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We present the development of a sputtering diagnostic based on a quartz crystal 
microbalance (QCM).  The QCM system allows angularly resolved (differential) sputter 
yield measurements as a function of both polar angle and azimuthal angle.  We discuss 
development of the QCM diagnostic and present sputtering data for molybdenum by xenon 
ions in the energy range 250-750 eV for bombardment at 0º, 30º, and 45º angles of incidence.  
Total sputter yields, found from integrating the differential sputtering profiles, are found to 
be in reasonable agreement with those in the literature.  We fit the differential sputtering 
profiles with polynomials and theoretical expressions.  For the energy range studied, we find 
under-cosine profiles for normally incident ions, and profiles dominated by forward 
scattering for the non-normally (obliquely) incident ions. 

Nomenclature 
y = differential sputtering yield (atoms/ion/steradian) 
Py = polynomial fit to differential sputtering yield (atoms/ion/steradian) 
Zy = theoretical fit to differential sputtering yield (atoms/ion/steradian) 
Y =  total sputter yield (atoms/ion) 
YP =  total sputter yield based on polynomial fit (atoms/ion) 
YZ =  total sputter yield based on theoretical fit (atoms/ion) 
α = polar angle measured from surface normal  
β = ion incidence angle measured from surface normal  
φ = azimuthal angle in target plane measured from forward scattering direction 

I. Introduction 
 

SPUTTER erosion of surfaces is of great importance for electric propulsion (EP) thrusters and spacecraft 
employing such thrusters.  Sputtering has been identified as a major process that is involved in 80% of the 
possible failure modes of an electrostatic thruster1.  Deposition of sputtered products onto other spacecraft 

surfaces can also result in surface property modification or contamination.  Currently, the problems of sputter 
erosion and spacecraft contamination due to deposition of sputtered material are generally addressed through the use 
of computer codes.  These codes rely critically on fundamental sputtering data as “inputs” which are needed to 
compute amount of the sputtering and the trajectories of the sputtered particles (to track deposition and 
contamination).  However, the sputtering data available for these codes tend to be incomplete.  The simplest 
quantitative description of sputtering uses the total sputter yield (Y), which is the number of sputtered atoms per 
incident ion (and varies with target and ion material, and energy and direction of the incident ion).  The total sputter 
yields characterize the total amount of material sputtered, but provide no information on the direction (angle) of 
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ejection.  Yet, such angular information is clearly needed, especially for contamination models which track the 
direction and subsequent deposition of the sputtered particles.   

The required angular description of sputtering typically employs the differential sputter yield (y(α,φ)), with units 
of sputtered atoms per ion per steradian.  The differential sputter yield quantifies the amount of sputtering as a 
function of the ejection angle (direction):  α and φ are the polar and azimuthal angles relative to the surface normal.  
(Integration of the differential sputter yield over the full solid-angle hemisphere yields the total sputter yield.) As 
with the total sputter yield, the differential sputter yields also vary with target and ion material, and energy and 
direction of the incident ions.  In many cases of interest, total sputter yields have been measured, but the detailed 
differential sputter yield is not known, so that computer codes are forced to make (often incorrect) assumptions on 
the angular sputtering profile.  The most common assumption2,3 on the form of the differential (angular) sputtering 
profile is to assume a diffuse (or cosine) profile, i.e. y ∝ cos(α).  The diffuse profiles can provide reasonable 
descriptions of the differential (angular) sputtering distributions for normally incident ions and/or energetic incident 
ions, but are often incorrect for low-energy or for non-normally incident ions.  Angularly resolved measurements4-10 
show that for obliquely incident ions the sputtered atoms are predominantly ejected in the “forward-scattering” 
direction (especially for low ion energies), and even at normal incidence, the angular profiles are not well described 
by cosine distributions for low-energy ions.  The lack of measurements is exacerbated by the current dearth of an 
adequate theory which would allow reliable a priori calculation of the differential sputter yields. 

Historically, the lack of detailed (angularly resolved) sputtering measurements was associated with the 
diagnostic techniques used – much of the early sputtering data was found by weight-loss measurements or surface 
profilometry, which give information on the total amount of sputter erosion undergone by a material sample, but 
without angular content.  A host of more recent studies4-24 have been performed using techniques including 
Rutherford Backscattering (RBS), Quadra-pole Mass Spectrometry (QMS), Quartz Crystal Microbalance (QCM), 
weight loss, laser induced fluorescence (LIF), and cavity ring-down spectroscopy (CRDS).  It is beyond the scope of 
this paper to provide an exhaustive list or discussion of the aforementioned studies and techniques.  Many of these 
studies provide some angular information on the sputter yields, but to our knowledge there exist no detailed studies 
of the sputtering of molybdenum by xenon ions at the conditions studied herein.   
       Recent work4-5,11 at Colorado State University (over the last ~4 years) has investigated the differential 
distributions of sputtered particles from targets at varying angles of incidence using a Quartz Crystal Microbalance 
(QCM) technique.  The QCM is used to detect particle fluxes (and differential sputter yields y(α)) as a function of 
polar angle (α) by sweeping the device at a fixed radial distance over the target. In the past, such measurements have 
generally been performed only in a single azimuthal plane.  Here, we present the extension of the measurement 
technique to include measurements at multiple azimuthal angles, so that differential sputter yield data is obtained as 
a function of both polar angle (α) and azimuthal angle (φ).  In this way, we measure the full angular dependence of 
the (differential) sputter yield, i.e. over the full 2π solid angle hemisphere.  We have measured (differential) sputter 
yields of molybdenum due to Xe+ bombardment at 0º, 30º and 45º angles for ion energies in the 250-750 eV range.  
In Section II we present the experimental setup and summarize the procedures used to analyze the data.  The 
measured profiles are fit with polynomials and by theoretical expressions developed by Zhang25 from the work of 
Yamamura26,27 using appropriate free parameters.  In Section III we present experimental results, including total 
sputter yields, and differential sputter yields for normally and non-normally (obliquely) incident ions.  Section IV 
summarizes the work and presents conclusions.  Finally, we present a series of Appendices containing total yields, 
polynomial fits, and fit parameters for the measured profiles. 
 

II. Experimental Set-up 
 This section discusses the vacuum chamber, ion source, and ion optics used to sputter the target materials.  It 
also provides details on the QCM, experimental procedure, data acquisition, and data analysis.  

A. Vacuum Chamber/Ion Source 
A 0.125 m3 stainless steel vacuum chamber (43 cm ID x 76 cm long main section), equipped with a 1500 liter/s 

CTI-8 cryogenic pump, was used for all of the experiments described herein. With a base pressure of 5×10-7 Torr 
(after 8-hour bake out), it maintained working pressures of between 5×10-5 Torr to 9×10-5 Torr. The main 
background gas contaminate measured by a Ferran MPA residual gas analyzer (RGA) was N2 (or CO) at a pressure 
of 2 x 10-7 Torr followed by H2O at 1.2×10-7 Torr. 
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Figure 1.  Left: Schematic diagram of vacuum system and ion source set-up.  The target can also be rotated 
about the direction of the ion beam to vary the (measured) azimuthal ejection angle (see right and Figure 2).  
Right:  Solid body model of ion source, target and QCM.  Angles are defined in Section II.E.  The (measured) 
polar angle (α) is varied by scanning the QCM over the target in an arc.  The azimuthal angle (φ) is varied by 
rotating the target.  The ion incidence angle (β) is varied by tilting the target (relative to the ion beam). 
 
 The ion source was comprised of a discharge chamber, into which neutral gas flowed at a set flow rate.  The 
neutral gas was ionized using a tungsten hot-filament cathode, and the ion optics used to extract and focus the ion 
beam consisted of a two-grid Poco graphite system. A tungsten hot-filament neutralizer was located 1 cm 
downstream of the accelerator grid. The neutralizer emission current was set at 150% of the beam current to negate 
the space charge effect and neutralize the extracted ion beam. The discharge voltage (VD) was set between 30 V and 
35 V to minimize the number of multiply charged ions produced.  Xenon gas was used in this study. 
 Measurements as a function of both polar and azimuthal angle are achieved by scanning the QCM over the target 
and rotating the target, see Fig.1.  (Target rotation generally corresponds to change in the azimuthal angle, and the 
QCM to polar angle, though for non-normal incidence there is some coupling between the angles and rotations.)  A 
rotatable, water-cooled target was placed 23 cm downstream of the ion source.  Both the target rotation and QCM 
scanning employ 25,000-step stepper motors.  (With both motors in place, vents are only required when a change in 
the angle of incidence is needed.)  The motor has relatively high resolution, so that the azimuthal angle is accurately 
known and smaller step sizes can be used (15° increments instead of 45° increments when done by hand). A 
LabView code controls both the rotation of the target and the scanning of the QCM.  The angle of inclination 
between the target and the ion beam can also be varied. 
 The target material investigated was molybdenum, and was more than 99.9% pure.  The ion beam extracted from 
the ion source was directed toward the target as indicated in Fig. 1.  For each configuration, a QCM was used to 
obtain the differential sputter yield distribution by sweeping it over the target (about the axis of target rotation) so as 
to ensure the viewing of the same point on the target throughout the sweep. The QCM was placed, via an extended 
arm (radius 17.4 cm) from target center. 

B. Beam Characterization 
 Characterizations of the ion beam were performed with a screened Faraday probe and have been previously 
presented11.  In general, the integrated beam currents (Jb,int) agreed with the indicated beam currents displayed by the 
power supply (Jb) to within 15%. The analysis of the radial data showed optimized Xe+ beams whose full width-at-
half-maximums (FWHMs) were in the vicinity of 3 cm.  Our analysis assumes that all the ions are incident on the 
target with the same angle (β).  The beam characterization showed this assumption to be satisfactory, though we 
note that the maximum divergence angle in the low current density (fringe) regions of the ion beam could be as 
much as 20°.  Similarly, our analysis assumes that the beam spot size is small on the target, which calculations based 
on our measured beam profile and detection geometry show to be a good assumption.  Finally, the effect of doubly-
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charged ions present in the beam was also computed to be generally negligible (though they may have a slight effect 
at the lower ion energies where the yields become very sensitive to energy).   
 
C.  Quartz Crystal Microbalance (QCM)  
 The QCM was the device used to measure the differential sputtering distributions.  The QCM works by detecting 
changes in mass on its surface by sensing the change in the crystal’s resonant frequency. Each crystal used in these 
experiments initially resonated at a frequency of ~6 MHz and had a surface coating of gold to ensure a high initial 
sticking coefficient.  As more mass accumulated on the exposed crystal area, As = 0.535 cm2, the resonant frequency 
dropped until a resonant frequency of ~5.7 MHz was reached, at which point the crystal was considered un-useable 
and was replaced. To ensure consistent sticking coefficients for new crystals, a 10µg coating of target material was 
added before initiating a test. The QCM acceptance angle is 165° and is able to receive a particle from any location 
on the target.  The crystal retainer is periodically cleaned.  
 In general, there are two potential problems28,29 associated with using QCMs as sputtering measurement devices: 
1) measurement instabilities due to thermal changes in the environment and 2) ensuring the QCM sensor face has a 
uniform flux of particles. In terms of the first issue, the crystal holder was water-cooled at a temperature of ~28°C to 
accommodate the majority of the thermal stabilization of the system.  Due to the movement of the QCM with 
respect to the ion source and its hot filaments, certain angular locations in the experiment had higher heat fluxes than 
others. As a result, when the angular position changed, transient heating of the QCM was observed to slightly affect 
the sputter readings.  Therefore, a 70 second long thermal stabilization period was implemented whenever the QCM 
angular position changed by 10° to further ensure a stable QCM reading.  We are unaffected by the second problem 
owing to the inherent set-up of our system, i.e. the QCM position is sufficiently far from the sputtering target to 
ensure that the arrival flux of sputtered material is spatially uniform. 
 
D.  Procedure 
 Details on the sample preparation and procedure have been previously reported11.  Briefly, the targets were 
cleaned using an acetone solution but were not mechanically polished.  After target preparation, the chamber was 
evacuated and baked-out for an 8 hour period.  Prior to measurements, the target was sputter-cleaned for 1-3 hours 
with a 1500 eV beam from the ion source.    
 Definitions of the angles used are given in Section II.E below.  Typically, the QCM is scanned over a range of 
polar angles (α) in a given arc above the target.  Angular steps of approximately 10° are used (though we do not 
measure at positions that would block the ion beam).  After a QCM scan, the target is azimuthally rotated, and the 
process is repeated until the full hemisphere above the target is probed.  A typical measurement involved waiting 70 
seconds to allow for the thermal stabilization of the QCM followed by 7-10 differential yield measurements; these 
were averaged to obtain the final reading.  Data is acquired with a custom LabView program.  Data from the 
differential yield measurements is given in Section III and analysis methods are discussed below.   Differential 
sputter yield profiles were measured for incidence angles (β) of 0°, 30° and 45° for beam energies in the range of 
250 – 750 eV for bombarding xenon ions. 

Figure 2. Schematic of experimental set-up
using a QCM to obtain sputtering yields.   

E. Data Acquisition and Analysis 
The (target-frame) coordinates used in our analysis are 

shown in Figure 2 and defined as follows:  β is the incidence 
angle of bombarding ions measured relative to the surface 
normal (so that β=0 for normal incidence), α is the polar angle 
of sputtered atoms (measured relative to the surface normal), 
and φ is the azimuthal angle of the sputtered atoms measured 
in the plane of the target surface (defined so that φ=0 is in the 
forward scatter direction i.e. in the direction of the plane 
containing the surface normal and the incident ion directions).    
 At a given measurement condition, the differential sputter 
yield, y(α,φ), is measured using equation (1), in which  R(αφ,) 
is the mass accumulation rate (found from a deposition 
monitor device), JB,avg (C/s) is the current incident on the 
target (measured every 0.5 s and averaged), Mt is the 
molecular weight of the target atoms, rqcm the distance from 
the target center to the QCM (17.4 cm), As is the QCM sensor 
area (0.535 cm2), q is the electronic charge (1.6×10-19 C/ion), 
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and NA is Avogadro’s number (6.023×1023 atoms/mol).  The quantity (rqcm
2)/As corresponds to the solid angle (in 

steradians) that the QCM sensor subtends, thus giving y(α,φ) in units of atoms/ion/steradian. 

 2
,( , ) ( , ) A qcm t B avg sy R N qr M Jα φ α φ  A =       (1) 

Care must be taken to handle several coordinate systems that enter the study.  Our control and acquisition 
software use a laboratory coordinate system (relative to the lab, not to the target) in which Α represents the polar 
angle (defined so that Α = 0° coincides with the center of the ion beam) and Φ represents the azimuthal angle 
(defined so that Φ = 0° direction is defined by the plane containing the ion beam and the target normal, i.e. the 
forward scattering directions).   Yet to analyze and report the data, we use a target coordinate system (i.e. relative to 
the target) using the angles α and φ (defined above in Figure 2).  (Unless stated otherwise all angles in this paper are 
relative to the target.)  The coordinate transform uses 2 sets of Cartesian coordinates, with (X,Y,Z) being the position 
in the lab-frame and (x,y,z) corresponding to the same physical location but expressed in the target frame coordinates 
(with the two sets of Cartesian and spherical frames aligned to one another in the conventional way,. i.e. with Z 
aligned parallel to the ion beam, and z parallel to the surface normal).  Equations (2-4) are used to convert the 
experimentally defined (A,Φ) to the corresponding values of (α,φ):     
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 At each experimental test-condition (i.e. for a given ion/target combination, and given ion energy and incidence 
angle) we collect a profile (matrix) of differential sputter yields yi(αi,φi) as a function of the polar and azimuthal 
angles.  The index i corresponds to the data point “number” and conveys that these are discrete experimental values.  
For a given test-condition we analyze the measured profile in several ways.  First, we use a least-squares algorithm 
to fit an 8th order polynomial, Py(α,φ), to the data of the form: 
 

                (5) ( ) (
8 8

0 0

,     0 for 8i j
y ij ij

i j

P c c iα φ α φ
= =

= =∑∑
 
 The use of such polynomials to describe the sputtering profiles is not physically justified but it provides a 
convenient way to describe (fit) the discrete experimental points with a continuous function (both for our analyses 
and for use by others).  The 8th order polynomials do not have terms for which the sum of the exponents (i and j) 
exceeds 8, so that many of the coefficients cij are in fact zero (each polynomial consists of 45 terms).  We quantify 
the quality of fit provided by the polynomials by computing the standard deviation, stdp, between the polynomial fit 
and the experimental points which we normalize by the average value of the fit (both weighted by corresponding 
solid angle): 
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 Typical values of the fractional standard deviations are ~0.05, i.e. the data and fits differ by about 5%.  Generally 
the polynomials provide very reasonable fits over the full hemisphere (i.e. 0 2,    0 2α π φ π≤ ≤ ≤ ≤ ) though in a 
few cases the polynomials yield (slightly) spurious values in regions where no raw data was measured (i.e. in the 
region where the ion beam intersects the hemisphere).  In this latter sense, the fits with the expressions by Zhang 
(described next) are preferable.  Examples of polynomial fits and corresponding raw-data are shown in Section III. 
 We also fit the experimental differential sputter yield data with expressions derived by Zhang25.  The expressions 
are based on modifications of previous work by Yamamura26,27.  The differential sputter yield, Zy(α,φ), as derived by 
Zhang can be expressed as: 
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     (8) 

 
where C is a constant, E is the ion energy, E* is a characteristic value of energy, and the angles are as defined above.  
As derived by Zhang, the parameters C and E* are not free-parameters, i.e. C (essentially proportional to the total 
sputter yield) can be calculated based on the masses and nuclear stopping cross-sections, while E* is the threshold 
energy for sputtering (which according to the theory used should not vary with incidence angle and ion energy).  For 
ion energies E that are large compared to E*, i.e. for E*/E<<1, equation (8) reduces to the simple case of a diffuse 
(cosine) emission profile ( ) (, cosyZ )α φ ∝ α .  In the present work, as a means to describe our measured profiles 
with simple functions and to assess the appropriateness of the form proposed by Zhang, we fit our experimental data 
(using a least squares algorithm) with equation (8) using C and E* as two free parameters.  We interpret C as a 
(multiplicative) constant which is proportional to the total sputter yield, but which does not affect the shapes of the 
differential sputtering profiles.    The parameter E* does influence the profile shapes (as does the ion energy E and 
incidence angle β).  We note that the best fit values of E* found in this work vary with ion incidence angle and ion 
energy and are too high to be the threshold energies.  Currently, we simply view E* as a characteristic values of 
energy that determine the shape of the sputtering profiles.  As a means to assess the quality of fit provided by 
equation (8), we compute the standard deviation, stdZ, between the best-fit and the experimental points (weighted by 
solid angle).  Again, we normalize by the average value of the data (using the average from the polynomial fit for 
consistency): 
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            (9) 

Values of the standard deviation and discussion of the fits are given in Section III and in the Appendix. 
 We also compute total sputter yields, Y, by integrating the differential sputter yields over the solid-angle 
hemisphere.  We compute a value of the total sputter yield based on the polynomial fit (YP from eqn. (5)), and a 
value based on the best-fit Zhang expression (YZ from eqn. (8)): 

             Y y
2 /2

0 0

( , )sin( )P d
π π

α φ α α= ∫ ∫ φ

d

                    (10a) 

  Y Z
2 /2

0 0

( , )sin( )Z d
π π

α φ α α= ∫ ∫ φ                         (10b) 

We find that the values of total yield from the two approaches are generally consistent to within <5%.  Values of the 
total sputter yields are provided in Section III and in the Appendix. 
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III. Results and Discussion 
       Due to the relatively large amount of data and analysis, all results are reported in Appendix 1 in tabular form to 
save space.  In this section we present some of our results as illustrative examples.  The first section contains total 
sputter yields including comparisons with values from other groups.  The following sections contain differential 
sputtering results measured at normal incidence (where the bulk of the sputtering data has been obtained in the 
literature) and measured at non-normal (oblique) incidence. 
 
A.  Total Sputter Yields 
 Figure 3 compares our integrated (normal incidence) total sputter yields (from eqn. (10b)) with data from other 
groups6,7,30-33. Our total yields compare favorably with those found by other researchers (being on the low-end of the 
range of published measurements), and are in good agreement to Yamamura and Tawara curve fits30.   
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     Figure 3.  Total sputter yields versus ion energy for normally incident Xe+ on Mo. 

 
Figure 4 compares total yield data calculated from our measurements (from eqn. (10b)) along with those from 

other groups23 for oblique incidence conditions. Our total yields exhibit the expected trend in the measured energy 
range and the 500 eV measurements are in reasonable agreement with those from Kolasinski (though slightly lower 
for low angles, and higher for high angles).    
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       Figure 4.  Total sputter yields versus incidence angle for Xe+ on Mo. 
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B. Differential Sputter Yields - Normally Incident Ions 
 Figure 5 is a polar plot of a typical data set of differential sputter yields collected for normal incidence 350 eV 
Xe+ ions on Mo.  The (radial) distance from the origin corresponds to the (amplitude of the) differential sputter yield 
in the corresponding polar direction (α).  The plot contains 7 curves corresponding to different azimuthal slices, i.e. 
data scans at different target azimuthal rotations.  (We combine coplanar azimuthal slices, e.g. 0° and 180°, into a 
single curve.)  Assuming an isotropic target surface, there should be no dependence on the azimuthal position, so 
that the various curves should be coincident with one another.  The small variations between our experimental 
curves correspond either to experimental noise (error) and/or anisotropic effects of the target surface causing 
preferential sputtering in certain directions due to sample preparation (cross-rolling in this case).  These (possible) 
effects will be further examined in future research.  In this type of polar plot, a diffuse (cosine) sputter yield would 
appear as a circle.  The observed profiles (with maxima away from α=0) correspond to under-cosine behavior which 
is typical for this ion/target mass ratio and energy range.    
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Figure 5. Polar plot of differential yield distributions for normally incident 350 eV Xe+ on Mo.  The curve 
labels correspond to the azimuthal angles (slices), e.g. 0/180 was collected along φ=0° (plotted on the left of the 
graph) and φ=180° (plotted on the right of the graph).   
 
    Figure 6 is a scatter plot of the differential sputter yield data for normal incidence 350 eV Xe+ ions on Mo.  It 
contains the same data as Figure 5, but plotted three-dimensionally.  The x-y plane corresponds to the plane of the 
target surface, with φ=0 originating from the positive x-axis.  The differential sputter yield measurements (colored 
points joined by lines) are plotted in a Cartesian (x,y,z) space, such that the length of a vector connecting the origin 
(0,0,0) to a data point is equal to the (differential) sputter yield in the given direction.  (The plotted extents along the 
axes x,y,z correspond only to the amplitude of the differential sputter yields, not to any physical lengths.)  Owing to 
geometric symmetry (assuming an isotropic target surface) we only measure data over half the hemisphere, but here 
we “fold” the data and plot the full hemisphere.  (Actually, our experimental data is obtained in the ranges φ=0-90° 
and 180°-270°, corresponding to scanning the QCM over full polar arcs initiating at φ=0-90°, but extending into 
180°-270°.)  As expected for normally incidence ions (and like Figure 5), the data is approximately axisymetric 
about the surface normal and an under-cosine shape is visible.  (Note that owing to QCM blockage we do not collect 
data for α=0 (i.e. for x=y=0 in Figure 6) but such points, with values found from the Zhang fit, have been added for 
visual convenience.)  Also plotted (smaller black points) is a polynomial fit to the experimental data evaluated at the 
corresponding measurement angles, i.e. at the same (αi,φi) from eqn.(5).  The agreement between the polynomial fit 
and data set is visually apparent.  The (normalized) standard deviation between the experimental points and the 
polynomial fit is 4.6%.  Coefficients for the polynomial are given in the Appendices. 
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Ion
Direction

Figure 6. Scatter plot of differential sputter yield profile for normally incident Xe+ on Mo for ion energy of 
350 eV.  Experimental points are shown with colored symbols and joined with lines.  Corresponding points 
for the polynomial fit are shown with smaller black symbols. 
 
 Figure 7 shows a surface plot of the differential sputter yield profile for 350 eV normally incident Xe+ on Mo.  
As in Figure 6, the length of a vector joining the origin (0,0,0) to any point on the surface corresponds to the 
amplitude of the differential sputter yield in the given direction, and the axes are defined in the same way.  The 
plotted surface is that of the (least-squares) best-fit Zhang expression (eqn. 8) to the experimental data and exhibits 
an under-cosine character.  (A diffuse or cosine profile plotted in this way would yield a spherical surface.)  The 
free-parameters found in the fit for this case are C=0.457 and E*=169 eV.  Note that for normal incidence (β=0), 
Zhang’s form of the differential sputter yield is inherently axisymetric (about the surface normal direction) since the 
last term containing the azimuthal (φ) dependence goes to zero.  For normally incident ions we find that our best fit 
profiles based on Zhang’s expressions provide reasonable descriptions of the measured sputtered data.  In this case 
the (normalized) standard deviation between the fit and experimental data (from eqn. (9)) is 6.5%.  We note (as 
mentioned in Section II.E) that the best fit characteristic energy, E*=169 eV, is too high to be identically equal to 
the threshold energy for sputtering.   A polar plot of the best-fit Zhang profile is also shown with the data in Fig. 5. 
 

                              

Ion
Direction

Figure 7. Best-fit Zhang differential sputter yield for normally incident Xe+ on Mo for ion energy of 350 eV.   
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Figure 8 shows surface plots of the best-fit Zhang differential sputter yield profiles for normally incident Xe+ 

ions on Mo at several ion energies.  The plots are done in an analogous way to the surface of Figure 7.  They use 
common scales and illustrate the decreased total amount of sputtering (corresponding to the surface volumes) as the 
ion energy decreases, as well as the tendency for the profiles to become less diffuse as the ion energy decreases (the 
surfaces become less spherical as the ion energy decreases).  Departures from diffuse (cosine) profiles in expression 
(8) are governed by the parameter *E E , which (for our fits) takes the values of   0.66, 0.73, 0.75 and 0.77 for 
energies of 750, 500, 350, and 250 eV respectively.  In each case, the profiles from the best-fit Zhang expressions 
agree relatively well with the data, with all (normalized) standard deviations being less than 10% (see Appendix).   
 
  
 

 
Figure 8
energies
    
 
B.  Diffe
 Figur
the surfa
different
azimutha
feature.  
reduces 
scattering
polynom
angles in
(normali
represent
Ion Direction
750 eV
  

  

. Best-fit Zhang differential sputter yield profiles from
 of 750, 500, 350 and 250 eV.  

  

rential Sputter Yields – Non-normal (Obliquely) Incide
e 9 is a polar plot of the differential sputter yield data col
ce normal) at 350 eV on Mo.  The (radial) distance from 
ial sputter yield in the given polar (α) direction.  The pl
l slices (see caption).  In contrast to the normally incident
The feature is more prominent in the 0/180 slice correspo

in magnitude (in the forward direction, left side of the gr
 direction (i.e. as φ increases from 0° to 30° etc.).  N

ial fits to the data (i.e. no data points), because at oblique in
 the target reference frame.  The polynomial fit is in good
zed standard deviation of 4.8%), so that the plotted 
ative of the experimental data. 

 
American Institute of Aeronautics a

10
Ion Direction
500 eV
 

Ion Direction
350 eV
 

n
l
t
o
 

a
o

 
p

Ion Direction
250 eV
 

eqn. (8) for normally incident Xe+ on Mo for 

t Ions  
ected for xenon ions incident at a 30° angle (to 
he origin corresponds to the (magnitude) of the 
t contains 7 curves corresponding to different 
profiles, this profile shows a forward-scattering 
nding to pure forward/backward scattering, and 
ph) as the slices move away from the forward 
te that in this case we have only plotted the 
cidences data is not collected at fixed azimuthal 
agreement with the experimental measurements 
olynomial fits may be considered as being 

nd Astronautics 



                          

0

0.25

0.5

0.75

-0.75 -0.5 -0.25 0 0.25 0.5 0.75

y (atoms/ion/steradian)

0/180
15/195
30/210
45/225
60/240
75/255
90/270

 

Ion
Direction

β=30°
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Figure 9. Polar plot of differential yield distributions for 30° incident 350 eV Xe+ on Mo.  The curve labels 
correspond to the azimuthal angles (slices), e.g. 0/180 is collected along φ=0° (forward scattering - left of the 
graph) and φ=180° (backward scattering - right of the graph).   
 
 Figure 10 is a three-dimensional scatter plot of the differential sputter yield data for 30° incidence 350 eV Xe 
ions on Mo (same condition as in Figure 9).  Here we plot the experimental measurements of the differential sputter 
yield (colored points) and corresponding polynomial fit values (smaller black points).  The points are plotted in a 
Cartesian space such that the length of a vector connecting the origin (0,0,0) to a data point is equal to the 
(differential) sputter yield in the given direction.  Again, owing to symmetry we fold the measured data (from half 
the hemisphere) over the full hemisphere.  For the obliquely incident ions at this energy the sputtering is clearly not 
azimuthally symmetric but rather shows a clear forward scattering feature (lobe).    

Surface
Normal

Direction
(α=0°)

Ion
Direction

β=30°

S
Dir

φ

Forward
Scatter

Direction
φ=0° φ 

Figure 10. Scatter plot of differential yield profile for 30° incident 350 eV Xe+ o
are shown with colored symbols and joined with lines.  Polynomial fits are shown
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  Figure 11 shows a three-dimensional surface plot of the best-fit Zhang expression for the differential sputter 
yield profile for 30° incident Xe+ on Mo with ion energy of 350 eV (same case as Figs 9 and 10).  Again, the 
length of a vector joining the origin (0,0,0) to any point on the surface corresponds to the amplitude of the 
differential sputter yield in the given direction.  The surface is found from our best-fit version of the Zhang 
expression (eqn. 8) to the experimental data.  For this case, the free-parameters in the fit are C=0.884 and 
E*=199 eV.  The best-fit Zhang expression captures the azimuthal asymmetry including the forward scatter 
character.  As with the normally incident case, the best-fit value of the parameter E* clearly is not equal to the 
threshold energy for sputtering.  We find that the (best-fit) Zhang theoretical expression provides a reasonable 
description of the measured sputtered data but with poorer agreement than the normal case presented earlier.  For 
this dataset, the (normalized) standard deviation between the fit and experimental data (from eqn. (9)) is 26%.  
We find that there are systematic deviations between the best-fit Zhang profiles and the experimental datasets for 
non-normally incident ions.  These are discussed below in connection with Figure 12. 
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that is too broad (in the α direction) and too small in amplitude.  (Note that varying our free parameters does not 
allow variation of these detailed aspects of the shape of the profiles.)  Nonetheless, the best-fit Zhang profiles do 
capture the essential features of the sputtering profiles, and provide reasonable quantitative agreement (standard 
deviations from the data of ~25%).  Furthermore, since they require only 2 free-parameters, we view that they 
provide a compact and useful means of describing the actual sputtering profiles.  
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   Figure 13 shows surface plots of the best-fit Zhang differential sputter yield profiles for 30° incident xenon ions 
on molybdenum for several values of ion energy.  The plots use common scales and illustrate the decreased total 
amount of sputtering as the ion energy decreases, as well as the tendency for the profiles to become less diffuse as 
the energy decreases.  The volume of the surfaces corresponds to the total sputter yield, while their aspheric 
character corresponds to being non-diffuse (under-cosine).  Departures from diffuse (cosine) profiles in Zhang’s 
expressions are governed by the parameter *E E which (for our fits) takes the values of   0.63, 0.68, 0.69, 0.71 for 
energies of 750, 500, 350, and 250 eV respectively.   Consistent with theoretical expectations, we find that the lower 
is the energy the more pronounced is the forward scattering lobe and the less diffuse is the profile. 
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the measured differential sputter yields are not consistent with diffuse (cosine) profiles, thereby emphasizing the 
need for full angular measurements of the sputter yield distributions.  Angles of incidence investigated were 0°, 30°, 
and 45° while bombarding ion energies were in the range of 250 eV to 750 eV.  The measured differential sputter 
yield profiles have been fit both with 8th-order polynomials as well as with theoretical expressions (modified to 
include two free-parameters).  The quality of the fits (polynomial and theoretical expression) has been quantified by 
computing normalized standard deviations between the experimental data and fitted profiles.  We have also 
computed total sputter yields by integrating the differential sputter yield profiles. The total yields are in good 
agreement with those predicted by Yamamura et al.   Fit parameters and related results are tabulated in the 
Appendix.   

For normally incident ions, the differential yield distributions are approximately symmetric about the surface 
normal and are under-cosine in shape (for the measured energies).   We observe the expected trend of the profiles 
becoming less under-cosine (i.e. closer to diffuse profiles) as the ion energy increases.  Our polynomial fits have 
relatively low standard-deviation from the datasets (generally less than 5%) and thus effectively describe the 
measured data.  The fits from the theoretical expressions (using two free parameters) are also in good agreement 
with the measurements (standard deviation from the measurements generally less than 10%), though we emphasize 
that the fitted values of E* are not equal to the threshold energies for sputtering (as is postulated in the derivation of 
those expressions).    

  For obliquely (non-normally) incident ions, the differential sputter yield distributions are qualitatively 
different than for the normally incident case and exhibit preferential forward scattering with a pronounced lobe in 
that direction.  Again, as the ion energy increases the profiles become closer to diffuse profiles (with a diminishing 
forward scatter lobe).  The data is well fit with polynomial profiles (standard deviation generally less than 5%).  The 
fits provided by the theoretical expressions capture the main features of the measured sputtering profiles and are in 
reasonable quantitative agreement (standard deviations of about 20%), though with systematic deviations.  
Specifically, the forward scattering feature predicted by the best-fit theoretical expressions is smaller in amplitude 
but angularly broader (especially in the polar-angle direction) than that measured experimentally.  As with the case 
of normally incident ions, the best-fit values of E* are not identically equal to the threshold energies for sputtering. 
 

Appendix 
 
The Appendix provides tabular summaries of the differential sputter yield results and parameters for xenon ions on 
molybdenum.  For each experimental condition (angle of incidence β, and ion energy), we provide: 

Fitted parameters C and E* corresponding to the (least-squares) best fit between the theoretical expression (eqn. 
(8)) and experimental data, and the normalized standard deviation stdZ (eqn. (9)) between the fit and data. 

• 

• 
• 

• 
• 
• 

The total sputter yield found by integrating the Zhang fit, YZ (eqn. (10b)). 
The coefficients cij for the polynomial fit to the data (eqn. (5)).  Row number corresponds to index i and the 
column number to index j.  The angles α and φ are to be expressed in radians for these coefficients. 

The normalized standard deviation between the polynomial and data, stdpoly (eqn. (6)). 
The total sputter yield found by integrating the polynomial fit, Ypoly (eqn. (10a)). 
For cases where we have measured more than one dataset, the above quantities are given as mean and 
uncertainty (based on repeatability), and the number of datasets n is given. 

  
Normally Incident Ions (β=0): 
 
E=250 eV 
C E* stdZ YZ n stdpoly Ypoly 
0.27 128 0.08 0.24 1 0.06 0.24 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.017 -0.237 2.216 -7.146 11.262 -9.135 3.669 -0.593 "7.118*10^-3"

-0.05 0.43 -1.763 3.719 -4.919 3.84 -1.581 0.265 0

0.245 -0.826 1.739 -1.453 0.592 -0.075 -0.016 0 0

-0.485 0.77 -1.13 0.595 -0.178 0.034 0 0 0

0.497 -0.351 0.389 -0.102 "4.632*10^-3" 0 0 0 0

-0.288 0.075 -0.071 "9.788*10^-3" 0 0 0 0 0

0.095 "-4.979*10^-3" "4.832*10^-3" 0 0 0 0 0 0

-0.017 "-2.225*10^-4" 0 0 0 0 0 0 0

"1.209*10^-3" 0 0 0 0 0 0 0 0  
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E=350 eV 
C E* stdZ YZ n stdpoly Ypoly 
0.45 ± 0.02 168 ± 3 0.06 ± .01 0.43 ± 0.02 2 0.05 ± .01 0.43 ± 0.01 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.042 -0.501 5.282 -20.509 40.267 -43.311 25.989 -8.224 1.076

-0.107 0.718 -1.841 3.24 -4.174 3.289 -1.339 0.213 0

0.514 -1.87 2.359 -1.644 0.716 -0.148 0.01 0 0

-0.989 2.18 -1.723 0.617 -0.208 0.03 0 0 0

0.994 -1.272 0.721 -0.071 "9.663*10^-3" 0 0 0 0

-0.573 0.372 -0.172 "2.598*10^-3" 0 0 0 0 0

0.192 -0.048 0.017 0 0 0 0 0 0

-0.035 "1.565*10^-3" 0 0 0 0 0 0 0

"2.632*10^-3" 0 0 0 0 0 0 0 0

 

 
E=500 eV 
C E* stdZ YZ n stdpoly Ypoly 
0.72 ± 0.03 235 ± 5 0.10 ± .02 0.71 ± 0.02 2 0.06 ± .01 0.71 ± 0.01 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.083 0.147 -2.942 16.525 -43.247 62.478 -50.169 20.772 -3.448

-0.139 0.944 -2.091 4.077 -6.029 4.623 -1.576 0.178 0

0.657 -2.734 2.782 -1.55 1.207 -0.725 0.162 0 0

-1.271 3.351 -2.327 0.349 -0.033 0.011 0 0 0

1.311 -1.982 1.136 -0.039 "-5.337*10^-3" 0 0 0 0

-0.789 0.562 -0.296 "8.101*10^-4" 0 0 0 0 0

0.279 -0.063 0.031 0 0 0 0 0 0

-0.054 "5.511*10^-4" 0 0 0 0 0 0 0

"4.304*10^-3" 0 0 0 0 0 0 0 0

 

 
E=750 eV 
C E* stdZ YZ n stdpoly Ypoly 
1.05 ± 0.05 300 ± 5 0.10 ± .02 0.71 ± 0.02 4 0.05 ± .01 1.00 ± 0.08 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.153 0.184 -3.368 18.452 -48.854 71.864 -58.5 24.401 -4.059

-0.233 1.177 -2.424 5.581 -9.153 7.153 -2.356 0.23 0

1.187 -3.622 3.524 -2.029 1.855 -1.256 0.318 0 0

-2.437 4.479 -3.058 0.502 -0.029 -0.016 0 0 0

2.626 -2.651 1.472 -0.069 0.011 0 0 0 0

-1.623 0.757 -0.379 "-3.235*10^-3" 0 0 0 0 0

0.579 -0.087 0.041 0 0 0 0 0 0

-0.111 "1.109*10^-3" 0 0 0 0 0 0 0

"8.8*10^-3" 0 0 0 0 0 0 0 0

 

 
 
 
30° Incident Ions (β=30°): 
E=250 eV 
C E* stdZ YZ n stdpoly Ypoly 
0.63 ± 0.02 150 ± 3 0.29 ± .02 0.65 ± 0.02 2 0.04 ± .01 0.62 ± 0.02 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.062 -0.039 3.008 -15.455 36.61 -41.028 22.484 -5.737 0.528

0.035 0.56 -1.273 2.979 -9.955 13.254 -6.842 1.158 0

-0.191 -1.762 2.372 -0.156 -1.834 0.804 0.072 0 0

0.372 1.784 -1.985 1.217 -0.21 -0.156 0 0 0

-0.344 -0.896 0.644 -0.186 0.112 0 0 0 0

0.164 0.222 -0.142 -0.019 0 0 0 0 0

-0.039 -0.017 0.019 0 0 0 0 0 0

"3.635*10^-3" "-1.197*10^-3" 0 0 0 0 0 0 0

"-1.175*10^-6" 0 0 0 0 0 0 0 0
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E=300 eV 
C E* stdZ YZ n stdpoly Ypoly 
0.74 ± 0.02 175 ± 3 0.28 ± .02 0.79 ± 0.02 2 0.05 ± .01 0.75 ± 0.02 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.083 0.089 2.53 -15.756 39.822 -44.515 22.765 -4.678 0.169

0.066 0.626 -0.881 1.869 -11.077 17.166 -9.581 1.743 0

-0.353 -2.236 3.164 0.223 -3.506 1.785 -0.054 0 0

0.683 2.304 -2.878 2.003 -0.388 -0.215 0 0 0

-0.638 -1.169 0.894 -0.332 0.173 0 0 0 0

0.313 0.299 -0.183 -0.022 0 0 0 0 0

-0.079 -0.026 0.024 0 0 0 0 0 0

"8.784*10^-3" "-1.161*10^-3" 0 0 0 0 0 0 0

"-2.197*10^-4" 0 0 0 0 0 0 0 0

 

 
E=350 eV 
C E* stdZ YZ n stdpoly Ypoly 
0.89 ± 0.03 199 ± 3 0.27 ± .01 0.97 ± 0.02 2 0.05 ± .01 0.92 ± 0.02 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.125 0.02 4.174 -25.696 64.628 -73.406 38.959 -8.606 0.418

0.058 1.298 -1.242 1.045 -13.814 23.943 -14.122 2.72 0

-0.257 -4.398 5.993 0.395 -5.698 3.046 -0.247 0 0

0.358 4.506 -5.435 3.066 -0.542 -0.255 0 0 0

-0.149 -2.272 1.813 -0.531 0.214 0 0 0 0

-0.064 0.58 -0.37 -0.017 0 0 0 0 0

0.077 -0.055 0.042 0 0 0 0 0 0

-0.024 "-1.055*10^-3" 0 0 0 0 0 0 0

"2.574*10^-3" 0 0 0 0 0 0 0 0

 

 
E=500 eV 
C E* stdZ YZ n stdpoly Ypoly 
1.00 ± 0.10 268 ± 5 0.20 ± .03 1.15 ± 0.15 3 0.04 ± .01 1.07 ± 0.15 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.131 0.874 -4.951 16.28 -18.607 4.472 5.145 -3.478 0.618

"3.466*10^-3" 2.174 -2.321 -6.969 14.688 -9.496 2.122 -0.053 0

"3.082*10^-3" -6.13 9.499 -4.53 -0.975 1.598 -0.356 0 0

-0.12 5.706 -7.221 3.216 -0.675 0.023 0 0 0

0.287 -2.632 2.634 -0.691 0.073 0 0 0 0

-0.276 0.602 -0.481 0.057 0 0 0 0 0

0.129 -0.056 0.034 0 0 0 0 0 0

-0.029 "5.774*10^-4" 0 0 0 0 0 0 0

"2.614*10^-3" 0 0 0 0 0 0 0 0

 

 
E=750 eV 
C E* stdZ YZ n stdpoly Ypoly 
1.38 ± 0.03 329 ± 5 0.15 ± .01 1.85 ± 0.03 2 0.03 ± .01 1.75 ± 0.02 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.422 0.554 0.357 -18.841 66.683 -93.764 64.05 -21.573 2.926

0.049 0.967 0.593 -2.251 -8.279 16.646 -9.295 1.551 0

-0.279 -4.148 4.649 0.413 -3.431 1.017 0.304 0 0

0.532 4.556 -4.639 2.286 -0.21 -0.353 0 0 0

-0.435 -2.453 1.749 -0.431 0.229 0 0 0 0

0.142 0.634 -0.403 -0.035 0 0 0 0 0

"3.165*10^-3" -0.053 0.05 0 0 0 0 0 0

-0.011 "-2.824*10^-3" 0 0 0 0 0 0 0

"1.74*10^-3" 0 0 0 0 0 0 0 0
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45° Incident Ions (β=45°): 
 
E=500 eV 
C E* stdZ YZ n stdpoly Ypoly 
1.30 304 0.24 1.83 1 0.04 1.89 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.287 -0.362 12.307 -57.667 116.981 -107.119 38.457 0.375 -2.183

0.165 1.881 -2.445 9.87 -38.859 52.937 -28.616 5.302 0

-0.845 -6.502 6.503 4.316 -10.611 4.826 -0.283 0 0

1.449 6.635 -7.555 3.528 -0.089 -0.514 0 0 0

-1.057 -3.199 2.733 -0.837 0.275 0 0 0 0

0.283 0.755 -0.534 "3.071*10^-3" 0 0 0 0 0

0.034 -0.061 0.053 0 0 0 0 0 0

-0.03 "-2.546*10^-3" 0 0 0 0 0 0 0

"4.091*10^-3" 0 0 0 0 0 0 0 0

 

 
E=750 eV 
C E* stdZ YZ n stdpoly Ypoly 
1.63 ± 0.07 408 ± 5 0.17 ± .01 2.46 ± 0.10 3 0.04 ± .01 2.50 ± 0.10 

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

0.484 -0.492 15.914 -73.716 145.568 -132.147 50.048 -2.517 -1.839

0.157 0.934 -2.21 21.62 -63.474 69.912 -32.63 5.424 0

-0.736 -3.595 0.472 9.252 -7.366 0.575 0.626 0 0

1.083 3.437 -4.882 -0.081 1.501 -0.518 0 0 0

-0.528 -1.06 2.431 -0.606 0.079 0 0 0 0

-0.105 -0.08 -0.473 0.045 0 0 0 0 0

0.184 0.101 0.038 0 0 0 0 0 0

-0.06 -0.014 0 0 0 0 0 0 0

"6.379*10^-3" 0 0 0 0 0 0 0 0

 

 
 

Acknowledgments 
We would like to thank Robert Millot for assistance with technical drawings.  The financial support provided by 

the Air Force Research Labs, Edwards Air Force Base is also greatly appreciated.  

References 
 1Duchemin, O., “An Investigation of Ion Engine Erosion by Low Energy Sputtering,” Ph.D. Dissertation, California Institute 
of Technology, Pasadena, CA, 2001. 
 2Küstner, M., Eckstein, W., Dose, V., and Roth, J., “The Influence of Surface Roughness on the Angular Dependence of the 
Sputter Yield,” Nuclear Instruments and Methods in Physics Research B, Vol. 145, 1998, p. 323. 
 3Küstner, M., Eckstein, W., Hechtl, E., and Roth, J., “Angular Dependence of the Sputtering Yield of Rough Beryllium 
Surfaces,” Journal of Nuclear Materials, Vol. 265, No.1, 1999, pp. 22-27. 
 4Williams, J., Johnson, M., and Williams, D., “Differential Sputtering Behavior of Pyrolytic Graphite and Carbon-Carbon 
Composite Under Xenon Bombardment,” 40th Joint Propulsion Conference, AIAA Paper 2004-3788, 2004. 
 5Williams, J., Gardner, M., Johnson, M., and Wilbur, P., “Xenon Sputter Yield Measurements for Ion Thruster Materials,” 
NASA CR-2003-212306, 2003.   
 6Mantenieks, M., Foster, J., Ray, P., Shutthanandan, S., and Thevuthasan, T., “Low Energy Xenon Ion Sputtering Yield 
Measurements,” 27th International Electric Propulsion Conference, IEPC-01-309, Pasadena, CA, 2001. 
 7Shutthanandan, V., Ray, P., Shivaparan, N., Smith, R., Thevuthasan, T., and Mantenieks, M., “On the Measurement of Low-
Energy Sputtering Yield Using Rutherford Backscattering Spectrometry,” 25th International Electric Propulsion Conference, 
IEPC-97-069, Cleveland, OH, 1997. 
 8Nakles, M., “Experimental Modeling Studies of Low-Energy Ion Sputtering for Ion Thrusters,” M.S. Thesis, Departmet of 
Aerospace Engineering, Virginia Polytechnic Institute, Blacksburg, VA, 2004. 

9Oyarzabel, E., Yu, J., Hanna, J., Tynan, G., Doerner, R., Taylor, K., and Schmid, K., “Molybdenum and Carbon Cluster 
Angular Sputtering Distributions Under Low Energy Xenon Ion Bombardment,” 41st Joint Propulsion Conference, AIAA Paper 
2005-3525, 2005. 
 10Wehner, G., and Rosenberg, D., “Angular Distribution of Sputtered Material,” Journal of Applied Physics, Vol. 31, No. 1, 
1960, pp. 177-179. 

 
American Institute of Aeronautics and Astronautics 

18



 
American Institute of Aeronautics and Astronautics 

19

 11Zoerb, K.A., Williams, J.D., Williams, D.D., Yalin, A.P., “Differential Sputtering Yields of Refractory Metals by Xenon, 
Krypton, and Argon Ion Bombardment at Normal and Oblique Incidences,” 29th International Electric Propulsion Conference, 
IEPC-2005-293, Princeton, NJ, 2005. 
 12Yalin, A.P., Surla, V., “Determination of Number Density and Velocity of Sputtered Particles by Cavity Ring-Down 
Spectroscopy”, 29th International Electric Propulsion Conference, IEPC-2005-300, Princeton, NJ, 2005. 
 13Doughty, C., Gorbatkin, S., and Berry, L., “Spatial Distribution of Cu Sputter Ejected by Very Low Energy Ion 
Bombardment,” Journal of Applied Physics, Vol. 82, No. 4, 1997, pp. 1868-1875. 
 14Zhenxia, W., Wenyun, L., Chuanshan, W., and Wenmin, W., “Modelling of the Angular Distribution of Sputtered Particles 
from Roughened Elemental and Alloy Targets,” Vacuum, Vol. 47, No. 12, 1996, pp. 1465-1472. 
 15Chini, T., Tanemura, M., and Okuyama, F., “Angular Distribution of Sputtered Ge Atoms by Low keV Ar+ and Ne+ Ion 
Bombardment,” Nuclear Instruments and Methods in Physics Research B, Vol. 119, 1996, pp. 387-391. 
 16Betz, G., and Wien, K., “Energy and Angular Distributions of Sputtered Particles,” International Journal of Mass 
Spectrometry and Ion Precesses, Vol. 140, 1994, pp. 1-110. 
 17Stein, R., and Hurlbut, F., “Angular Distribution of Sputtered Potassium Atoms,” Physical Review, Vol. 123, No. 3, 1961, 
pp. 790-796. 
 18Huang, W., “Angular Resolved Sputtering Yields of Noble Metals and an Au-Ag Alloy,” Surface and Interface Analysis, 
Vol. 14, 1989, pp. 469-476. 
 19Crofton, M., Murray, J., and Pollard, J., “Angular Properties of Xe+-Sputtered Molybdenum at Low Impingement Energy,” 
Proceedings of the 4th International Spacecraft Propulsion Conference, ESA SP-555. 
 20Whitaker, T., Li, A., Jones, P., and Watts, R., “Angular Distributions of Sputtered Zirconium Atoms,” Journal of Chemical 
Physics, Vol. 98, No. 7, 1993, pp. 5887-5898. 
 21Surla, V., Wilbur, P., Johnson, M., Williams, J., and Yalin, A., “Sputter Erosion Measurements of Titanium and 
Molybdenum by Cavity Ring-Down Spectroscopy,” Review of Scientific Instruments, Vol. 75, No. 9, 2004,  pp. 3025-3030. 
 22Yalin, A., Surla, V., Buttweiler, M., and Williams, J., “Detection of Sputtered Metals using Cavity Ring-Down 
Spectroscopy,” Applied Optics, expected: Vol. 44, No. 30, 2005. 
 23Kolasinski, R., “Oblique Angle Sputtering Yield Measurements for Ion Thruster Grid Materials,” 41st Joint Propulsion 
Conference, AIAA paper 2005-3526, 2005. 
 24Tartz, M., Neumann, H., Fritsche, B., Leiter, H., and Esch, J., “Investigation of Sputter Behaviour of Ion Thruster Grid 
Materials,” 40th Joint Propulsion Conference, AIAA Paper 2004-4114, 2004. 
 25Zhang, Z.L., Zhang, L., “Anisotropic Angular Distributions of Sputtered Atoms,” Radiation Effects and Defects in Solids, 
Vol. 159, 2004, pp. 301-307 
 26Yamamura, Y., “Theory Of Sputtering And Comparison To Experimental-Data ,” Nucl. Instr. And Methods, Vol. 194, 
1982, pp. 515-522 

27Yamamura, Y., “Contribution Of Anisotropic Velocity Distribution Of Recoil Atoms To Sputtering Yields And Angular-
Distributions Of Sputtered Atoms,” Rad. Eff., Vol. 55, 1981, pp. 49-55 

28Zalm, P., “Quantitative Sputtering,” Surface and Interface Analysis, Vol. 11, No. 1, 1988, pp. 1-24. 
 29Fine, J., “Absolute Sputtering Yield Measurement Methods: A Review”, Proceedings of the 10th Summer School and 
Symposium on Physics of Ionized Gases (SPIG 80), Dubrovnik, Yugoslavia, August 25-30, 1980. 
 30Yamamura, Y., Tawara, H., “Energy Dependence of Ion-Induced Sputtering Yields from Monatomic Solids at Normal 
Incidence,” Atomic Data and Nuclear Tables, Vol. 62, No. 2, 1996, pp. 149-253. 
 31Doerner, R., Whyte, D., and Goebel, D., “Sputtering Yield Measurements During Low Energy Xenon Plasma 
Bombardment,” Journal of Applied Physics, Vol. 93, No. 9, 2003, pp. 5816-5823. 
 32Doerner, R., and Goebel, D., “Sputtering Yields of Ion Thruster Grid and Cathode Materials During Very Low Xenon 
Plasma Bombardment,” 39th Joint Propulsion Conference, AIAA Paper 2003-4561, 2003. 
 33Blandino, J., Goodwin, G., and Garner, C., “Low Energy Sputter Yields for Diamond, Carbon-Carbon, Composite, and 
Molybdenum Subject to Xenon Ion Bombardment,” Diamond and Related Materials, Vol. 9, No. 12, 2000, pp 1992-2001. 
  
  
 
 
   

http://wos.isiknowledge.com/?SID=Z4cbA5oK@GfnMeLCPlk&Func=Abstract&doc=1/27
http://wos.isiknowledge.com/?SID=Z4cbA5oK@GfnMeLCPlk&Func=Abstract&doc=2/41
http://wos.isiknowledge.com/?SID=Z4cbA5oK@GfnMeLCPlk&Func=Abstract&doc=2/41

	Nomenclature
	Introduction
	Experimental Set-up
	Vacuum Chamber/Ion Source
	Beam Characterization
	Data Acquisition and Analysis

	Results and Discussion
	Conclusions
	Acknowledgments
	References

