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A differential sputter yield measurement technique is described, which consists of a
quartz crystal monitor that is swept at constant radial distance from a small target region
where a high current density xenon ion beam is aimed. This apparatus has been used to
characterize the sputtering behavior of various forms of carbon including polycrystalline
graphite, pyrolytic graphite, and PVD-infiltrated and pyrolized carbon-carbon composites.
Sputter yield data are presented for pyrolytic graphite and carbon-carbon composite over a
range of xenon ion energies from 200 eV to 1 keV and angles of incidence from 0° (normal
incidence) to 60°,

I. Introduction

Sputtering is the physical removal of material from a surface through the means of energetic particle
bombardment. In film deposition applications, sputtering can be the mode by which thin film coatings of target
material are applied to surfaces to enhance their mechanical, thermal, or optical properties. In the context of space
propulsion using ion or plasma thrusters, sputtering is never desired. In essence, it is an erosion phenomenon that
limits the lifetime of components used in these thrusters. Although sputtering has been studied for the past 150
years, the sputter yields for many materials (expressed as the number of atoms removed from the surface for every
energetic particle that impacts it) have not been fully characterized, especially for heavy particles like xenon ions
with moderate to low energies and non-zero incidence angles that are bombarding materials suitable for electric
propulsion components such as pyrolytic graphite (PG) and carbon-carbon composites (CC).

As the interest in electric propulsion (EP) builds, it is becoming important for analysts and designers to
have sputter yield data for a wide range of incident ion angles and energies in order to accurately gauge thruster life
time. Both total sputter yield (atoms/ion) and differential sputter yield (atoms/ion/steradian) are needed. These data
are of interest for calculating erosion of spacecraft surfaces and thruster components that can be struck by high-
energy ions produced in the beams of these thrusters. Of equal interest is sputtering caused by ions with lower
energies (e.g., low energy charge exchange ions that are accelerated into and strike negatively biased surfaces or
ions falling from positive plasma potential structures located within ion thruster discharge chambers or plasma
thruster insulator channels). Sputter erosion of surfaces at or near cathode potential that face regions of dense
plasma can also occur via bombardment from multi-charged ions. These multi-charged ions can obtain energies
corresponding to multiples of the anode to cathode potential difference, which can be above the sputtering threshold
for most materials.

Sputter yield data are also of interest for calculating back sputter rates onto thruster and vacuum chamber
surfaces from beam dumps in vacuum facilities where life tests and flight acceptance tests are performed. Sputter
resistant components fabricated from various forms of carbon have been proposed for life critical components like
accel and screen grids, keeper electrodes, discharge chamber liners, etc and for vacuum facility beam dumps and
wall liners. However, due to the incredibly long life times required of EP systems, even these components may
become highly eroded. Long term life tests of new carbon-based components are prohibitively expensive, and their
resistance to erosion will need to be evaluated through the use of models (to specify total impinging ion dose,
distribution of angular incidence, and ion energy distribution) in combination with high quality sputter yield data.
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The work described in this paper was initiated in response to the need for sputter yield measurements of
materials unique to thruster designs with long life time capability- namely pyrolytic graphite (PG) and specialized
carbon-carbon composite materials (CC). In this effort we utilized a technique to measure total and differential
sputter yields of pyrolytic graphite and carbon-carbon composites subjected to xenon ion bombardment at energies
ranging from 200 eV to 1000 eV and for angles of incidence from 0° to 60°. The heart of the technique was a quartz
crystal monitor (QCM) that was swept at constant radial distance from a small target region where a high-current-
density xenon ion beam was aimed. The QCM measurements allowed calculation of differential sputter yields (the
number of atoms sputtered per ion per steradian of solid angle) versus the polar angle of the QCM measured from
the target normal direction. Differential sputtering yields were measured over a 180° arc in a plane that included the
ion beam centerline and the normal vector of the target surface. Total sputter yields can be calculated from
differential sputter yield data using simple integration procedures and comparisons to total sputter yield calculations
were made to sputter yields obtained from the literature wherever possible.

In this paper, we first present a description of our measurement technique. This section is followed by a
presentation of data that has been collected on PG and CC targets. In addition to experimental data, curve fit
coefficients for differential sputter yields are listed in tabular form. Finally, the measurements on PG and CC are
compared to measurements made by other researchers.

II.  Sputter Yield Measurement Technique

Differential sputter yield testing was performed by first attaching the PG or CC targets to a water-cooled
mounting plate in a vacuum system. The vacuum system was then evacuated and baked to ensure the best possible
vacuum conditions. No-flow pressures below 1x10° Torr were achieved before sputter testing was initiated. The
basic test apparatus, which is shown schematically in Fig. 1, includes an ion source equipped with a well-focused,
2.5-cm diameter ion optics system. The ion beam is directed onto the center of the target surface, which is located
23 cm downstream of the ion source grids. This target surface, which is large compared to the beam size, can be
rotated to change the angle of incidence of the beam (B). For this study, incidence angles were varied from p=0°
(normal incidence) to B=60°.

Back Half
Sputtered material was sensed as a mass a<0 F
. . ront Half
accumulation rate by the quartz crystal monitor a>0
(QCM), which is also shown in the Fig. 1. The lon X
QCM was mounted on an arm that rotated about sﬂ‘f? Target
the same axis as the one used for target rotation. [ Normal
The QCM sensor was swept on an arc that was "N
17.8 cm in radius and was oriented so its sensing P B’
face remained pointed at the midpoint of the ion -~ lon . AN \q
beam impact zone as suggested in Fig. 1. Mass 4 Beam| ,/ Quartz
accumulation rates were typically measured over < N : Crystal
the atom ejection angle (a) range from a=-90° to N ‘\‘\ Monitor

a=+90° relative to the target surface normal
vector in 10° to 20° increments. The polar angle
range from 0 to +90 is referred to as the front
half of the hemisphere located above the target,
and the range from —-90 to 0 is referred to as the Fig. 1 Sketch of Test Apparatus.

back half. Material sputtered in the forward

direction (away from the ion beam) is detected in the front half of the hemisphere and material sputtered backward
(toward the incident ion beam) is detected in the back half of the hemisphere. It is noted that QCM measurements
were not made at positions where the monitor would intercept the ion beam.

Target

~./

QCM data were obtained as changes in mass on the QCM crystal over prescribed intervals of time (several
minutes to tens of minutes) at each QCM position. Data collection was repeated as necessary to assure the mass
accumulation rate had reached a stable value before final measurements were recorded. During data collection, the
total and partial pressures within the vacuum facility were monitored in nitrogen equivalent units using a residual
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gas analyzer (RGA). The total pressure was typically in the low 10”° Torr range and xenon was the dominant gas in
the chamber at a nitrogen equivalent partial pressure that was very close to the total pressure. Nitrogen (and/or
carbon monoxide) was the dominant impurity present during data collection at a partial pressure that was a few
percent of the total pressure. Other impurities that were present during data collection were at an order of magnitude
lower partial pressure and included oxygen, water vapor, and hydrogen.

One important concern during sputter yield measurements is the need for dynamically clean target surfaces.
This is because the presence of background gases adsorbed onto the target surface can mask the true sputter yield
behavior of the material. A particularly troublesome background gas that is known to affect sputter yields of metals
is nitrogen, and the presence of oxygen ions and excited neutrals can affect sputter yield measurements of carbon
and polymer based targets. One can estimate the fraction of the target covered with a background gas using the
following equation

pa=Lafn <o )
Yn By
In Eq. (1), B, represents the sticking coefficient of a neutral gas atom (n), n,, the rate of arrival of neutral particles
to the target surface, Y, the sputter yield of an adsorbed atom, and n; the rate of arrival of bombarding ions. As a

general rule of thumb, a value of 1, less than 0.1 will ensure that background gases will not affect sputter yield
measurements significantly, and, during our experiments, worst case estimates of the background gas shielding
effect (n,) calculated using Eq. (1) were less than 0.05. Another concern for error in ion beam sputtering
measurements is the presence of doubly charged ions in the beam because they have twice the energy of singly
charged ions and (if they exist in high numbers) can cause measured sputter yields to be higher than actual yields.
We operated the ion source at a flow rate that was three times higher than the rate at which ions were extracted from
the ion source. For all of the tests described in this paper, the ion source discharge voltage was set to 30 V. Very
few doubly charged ions where expected at this high flow and relatively low discharge voltage, and measurements
made with an ExB probe indicated that the doubles-to-singles concentration ratio was less than 2%.

Measurements made at various polar angles (o) using the QCM provide mass accumulation rates [R(a)] in
gm/sec. These can be converted into units of atoms/sec by dividing the mass rates by the molecular mass of the
sputtered material (M in gm/mol) and multiplying by Avagadro's number (N4 in atoms/mol). These results are
converted into fractional sputter yields by dividing by the ion arrival rate, i.e. by the ion current (J) in coul/sec over
the ion charge (q) in coul/ion. However, these yields represent only those atoms sputtered onto the QCM sensor
through the solid angle subtended by the sensor from the region of beam impact. Because the sensor is swept
through a circular arc and its surface always remains normal to the radius vector this solid angle is the same for each
measurement. Assuming the ion impact region is small compared to the arc radius, the solid angle is equal to the
sensor area (A;) divided by the square of the arc radius (r). Dividing the fractional sputter yields by the solid angle
subtended by the sensor gives angle-dependent differential sputter yields [y(a)]. The equation for differential
sputter yield in atoms/ion/steradian developed as it has been described above is:

_R@N4 qr?

y(@) M A,

2

Typical differential sputter yield data obtained for 500 eV xenon ions sputtering Poco graphite at a beam
current of 11 mA are shown in Fig. 2 in a polar plot format. The constants needed in Eq. (1) to convert raw rate data
[R(a)] into differential yield data for this figure are:

Na = 6.023x10” atoms/mol g = 1.6x10"° coul/ion r=178 cm
M =12 gm/mol (carbon) J=11x107 coul/sec A,=0.535cm®

The data plotted in Fig. 2 correspond to QCM measurements that were converted using Eq. (2), and the error
bars are estimates based on the resolution of the QCM readout and the choice of the sample time. The differential
sputter yield profile was observed to be fairly flat with a majority of material sputtered at high polar angles. This
same behavior was observed with PG and CC targets and is expected when heavy particles like xenon are directed at
targets comprised of light atoms like carbon. The dashed curve shown in Fig. 2 represents a cosine distribution that
corresponds to the same total sputter yield as the curve fit to the data. Although the cosine distribution appears to be
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much larger than the measured distribution, the total yield measured in atoms/ion is the same. This is due to
geometrical arguments presented below. Cosine distributions are commonly assumed in most wear models of

electric propulsion devices. This distribution N
was included on Fig. 2 to make the point that ' Shacs cos Darter
actual  sputtering behavior can be Target. Poco Graphs ——— ¥=0.18 somsdon .

ion: Xenon - -~ Y=0 18 atomssion
viat = Tacos)
A 09278

Az 02149

dramatically different than ideal behavior
assumed in models where cosine

distributions are used. The cosine Pl I A P
distributions were calculated from values of A e el NS pbyad
total yield given in equations below and the X TN «
diffuse emission equation given by (Mahan K b/
[2000]) o 2Bt §
y(a)=_Y2ﬁfﬂ 3)
0 N . i w
Q0 004 <00 002 D0 ] oo oo 003 Coé 005
It is possible to obtain the total Differential Sputter Yield fionk
sputter yield by integrating a function
describing the variation in differential yield Fig. 2 Typical differential sputter yield data for xenon
with a over the full solid angle range through ions on graphite at normal incidence.

which atoms can be sputtered (27
steradians). For the case of normal incidence, where an axi-symmetric distribution is assumed to exist, the
differential solid angle is given by

dw=—————2’”s‘“§a)rd“ =2 rsin(a)da . @)
r
And the total yield is then given by
r r
2 2
Y= I 2 zsin(a) y(a@)da = Insin(lal) y(]al)da . 5)
0 z
2

For the normal incidence data in this report, the total yield was determined by fitting differential sputter yield data
like those plotted in Fig. 2 using up to a fifth-order polynomial and performing the integration analytically.

In order to obtain total yield data for non-normal incidence conditions, it would be necessary to measure
differential yields over the entire hemisphere above the target [i.e., obtain y(a, ¢) where ¢ is the azimuthal angle}
and then integrate the equation:

2z (x/2
Y= j [ j27rsin(a)y(a,¢)da]d¢ ) 6)
0 0

However, approximate values of the total yields can be obtained from non-normal incidence yield profiles (like the
one for B=30° shown in Fig. 3) using the far RHS form of Eq. (5) and expressions for each half of the hemisphere
located above the target surface. This approximation assumes that the variation in the azimuthal direction varies
smoothly between values measured in the plane formed by the target normal and the ion beam. If the differential
sputter yield data are curve-fit using Eqgs. (7) and (8) for the front and back halves of the hemisphere located above
the target, respectively, the total yield can be found analytically using Eq. (9).
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y(a)= A5COSS (a)+ A4cos4(a) + A3cos3(a) + Azcosz(a) +Ajcos(a) (7))

ya)= B5coss(a) + B4COS4 (a)+ B3,cos3 (a)+ B20052 (a)+Bjcos(a) (8)

5 pu 5

Y=) —A, +
n+l "

n=]

n=I

—“Bn )]

The curve fits shown in Fig. 3
for the front (blue) and back (red)
sputtered distributions were found by
plotting the differential sputter yield data
versus the cosine of the polar angle as
shown in Fig. 4. The curve fit values A,
and B, shown in Figs. 3 and 4 can be used
in Eq. (9) to estimate the total sputter
yield of 0.22 atoms/ion. The cosine
distribution curve plotted in Figs. 3 and 4
for comparison purposes was found using
Eq. (3) assuming a total yield of 0.22
atoms/ion, which was equivalent to the
total yield of the measured distribution as
found using Eq. (9). The cosine
distribution is very different from the
measured distribution, and this result re-
enforces the observation made earlier with
normal incidence data that thruster erosion
models using cosine (i.e., diffuse)
emission of sputtered particles are not
accurate for predicting sputtering behavior
of carbon-based materials.

From Sentiered
Oustntnpon

via) = LALow6n)
A= DOS06

A= 10942

A 21620

Ar 1.0403

Fig. 3 Differential sputter yield data measured at an
incidence angle of 30° and ion enerev of 500 eV.

Front Sputtered Target: Pyrolytic Graphite
Distrib;_nion ) iEo:er;(:nso‘;'lo o

012 ¢ y\(::)o_(;gggms “ p=30° Ba{;:figﬁ:j;‘?d Although the pyrolytic graphite
A= 1.0842 = S.cos") d?ta show reasor}able.: dlfferegtlal sputter
010 } Ay= -2,1620 Bom011 3§ ’ yield patterns at high ion energies, this was
A= 1.0403 B.= -0 5999 not always the case in preliminary tests
B,= 14945 with combinations of low ion energies and
0.08 f 8= 16271 high angles of incidence. We believe this
Cosine Distribution By= 06397 observation is best explained by

y{a) atoms/ion/steradian
o

8

y{a)=Ycos(ayn
Y = 0.22 atomsfion

considering the ion source/target/QCM
configuration shown in Fig. 5. The black

0.04 arrow emanating from the ion source
represents energetic beam ions that strike
0.02 § the target and sputter material from it. The
other arrows pointing at the QCM are
0.00 ) , . ) discussed below.
1.0 08 0.6 04 0.2 0.0

cos (a})

Fig. 4 Standard representation of differential sputter yield
data. See Fig. 3 for a polar plot of the same data. 5
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Arrows Indicate:
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E::;“e ‘l?) ':1 Source
cattered lon :]
Backstattered
lon/Neutral

Crystal

Fig. 5 Orientation of target at 60° incidence (B=60°) with the QCM
at +120° relative to the ion beam (and +60° rel to target normal).

Monitor

For preliminary tests at 200 and 300
eV ion energy levels, the original NSTAR-
like gridlets used to produce the ion beam
were disassembled and re-gapped at a
smaller screen-to-accel spacing of 0.26 mm.
This was necessary to achieve better beam
focusing and higher perveance operation for
ion energy levels of 200 and 300 eV. Ata
60° angle of incidence of the ion beam
relative to the target normal, however, we
detected high rates of net removal of
material from the deposition rate monitor
(QCM) when it was positioned at high
positive polar angles (o), sometimes by an
amount greater than the maximum reading
observed at any other QCM position. There
was no reason to suspect that sputtering of
the pyrolytic graphite target was not
occurring.  Instead, we suspected that
material was being sputtered off of the
QCM at a greater rate than its carbon
accumulation rate. This rate of sputtering
of the probe itself increased as the probe
was moved closer and closer toward the ion
beam axis (i.e., at higher values of a as
shown in Fig. 5).

At least three possibilities exist that could explain this effect. The first possibility is that ions ‘bounce’ (or
backscatter) off the carbon sample and continue with high kinetic energy toward the probe (see the blue arrow in
Fig. 5) and sputter it. The sputtering could also be caused by direct impingement of highly divergent (fringe) ions
(red arrow in Fig. 5) or by beam ions that are scattered (green arrow in Fig. 5). The fringe ions are those which are
not tightly focused into the main beam as they leave the accelerator grid to the extent where they do not strike the
target. As a reference to the reader, the fringe ion shown in Fig. 5 is at 22° relative to the ion beam centerline.
Scattered beam ions are created within the entire column of the ion beam when an elastic collision occurs between a
beam ion and a neutral atom. In some large angle collisions, the scattered ion or neutral atom can be deflected
toward the QCM and still retain enough energy to sputter material from the probe.

A test was
performed that isolated the
effects of fringe and
scattered ions from the
backscattered  particles.
This was done by rotating
the target normal direction
to B = -70° while leaving
the QCM at a high
positive polar angle. The
results from this test
showed that fringe ions
and scattered fast particles
accounted for nearly all of
the negative readings that
were recorded  during

a) Screen gridlet (~2 cm dia beam)

b) Gridlet assembly on optical comparitor

Fig. 6 Small hole gridlets fabricated for high perveance operation at low ion energies.




sputtering tests. It is noted that this test was repeated at all of the xenon ion energies studied in this program, and the
correction due to fringe and scattered ions was taken into account in the plots and data lists contained in the results
section below.

To improve problems caused by a poorly focused ion beam at low ion energies, new gridlets were
fabricated from Poco graphite sheets (0.254 mm thick), which are shown in Fig. 6. The screen and accel grid hole
diameters were 0.95 mm and 0.64 mm, respectively—about half the size of NSTAR apertures. The gridlet assembly
shown in Fig. 6b was used to take all sputter yield data at 200 and 300 eV.

IIl. Resulits

The results of this study are presented in three sections. The first section presents data measured with a
pyrolytic graphite (PG) target while the second one presents data for a carbon-carbon composite (CC) target. The
third section compares and contrasts the PG and CC data to each other and to measurements made by other
researchers. In this section, comparisons of PG and CC data to molybdenum measurements are also made and a
simple model is presented that predicts the life time enhancement of ion optics systems that use carbon-based
materials rather than conventional refractory materials like molybdenum and titanium.

A. Pyrolytic Graphite Sputter Measurements

Figures 7 through 12 contain differential sputter yield data for PG that demonstrate the effects of xenon ion
energy and angle of incidence. Figure 7 contains polar plots of data collected at 1000 eV for angles of incidence of
0, 5, 15, 30, 45, and 60°. The individual data points are not shown on the curves to reduce clutter on the figure,
however, the data points scatter about the curves in a manner similar to that shown in Figs. 2 and 3.

In Fig. 7 note the dramatic difference between data taken at normal incidence (0°) and at an incidence angle
of only 5°. The high sensitivity of the differential sputter yield measurements to incidence angle forced us to very
carefully adjust the target normal and ion beam directions prior to taking measurements. In addition, the ion beam
was aligned so that it would strike a position very close to the center of the target. To ensure this condition, we
placed a thin tantalum foil plate directly into the ion beam at a location that was less than 1.0 cm above the center of
the target. The tantalum foil indicated the beam center by glowing red at that location when the ion beam was
directed onto it. The tantalum foil was mounted on a rod which could be both rotated and pushed into the vacuum
system via a feed-through. In this way, the probe could be moved over the target to check beam alignment, and then
be rotated underneath the water cooled target where it would be protected from the beam when not in use. This
could all be done while the system was under vacuum and while the ion beam was operating under steady state
conditions.

Target: Pyrolytic Graphite TARGET NORMAL
lon: Xenon DIRECTION
Energy: 1000 eV o

90°

| |

(025 (020) (0.15) (0.10) (0.0S)  0QO 0.05 010 015 0.20 025
DIFFERENTIAL SPUTTER YIELD (atomsfion/steradian)

Fig. 7 Sputter yield data for pyrolytic graphite bombarded by 1000 eV xenon ions.
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After carefully aligning the ion beam to the target, the data shown in Fig. 8 were collected at normal
incidence over a range of ion energies from 200 eV to 1000 eV. It is interesting to note the shift from under cosine
behavior observed at 1000 eV to more cosine-like behavior at 200 and 300 eV. For low energy ion bombardment, it
is believed that atoms knocked into high polar angle directions may not obtain enough energy to overcome the
surface binding energy and escape from the surface with high probability.

Target. Pyrolytic Graphite t TARGET NORMAL
fon:. Xenon DIRECTION
incidence: 0° o
30° \\ a0
/
\ /
\ /
- € =1000 6V

20 ev / -

T AHEY 300 eV

\\ L) \

90 1 X / s \l 90°
{0.06) (0.04) 0.02) 0.00 0.02 0.04 0.06

DIFFERENTIAL SPUTTER YIELD {atoms/fior/steradian)

Fig. 8 Sputter yield data for pyrolytic graphite bombarded at normal incidence.

Figures 9, 10, 11, and 12 contain polar plots of differential sputter yield data versus ion incidence angle that
were measured at xenon ion energies from 735 eV down to 200 eV. In general, the 735 eV data shown in Fig. 9
behave similarly to the 1000 ¢V data shown in Fig. 7. The most notable differences are that the 735 eV yields are
lower (as expected) and that the 60° incidence data at 735 eV is shifted toward the ion beam.

Target: Pyrolytic Graphite TARGET NORMAL
ton: Xenon DIRECTION
Energy: 735 eV 4}

(0.20) (0.15) {0.10) (0.05) 0.00 0.05 0.10 0.18 0.20
DIFFERENTIAL SPUTTER YIELD (atomsfion/steradian)

Fig. 9 Sputter yield data for pyrolytic graphite bombarded by 735 eV xenon ions.
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Figure 10 contains data collected at 500 eV. The 0°, 15°, 30°, and 45° data are similar in shape to the 735
eV (Fig. 9) and 1000 eV (Fig. 7) data, however, the 60° incidence data drops below the 30° and 45° data in the
front-half hemisphere region (i.e., at positive polar angles). It is possible that the 500 eV ions arriving at the target
at 60° incidence do not transfer as much energy to near-surface atoms (compared to 500 eV ions at 30° and 45°),
which are then less effective at escaping from the surface or colliding with other atoms and transferring enough
energy to cause the knock-on atoms to escape. This is an interesting result because it suggests that pyrolytic
graphite may perform better in highly oblique ion bombarding situations that occur on the accel grid in three-grid
ion optics systems for example.

Target: Pyrolytic Graphite TARGET NORMAL
lon: Xenon DIRECTION
Energy: 500 eV o*

(0.15) {0.10) (0.05) 0.00 0.05 010 0.15
DIFFERENTIAL SPUTTER YIELD (atomsfion/steradian)

Fig. 10 Sputter yield data for pyrolytic graphite bombarded by 500 eV xenon ions.

Figures 11 and 12 contain 300 eV and 200 eV polar plots, respectively. As noted earlier, the normal
incidence curves appear more cosine-like. This could be due to atoms knocked into high polar angles directions not
having enough energy (under the 200 eV and 300 eV bombarding conditions) to escape the surface with high
probability. In addition, note that Fig. 11 shows both the 45° and 60° incidence curves falling below the 30° curve
in the front half of the hemisphere. Again, this could be due to reduced emission probabilities at high polar angles
due to a poor energy transfer situation. In Fig. 12, the 60° incidence data are shown to increase dramatically in the -
30° to +30° region. Although the B=60° distribution appears to be quite large, the total yield in atoms/ion is lower
than the 30° distribution, which is caused by geometrical arguments that lead to the sin(a) term in Eq. (5).

Table 1 contains a detailed list of the sputter yield data collected on pyrolytic graphite. It includes A, and
B, coefficients (see Egs. (7) and (8)) along with total yield estimates obtained using Eq. (9). Figure 13 contains a
plot of total sputter yield data listed in Table 1 versus incidence angle for pyrolytic graphite that was bombarded
with 200 eV to 1 keV xenon ions. At 1 keV, the sputter yield was observed to increase with incidence angle up to
values that were about 2.5 times those measured at normal incidence. As mentioned earlier, it is interesting to note
how the total yield of pyrolytic graphite appears to stop increasing with incidence angles above 45° at energies
below 735 eV.
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jon: Xenan
Energy. 300 eV

DIRECTION

Target: Pyrolytc Graphite t TARGET NORMAL
)

50 | [
| | |
(0.04) (0.03) (0.02) {0.01) 0.00 0.01 0.02 0.03 0.04
DIFFERENTIAL SPUTTER YIELD (atoms/ion/steradian)

Fig. 11 Sputter yield data for pyrolytic graphite bombarded by 300 eV xenon ions.

Target: Pyrotytic Graphite TARGET NORMAL
ion: Xenon DIRECTION
Energy: 200 eV Y

i

= |

{0.04) {0.03) (0.02) (0.01) 0.00 0.01 0.02 0.03 004
DIFFERENTIAL SPUTTER YIELD (atoms/fiorvsteradian)

Fig. 12 Sputter yield data for pyrolytic graphite bombarded by 200 eV xenon ions.
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Fig. 13 PG total sputter yield behavior as a function of incidence angle and ion energy.
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TABLE | Sputter yicld data for pyrolytic graphite bombarded by xenon ions at normal and oblique incidence.

Front Coefficients (atoms/ion’steradian; See Eg (7) Back Coeflicents (atoms/ion/steradian) See Eq (8)
E 1 Target Y A5 Ad A3 A2 At BS B4 83 82 B1

ev)y ) (atomsfion)

200 &0 PG 0084 -13296E+00 2 7312E+00 -17947E+00 4 4741E-01 -2 6524E-02 0 000 0 00C -B4712E-02 11670E-01 -54383E.03
200 45 PG 0.081 0.000 1 4745E-01 20307E-01 -6.1100E-02 2 4595E-02 0.000 0000 B.O513E-02 -14219E-01 7 9794E-02
200 30 PG 0104 0.000 3.1910E-01 -66920E-01 3.6323E0t 8.2052E-03 0000 1.4590E-0t -24722E-01 9.9522E-02 2 1434E-02
200 1§ PG 0033 0.000 S 9148E-02 -18071E-0t 7.5233E402 1 TOONE-02 0000 0000 31807E-02 -4.2BBBE-02 21104E-02
200 O PG 0025 0.000 -8 B046E-02 14425E-01 -6 3707E-02 1 2698E-02 0000 -8B B046E-02 14425E-01 65 3707E-02 1 269BE-02
300 60 PG 0.072 0.000 -75705E-02 ©8741E-02 2.9258£02 -2.3862E-03 0.000 4 1409E-02 -6 9678E-02 1.1390E-02 3.5283E-02
300 45 PG 0078 0.000 -1.7056E-01 2 1523E-01 -3.4227e-02 82250€-03 0.000 0.000 B.O513E-02 -14219E-01 7.9794E-02
300 30 PG 0103 0.000 47301E-01 -1.D170E<00 6.1658E-01 -5.0939E-02 0.00C -4 9465E-02 10308E-01 -7 80B2E-02 4.4764E-02
300 15 PG 0.058 0.000 23956E-01 -4 5665E-01 2 1541E-01 1 0834E-02 0000 23615E-02 -53972E-02 43165E-02 -2 5552E-04
300 0 PG 0.050 -4 9800E-01 12823E+00 -10821E«00 3.3433E-01 -5 1395E-03 -4 9800E-01 12623E+00 -10821E+00 3.3483E-01 -5.1395E-03
500 60 PG 0.284 0.000 -1.8580E+00 36240E+00 -2 4110E+00 6.923%E-01 0.000 0000 7.1255E-02 -59675£-02 3.1160E-02
500 45 PG 0.312 0.000 -7.1315E-02 -1.0600E-01 -9.5426E-02 3.1522E-01 0.000 88218E-02 -55723E-02 -58913E-02 6.1475E-02
500 30 PG 0218 0.00C 1.0403E+00 -2 1820E+0C 1.0842E+30 5.0600E-02 ©.3970E-01 -1 B27T1E+CC 1.4948E+00 -5.9890E-01 1 1380E-01
500 15 PG 0.183 0000 34571E-01 -86976E-01 53233E-01 12BYBE-02 0.000 -0 4464E-02 27267E-Q1 -Z6530£-01 1.0451E-01
500 3 PG 0118 0000 2.7317E-01 -54B4BE-01 2 4B96E-0' 4 1532E-02 0000 -2 1981E-01 5 1390E-01 4 2880£-C1 14S0BE-01
500 0 PG 0.120 0.000 6.7686E-02 -57218E-02 -9 7644E-02 1.0491E-01 0.00C 6 7688E-02 -57218E-C2 -97644E-02 1.0491E-01
735 60 PG D421 0.00C +1.2135E+00 1.6126E+00 -4 5407E-01 1 B236E-01 0.00C 0.00C 40890E-C1 -4 9304E-01 1.918BE-01
735 45 PG 0394 0000 28748E-01 -14368E+00 1.3482E+00 -52497E-02 0.000 0000 3.1438E-01 4.0205E-01 14905E-01
735 30 PG 0366 0.000 1.0555E+00 -2.7780E«00 1.8325E+00 -58721E-02 0000 0000 1 4621E-01 -20038E-01 §7422E-C2
735 15 PG 0238 0000 B.7214E-01 -1B140E+00 B8 8379E-01 B 6984E-02 C 000 17824E-01 -3268SE-01 13944E-01 3 2723E-02
735 5 PG 0.202 0000 26509E-01 -55291E-01 2 0589E-01 1.0368E-O1 0.000 G0873E-02 -29519E-C2 -22811E-01 1.884%E-01
735 0 PG 0.196 0000 3.2696E-01 -60836E-01 2 0830E-01 97324E-02 €000 32895E-01 -6 0936E-01 20830E-01 8.7324E-02
1000 80 PG 0671 0.000 -3.1043E+00 4.9626E+00 -2 3024E+0C 6 1754E-01 0000 0000 50249€-01 -7.2358E-01 2BS32E-01
1000 45 PG 0527 0.000 -9.1585E-01 58260£-01 3 631BE-01 1 0553E-01 0 00C 0000 47648E-01 -60355E-01 2 2690E-01
1000 30 PG D444 0000 13128E-01 -11217E+00 9 5186E-01 1 1116E-01 © 000 0000 281B4E-01 -3.7895E-01 15686E-01
1000 15 PG 0335 0.000 1.0657E+00 -2.5742E+00 1.6210E+00 -6 7481E-02 0.000 -1.2BG7E-01 4.2200E-01 -4.7872E-01 22065E-01
1000 5 PG 0272 0.000 77376E-01 -1 7111E+00 1.0241E+00 4 7667E-C2 C 000 20613E-01 -1.6536E-01 -2.5993E-01 2.5775E-01
1000 0 PG 0288 0000 34081E-01 -60599E-01 1 309EDY 1 B501E-O1 Q000 34081E-01 -60599€-01 13%08E-01 15501E-01

Photographs taken before and after the sputter testing show very little difference as documented in Fig. 14.
Note however that all of the samples tested during this program were tested in an as received condition, and no
pretest polishing or cleaning was performed. The roughness (R,) of the samples before testing was measured to be
~1.8 um. It is possible that the sputtering behavior of the surface will change as it becomes highly eroded. In order
to check this possibility, we performed temporal experiments where an initially un-exposed pyrolytic graphite
sample was subjected to the same sputtering conditions over many hours while periodic measurements were made of
the differential sputter yield profile. The results of testing conducted at 1000 eV and 30° incidence are shown in
Fig. 15 as a plot of total yield versus trace number. As indicated in the figure, each test sequence was followed by a
2 to 3 hr sputtering period before the measurements were repeated. The sputter yield is shown to level out near 0.41
atoms/ion after about 6 test sequences. The scatter in the data is about +10%, and it is noted that Table 1 lists the
sputter yield at 0.44 atoms/ion for the 1000 eV, 30° sputtering condition performed on a separate pyrolytic graphite
sample.

a) Before testing b) After testing

Fig. 14 Photographs of the pyrolytic graphite surface taken before and after sputter testing.
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Fig. 15 Results of temporal measurements of PG sputter yields at 1000 eV and 30° incidence.

B. Carbon-Carbon Composite Sputter Measurements

Figures 16 through 22 contain differential sputter yield data for CC that can be compared to PG data
shown in Figs. 7 through 13. Although there are some subtle differences between the CC and PG data, the overall
similarity between the two materials is very high, and the results presented in the figures suggest that the PVD
infiltrated and pyro-coated carbon-carbon composite material is virtually identical to pyrolytic graphite in terms of
its sputtering behavior.

The easiest way to contrast the PG and CC data sets is through comparisons between Figs. 13 (PG) and 22
(CC), which show total sputter yield variation with energy and incidence angle. In general, CC total yields drop off
less with incidence angle compared to PG yields. In addition, data collected at 200 eV and 300 eV are easier to
distinguish from one another for CC than they are for PG. Table 2 contains a detailed list of the sputter yield data
collected on CC, which is formatted similarly to the PG data contained in Table 1.

Similar to the PG sample, it is possible that the sputtering behavior of the CC surface will change as it
becomes highly eroded. In order to check this possibility, we performed temporal experiments where an initially un-
exposed CC sample was subjected to the same sputtering conditions over many hours while periodic measurements
were made of the differential sputter yield profile. The results of testing conducted at 1000 eV and 30° incidence are
shown in Fig. 23 as a plot of total yield versus trace number. (Note that the equivalent test was conducted for PG
and was documented in Fig. 15 above.) As indicated in the figure, each CC test sequence was followed by a 2 to 3
hr dwell before the measurements were repeated. The sputter yield is shown to be relatively constant at 0.6
atoms/ion during the entire test. The scatter in the data is about +10%, and it is noted that Table 2 lists the sputter
yield at 0.50 atoms/ion for the 1000 eV, 30° sputtering condition performed on a separate carbon-carbon sample.
The error between measurements on the two CC samples was about 20%.
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Target Carbon-Carbon Composite TARGET NORMAL
fon: Xenon DIRECTION
Energy. 1000 eV g
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Fig. 16 Sputter yield data for carbon-carbon composite bombarded by 1000 eV xenon ions.
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Fig. 17 Sputter yield data for carbon-carbon composite graphite bombarded at normal incidence.

Target: Carbon-Carbon Composite TARGET NORMAL
lon: Xenon DIRECTION
Energy: 750 eV o

.

{0.20) (0.15) (0.10 (0.05) 0.00 0.05 0.10 0.15 020
DIFFERENTIAL SPUTTER YIELD (atomsfion/steradian)

Fig. 18 Sputter yield data for carbon-carbon composite bombarded by 750 eV xenon ions.
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Fig. 19 Sputter yield data for carbon-carbon composite bombarded by 500 eV xenon ions.

Target: Carbon-Carbon Composdte TARGET NORMAL
fon: Xenon DIRECTION
Energy: 300 eV

o

o0 |

{

{0.06) (0.04) (0.02) 0.00 0.02 0.04 0.06
DIFFERENTIAL SPUTTER YIELD (atomsfion/steradian)

Fig. 20 Sputter yield data for carbon-carbon composite bombarded by 300 eV xenon ions.
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Fig. 21 Sputter yield data for carbon-carbon composite bombarded by 200 eV xenon ions.
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TABLE 2 Sputter yield data for carbon-carbon composite bombarded by xenon ions at normal and obligue incidence.

E
(v}
200
200
200
200
200

gREEE BEEEE

750
750
750
750
750

1000
1000
1000
1000
1000

Front C )} SeeEq (7) Back Coeflicients (atomsionssteradian). See Eq. (8).
f+ Target Y AS Ad A3 A2 Al BS B3 B2
[y (atomssion)
6 CC 0.061 0.000 8.3633E-02 -25967E-0Y 2 09B0EDY -19319E-02 0.000 70918E-02 -1.3352€-01 99807E-02
45 CC 0.050 0.000 0.000 -1.1379E-01 12457€01 86565E-06 0.000 0.000 12919€-02 -5.6771E-03
x CC 0.045 0.000 1 5691E-01 -3.3207E-01 18233€-01 -64328E-03 0000 -2.5626E-03 51830E-03 -3.5093E-03
15 C€C 0037 0.000 B2656E-02 -1.1904E-01 12808E02 3.S047E.02 0.000 0.000 «24004E-03 18111E02
0 cC 0.029 0.000 -1.0036E-01 16B24E-0t -7.4301£02 1.4810E-02 0.000 -1.0038€-01 1.8824E-01 -7 4301E-02
&6 CC 0.145 0.000 0.000 -3.0813E-01 3.1323E-D1  1.9899E-02 0.000 0.000 1.3961E-03 1.1101E02
4 cC 0.438 0.000 94960£-01 -1.9550E+00 1.0526E+00 -2.8500E-02 0.000 0.000 -1.1418EQ02 2.5249E-02
x <C ©.009 0.000 4.0011E-01 -8.4215E-01 4.4137E01 1.5486E-02 0.000 1.2924E-02 -46345E-02 4.1689E-02
s CC 0.059 0.000 2.7896€-01 -4.9487E-01 19874E01 3.1976E-Q2 0.000 -4 6025€-02 7.00286-02 -1.3208E-02
¢ <C 0,048 0,000 B0455E-02 -16773E-01 BO552E02  1.33B4E-02 0.000 9.B4G5E-02 -1.6773E-01 6 8552E-02
68 CC 0.370 0.000  -1.5817€+00 2.580BE+C0 -1.3644E+00 4.5010€-01 0.000 0.000 1.4537€-01 -1.1900E-01
44 CcC oxe 0.000 +7.8264E-01 1.6I94E+00 -1.4635E+00 6.4782£-01 0.000 1.4816E-01 -2.6065E-01 1.3339E-01
0 cC 0224 0.000 5.5504E-01 -1.3345E+00 7 4773E01 63142E-02 0.000 0.000 35533802 -5.7603E-02
13 CC 0116 0.000 B8.0700E-07 -15497E+00 7.8035E-01 -1.1083E-02 0.000 BO545E-02 -1.7297€-01 1.1630E-01
o CC 0.110 0.000 <7.5102E-02 1777ME-O1 -1.8432€-01 99198E-02 0.000 -7.5102€-02 17771E-Q01 -1.8432E-01
& CC 0.516 ©.000 -2 I7B0E+0D 4 2912E+00 -2 8115E+00 B8.1699€-01 0.000 0.000 26373E-01 -3.0168E-C1
45 CC 0.467 ©¢.000 -5.1244€-01 S$5418E-01 -4.1396E-01 4 60GBE-01 0.000 0.000 29650E-01 -3.6238E-01
3 CC 0.330 0.000 3.B140E-01 -11050E+00 5.3283E01 2.3082E-01 0.000 0.000 11819E-01 -1.4409E-C1
5 CC 0.228 0.000 8 0240E-D1 -1 9444E+00 1 1009E+00 -1.6384E-02 2.000 1.0377E-01 -1.5415E-01 -59433E-03
0 CC 0.166 ¢.000 3.6483E-07 -7.0004E-01 3.0632E-07 527V7E-02 0.000 3.6483E-01 -7.0004E-01 3 0632E-01
60 CC 0684 0.000 -1 9774E+Q0 3 SBOTE+CC -2.3061E+00 8.7691E-01 0.000 1.3650E+00 -2 0128E+00 7 S5722E-01
45 CC 0.541 0.000 9.9755E-04 -8.9398E-01 B.7232E01 1.4625E-01 0.000 0.000 4 B462E-01 -8.4045E-C1
x cC 0435 0000 0.000 -5.2838E-0Y 2.4498E01 360S7E-01 0000 0.000 1 5595€-01 -1.8912€01
1% CC 0323 0.000 0.000 -4 3185501 3.3920E01 1.33826-04 0.000 0.000 8 C769E-02 -1.9589€-01
g CC 0.206 0.000 J4081E-D01 -8.0599E-01 1.390%E01 1.6501E-01 0.000 3.4081€-01 -65.0599E-01 1.3909E-D1
06
—
g
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Fig. 22 CC total sputter yield behavior as a function of incidence angle and ion energy.
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Fig. 23 Temporal dependence of total sputter yield of CC at a xenon ion energy of 1000 eV and 30° incidence.

C. Comparison to Literature

Figure 24 shows xenon sputter data obtained by Rosenberg and Wehner [1962], Deltschew et al. [2001],
Williams et al. [2003], and Doemer et al. [2003] on polycrystalline graphite targets at normal incidence. The sputter
yield data for graphite are in surprisingly good agreement with one another, and the lower ion energy data of
Doerner et al. appear to be in about the right location below the other studies if a line were to be drawn through the
various data sets. Predictions from an empirical model of Yamamura and Tawara [1996] are also shown in Fig. 24
for xenon sputtering of carbon, and it appears that the threshold energy of 161 eV used in the empirical model may
be too high to accurately predict the sputtering behavior of graphite at low energies. The PG and CC sputter yield
data are observed to fall ~40% below the experimentally measured sputter yield of graphite. It is pointed out that
xenon ion sputter yield data collected by Deltschew et al. [2001] on carbon-carbon composite material were found to
be significantly higher than graphite. However, in contrast to the current study, the composite material characterized
by Deltschew et al. [2001] was not infiltrated with carbon or pyrolytically coated, and, consequently, the carbon
fibers were directly exposed to the ion beam. Deltschew concluded that ions striking the cylindrical fiber surfaces at
various incidence angles caused the sputter yield to be higher than graphite.
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Fig. 24 Comparison of normal sputter yield data for xenon bombardment of different forms of carbon.
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Fig. 25 New curve fits to sputter yield data for graphite, CC, and PG.
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The data presented in this paper allows one to determine the benefit of carbon-based ion optics systems
over conventional ion optics fabricated from molybdenum (i.e., the additional propellant throughput that would be
possible). To do this rigorously, the differential sputter yield data obtained in this program would need to be
incorporated into a numerical model of an ion optics system that was able to calculate charge exchange ion
generation rates and determine charge exchange ion trajectories and their subsequent energy and incidence angle as
they strike the accel grid surface. However, the relative benefit of carbon over molybdenum can be estimated to first
order by comparing the recession rates of surfaces being subjected to ion bombardment at normal incidence only.
The rate of recession of a surface under normal incidence ion bombardment can be expressed as

_mYj

qp
In Eq. (10), m represents the mass of a target atom, Y the total sputter yield, j the current density of bombarding
ions, and p the density of the target.
1

t' (10)
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Fig. 26 Comparison of molybdenum, graphite, and CC-PG sputter yields at normal incidence.
The ratio of the recession rate of carbon to molybdenum is

t'C ___mC YC PMo
tMo MM YMo £C

= [Bemol™ . (11

In Eq. (11) the subscripts C and Mo represent carbon (or graphite) and molybdenum and the parameter P represents
the propellant throughput performance relative to molybdenum. To first order, a grid set constructed of carbon that
is subjected to normal incidence ion bombardment would have B times more propellant throughput capability
compared to molybdenum. Plots of B for carbon (or graphite), pyrolytic graphite, carbon-carbon composite, and
titanium are shown in Fig. 26. For xenon ion energies between 300 eV and 1000 eV, grids fabricated from graphite
would be expected to last 5 to 6.5 times longer than moly grids, and PG or CC grids would last 8 to 9.5 times longer.
The curve for titanium grids shown in Fig. 26 suggests that this material would only be equivalent or slightly better
than molybdenum in terms of propellant throughput over the entire 200 eV to 1000 eV range shown. It is noted that
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significant improvements in propellant throughput would be expected for carbon-based ion optics systems if the
bombarding ion energy could be held to 250 eV and lower.
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5 b
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Fig. 27 Propellant throughput factors for graphite, PG, CC, and Ti grids relative to Mo grids.

IV. Conclusions

Differential and total sputter yield measurements were presented for xenon ion bombardment of pyrolytic
graphite (PG) and carbon-carbon (CC) composite materials. Both the ion energy and incidence angle were varied
during this study over ranges from 200 eV to 1000 eV and normal incidence (0°) to 60°. Data collected at an
incident angle of 5° showed that differential sputter yields for pyrolytic graphite are extremely sensitive to incident
angle and great care has been taken to align the ion beam and target normal directions. A high perveance grid
assembly with small screen and accel grid holes (d; = 0.95 mm and d, = 0.64 mm) and small screen grid-to-accel
grid spacing (¢; ~ 0.20 mm) was manufactured to enable testing at xenon ion energies of 200 and 300 eV. An
important finding in this study was that the carbon-carbon composite sample displayed differential and total
sputtering yield behavior that was nearly identical to the pyrolytic graphite sample. This result implies that the PVD
infiltrated and pyro-coated carbon-carbon composite material should behave in a way that is similar to pyrolytic
graphite in terms of erosion due to xenon ion bombardment. Furthermore, the total sputter yields of pyrolytic
graphite and carbon-carbon composite at normal incidence were 40% less than values measured for electronic grade
graphite (Poco AFX-5Q). Temporal experiments were completed in which the pyrolytic graphite and carbon-
carbon composite samples were subjected to the same sputtering conditions over many hours while periodic
measurements were made of the differential sputter yield profile. Very little change in the differential sputter yield
profile was detected over testing periods of 30 hours for either sample. This result suggests that the sputtering
characteristics of the samples provided do not change considerably under ion bombardment even though tens of
microns of material were removed during testing.
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