 2 mm and radius
0.5 mm. Molybdenum and tantalum have different
work functions, so both probes were used for each
measurement in order to account for errors due to
photoemission or secondary electron emission.
Contamination is usually not a problem for xenon
plasmas in cryopumped vacuum systems18, but as a
precaution, the probes were subjected to ion
bombardment to clean them before taking each trace.
Prior to each experiment, the material samples were
weighed using a microbalance with a sensitivity of 0.1
µg at the National Physical Laboratory in Teddington,
UK. The samples were weighed again after ion
bombardment to determine their mass loss.
The bias of each material sample with respect to the
anode potential and the ion current to each material
sample were monitored throughout each experiment
using a data acquisition unit. The ion current density
ranged from 1.9-4.8 mA/cm2. The mass loss and ion
current were used to calculate sputter yield. The
biases of the samples with respect to anode potential,
along with Langmuir probe data on plasma potential,
were used to calculate the ion energies to within ±1V.

The thruster was mounted in a 0.5-m diameter vacuum
chamber, cryopumped to a background pressure of
approximately 5 x 10-8 torr with the thruster off. The
background pressure stayed just under 10-5 torr with
the thruster on. Partial pressures of certain gases were
measured throughout each experiment, using a mass
spectrometer mounted on the vacuum chamber. When
the thruster was running, partial pressures of water and
air were on the order of 10-9 torr, and O2 and carbon
dioxide were on the order of 10-10 torr.
A high facility background pressure can affect sputter
yield.
In particular, nitrogen chemisorbs to
molybdenum, creating a buffer and causing the
measured sputter yield to be lower than it would be in
a completely clean environment19. Also, oxygen,
water vapour, and nitrogen have been shown to react
with carbon, causing it to erode more and appear to
have a higher sputter yield than it should20. In this
experiment, the facility background pressure and
partial pressures were low enough to assume that they
would have little affect on sputter yield.
Each experiment tested a different material and lasted
approximately 200 hours.

Results and Discussion
Erosion Rates
Erosion rates are given for each material and bias in
Figure 2. Over the range of 50-100 eV, the erosion
rates for molybdenum and Invar are comparable and
are 10-30 times greater than those for amorphous

graphite. Also, the increase in erosion rates for
graphite is shallower than for the other materials.
Over the range of 50-100 eV, the erosion rate for
graphite increases approximately one order of
magnitude. Over the same range, the erosion rates for
the other materials increase by nearly two orders of
magnitude. This suggests that a large increase in
discharge plasma potential would have a much smaller
impact on erosion of graphite discharge chamber
components than on erosion of components made of
molybdenum or Invar.
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can be neglected21.
In reference 21, data were gathered showing that the
fraction of doubly charged particles is dependent on
anode voltage and main flow rate. As anode voltage
increases, so does the fraction of doubly charged
particles. This fraction also increases as flow rate is
decreased, implying that for this experiment there
should be a high fraction of doubles. However, the
sputter yield data suggest that this fraction is low. For
comparison, attempts were made to account for
doubles based on doubly charged ion fractions of 1%,
5%, and 10%.
Doubly charged particles change the calculation of the
total number of ions to the surface because they
contribute twice the charge of a singly charged ion to
the ion current. Also, for a material sample set at a
particular bias, doubly charged ions will bombard the
surface of the sample with twice the energy of singly
charged ions, and will therefore cause a larger amount
of sputtering and influence the sputter yield
calculation. These factors are considered when
attempting to account for doubly charged ions in the
sputter yield calculation.

Bias Voltage (V)

Figure 2—Comparison of Erosion Rates for Different
Materials
Sputter Yields
For each material sample, the mass loss in atoms is
found by dividing the mass loss in mg by atomic
weight of the sample material. The total number of
ions that struck the surface of a material sample is
found by multiplying the current to that sample by the
duration of the experiment and dividing by 1.6 x 10-19
C.
If all of the ions in the discharge plasma were singly
charged, the sputter yield calculation would simply
consist of dividing mass loss in atoms by the total
number of ions that struck the surface of the material.
However, there is most likely some small quantity of
doubly charged particles in the discharge plasma. For
the QinetiQ T5 operating with an anode voltage in the
range of those seen in this experiment, the ratio of
doubly to singly charged ions is between 2 and 10%,
and the presence of triply charged ions is so small it

Assuming Only Singly Charged Particles
Sputter yields are given for each material and ion
energy in Figure 3. These yields were calculated
assuming no doubly charged ions bombarded the
material samples. The sputter yields for molybdenum
and Invar are comparable and noticeably higher than
the sputter yields for amorphous graphite. The sputter
yields for graphite increase more slowly than those for
the other materials as energy increases. These results
are not surprising, considering the erosion rates shown
in Figure 2.
One thing to note is that the difference between
molybdenum erosion and Invar erosion is much more
pronounced in Figure 3 than in Figure 2—although the
two are still comparable. There are two reasons for
this. First, the atomic mass of Invar is slightly lower
than that of molybdenum, so a comparable loss in mg
would give a higher atomic loss for Invar. Also, the
ion current densities to the material samples were
slightly lower in the Invar experiment than in the
molybdenum one, so fewer ions bombarded the Invar
samples.
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Figure 3—Comparison of Sputter Yields for Different
Materials, Assuming No Doubly Charged Ions
The methods used to account for doubly charged ions
are not applicable—for reasons given in the next
section—to sputtering by xenon ions on graphite at the
energies seen in this experiment. Therefore, the
experimental sputter yields for amorphous graphite
can only be calculated assuming no doubles. These
sputter yields are shown in Figure 4, along with the
sputter yield curve for xenon incident on carbon,
calculated using equation (2).
These data suggest that threshold predictions for
carbon are still inaccurate. Most published equations
predict a threshold higher than 130 eV for xenon ions
incident on carbon9,15, meaning that for this
experiment, no samples biased at less than 65 V
should have seen any sputtering—not even by doubly
charged ions. All of the samples in this experiment
experienced noticeable erosion, even those biased at
50 eV. The inaccuracy of the threshold prediction
may account for the experimental data being shifted so
far from the equation (2) curve.
Figure 4—Comparison of Experimental Sputter Yield
Data with Curve from Equation (2) for Amorphous
Graphite, Assuming No Doubly Charged Ions
Accounting for Doubly Charged Particles
Two methods are used to attempt to account for
doubly charged particles. Method 1 assumes that

equation (2) can accurately predict sputter yields for
incident ions with the energies of the doubly charged
particles. This is a reasonable assumption because
past experimental work done for ions at 100 eV and
above has agreed fairly well with the Yamamura and
Tawara equation9.
For each sample, equation (2) is used to determine
sputter yield for ions bombarding the target material
with energy equal to double the sample’s bias. A
doubly charged ion fraction of 1, 5, or 10% is
assumed. The mass loss of the sample due to doubly
charged ions is then determined by multiplying sputter
yield by the total number of doubly charged ions that
struck the sample surface. This mass loss is then
subtracted from the total mass loss of the sample. The
remaining mass loss is due to singly charged ions and
is divided by the total number of singly charged
bombarding ions to determine experimental sputter
yield for xenon ions bombarding the target material
with energy equal to the sample’s bias.
This method is not applicable for the amorphous
graphite because equation (2) predicts a threshold
energy of 160.8 eV for xenon incident on carbon. The
amorphous graphite samples were biased at potentials
between 50 and 150 eV. Thus, for the majority of the
graphite samples, equation (2) could not be used to
predict a sputter yield for doubly charged ions, and
this method is invalid.
Method 2 assumes that equation (2) accurately predicts
the ratio between sputter yield for ions with the energy
of the doubly charged particles and sputter yield for
ions with the energy of the singly charged particles.
For each sample, this ratio, the singly charged ion
current, and the doubly charged ion current are used to
calculate the contributions to the total mass loss of the
singles and of the doubles. These contributions to
mass loss can then be divided by their respective ion
currents to determine experimental sputter yields, both

for ions bombarding the target material with energy
equal to the sample’s bias, and for ions bombarding
the target material with energy equal to twice the
sample’s bias.
This method is not applicable for the amorphous
graphite because it uses predictions of sputter yield by
equation (2) for ions with energies equal to the
material sample biases as well as for ions with
energies equal to double the material sample biases.
For the range of biases to the graphite samples,
equation (2) cannot predict sputter yields for xenon
ions incident on carbon with energies equal to the
sample biases, so this method is invalid.
Figures 5a and 5b give sputter yields calculated using
Method 1 and Method 2, respectively, for the
molybdenum samples. For comparison, both figures
show the equation (2) curve for xenon ions incident on
molybdenum, as well as sputter yields calculated from
experimental data, assuming doubly charged ion
fractions of 1, 5, and 10% of the total number of ions.
For both Method 1 and Method 2, the sputter yields
calculated from experimental data have good
agreement with sputter yields predicted by equation
(2), and there is little difference in the calculated
values for the different fractions of doubly charged
ions. The calculated sputter yields appear to be little
influenced by doubly charged ion fractions for values
below 10%.
The exception is that, for Method 1, there are fewer
values of sputter yield calculated from experimental
data when the fraction is assumed to be 5% or 10%.
At the lower energies, if the doubly charged ions
produce sputter yields as predicted by equation (2),
and if they constitute 5 or 10% of the total number of
ions, the contribution to mass loss of the doubly
charged ions is actually larger than the total measured
mass loss. This would suggest that the fraction of
doubly charged ions is lower than 5%.
This would also explain the much lower Method 2
calculated sputter yields for 5 and 10% at 50 and 100
eV, shown in Figure 5b.
Figures 6a and 6b give sputter yields calculated using
Method 1 and Method 2, respectively, for the Invar
samples. Again, for both methods, the sputter yields

calculated from experimental data have good
agreement with sputter yields predicted by equation
(2), although the experimental sputter yields are a bit
lower.
There is, again, little difference in the
calculated values for the different fractions of doubly
charged ions. These data also suggest that the fraction
of doubly charged ions is less than 5% of the total
number of ions. Indeed, the best fit with the semiempirical formula is obtained if it is assumed that there
are no doubly charged ions in the discharge.

Conclusions
These discharge chamber erosion experiments have
shown that, for molybdenum and Invar, the Yamamura
and Tawara semi-empirical sputter equation can be
used to predict erosion rates with reasonable accuracy
for materials bombarded by ions with energies down
to 50 eV. It is likely that the erosion of any material
for which this equation gives a sputter threshold of less
than 50 eV can also be predicted this way.
The erosion of the graphite samples at energies well
below the predicted threshold for carbon suggests that
threshold equations—and even the existence of a true
threshold value—need to be reconsidered. Although
graphite did sputter more than expected at low
energies, it still had much lower erosion rates than the
other materials, suggesting that it is the best material
for discharge chamber components if erosion is the
main concern. The shallow increase of the graphite
erosion rate as ion energy increases suggests that
graphite is also a good option when flexibility in the
discharge chamber’s operating parameters is needed.
This flexibility is crucial for throttling, high thrust
density,
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Figure 5b—Comparison of Experimental Sputter Yield
Data Calculated Using Method 2 Assuming Doubly
Charged Ion Fractions of 0, 1%, 5%, and 10% and
Curve from Equation (2)—Molybdenum
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Figure 6b—Comparison of Experimental Sputter Yield
Data Calculated Using Method 2 Assuming Doubly
Charged Ion Fractions of 0, 1%, 5%, and 10% and
Curve from Equation (2)—Invar

and increased mass utilisation efficiency. A small
increase in mass utilisation efficiency can significantly
increase grid lifetime.

no main flow, and because the material samples were
biased to draw ions to a concentrated area, the current
densities to the samples were much higher than the
current densities to discharge chamber components
during nominal operations. Therefore, the erosion
rates measured in this experiment in units of mass loss
per hour cannot directly be used to accurately predict

The operating parameters for the discharge chamber
used in this experiment were very different from the
nominal parameters. No beam was drawn, there was

erosion of discharge chamber components in a thruster
operating with nominal parameters. However, because
each material was tested in similar conditions, the
erosion rates found in this experiment can be used to
make comparisons between the different materials.
Sputter yield data for tantalum, pyrolytic graphite, and
Swedish iron will soon be found using the methods
outlined in this paper. Other suggested future work
includes experiments with ions near threshold energy
and experiments with low energy ions at oblique
incidences.
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