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ABSTRACT
We have measured the absolute doubly differential angular sputtering yield for 20 keV Kr+ impacting a loose Cu powder at an inci
dence angle of θi = 45°. We find that ion sputtering from a loose Cu powder differs dramatically from a flat Cu slab under the same 
irradiation conditions, being most pronounced for the angular distribution. The ejecta lobe for the powder is directed primarily 
backward, relative to the ion velocity vector. This contrasts with the slab, where the lobe is peaked nearly normal to the surface. We 
attribute the backward-directed ejecta lobe to two effects. First, ions can penetrate through the interconnected voids of the powder 
and cause sputtering from underlying grains. Atoms sputtered from these underlying grains are most likely to escape the powder if 
they are ejected roughly toward the origin of the incident ions, while ejecta in other directions are more likely to be shadowed by 
neighboring grains. Second, for θi = 45°, the grain surfaces exposed to the ions are primarily oriented in the backward direction, 
leading to shadowing of forward-directed ejecta. We find qualitatively good agreement between our experimental measurements and 
the results of our multiscale Monte Carlo simulation of sputtering from granular targets. We attribute the remaining discrepancies to 
ion-induced surface modifications not included in the simulations. Our findings indicate that ion sputtering from loose powders is 
distinctly different from that of flat surfaces, rough surfaces, and pressed powders due to the lack of interconnected voids in these 
latter three targets.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
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I. INTRODUCTION
Ion sputtering of loose powders is important in disparate 

fields, such as thin film deposition and planetary science. In thin 
film deposition, the use of powder targets, as opposed to slab 
targets, offers significant advancements in semiconductor manufac
turing through reduced costs, flexible combination of compositions, 
and improved film uniformity and quality.1–3 In planetary science, 
solar wind ions and cosmic rays irradiate the regolith surfaces of 
airless planetary bodies, such as the Moon, Mercury, and 
asteroids.4–7 Ion sputtering of the regolith plays a significant role in 
the surface alteration and exosphere formation of these bodies.8–13

Advances in these fields required knowing the total sputter
ing yield, which is defined as the number of sputtered atoms per 
incident ion, as well as the doubly differential angular sputtering 
yield, which is the number of sputtered atoms per incident ion per 
steradian. When considering powder targets, it is also important 
to take into account the granular nature of the bulk sample, the 
porosity (defined as the ratio of void volume to the total volume, 
noting that the void volume includes both the space between the 
grains and any space that may exist inside the grains), and the 
surface roughness of the individual grains. The granular nature 
results in a porous bulk surface topography with a peak-to-valley 
height on the order of the grain size diameters. We defined this as 
“granular roughness” to distinguish it from the surface roughness 
of an individual grain or of a non-porous solid. In addition, the 
interconnected voids of the granular structure enable ions to pene
trate below the surface layer and produce sputtering from underly
ing layers. These properties can potentially increase the 
redeposition rate of the atoms sputtered from a loose powder as 
compared to a non-porous rough surface. Hence, the behavior of 
ion sputtering from powders can differ significantly from sputter
ing of slabs, the latter of which have been extensively studied 
experimentally and theoretically.14–16 The same cannot be said for 
ion sputtering from loose powders.

Experimentally, powder studies in the 1960s and 1970s 
focused not on sputtering yields but on the optical properties of 
the irradiated material, finding that loosely packed powders dark
ened, but that pressed pellets (formed from loose powders) and 
flat slabs remained light in color.4 These results suggest that sput
tering studies using pellets and slabs are not accurate analogs for 
sputtering from powders. Furthermore, these early studies attrib
uted the darkening, in part, to the ejecta being redeposited onto 
the loose powder, but they did not attempt to quantify sputtering 
yields or the percentage of ejecta retained by the powder. This 
subject was revisited by two later experimental studies that pro
vided rough estimates for the percentage of the ejecta retained but 
still did not provide sputtering yields. Hapke and Cassidy17 irradi
ated a loosely packed and lightly sintered basaltic glass powder 
with ions and estimated that over 90% of the ejecta was redepos
ited (i.e., retained) within the powder. Loeffler et al.18 irradiated a 
compressed powder pellet of olivine with ions and estimated that 
∼67% of the ejecta was redeposited into the pellet. The reasons for 
the difference are unclear. It might be due to the reference used. 
Hapke and Cassidy17 referenced their powder results, with a grain 
size distribution finer than 37 μm, to results using a bead of 7 mm 
in diameter. Loeffler et al.18 referenced their pressed pellet results 

to a flat slab. Other potential sources of difference include the dif
ferent porosity of the loosely packed vs compressed powder, the 
different sample compositions, the different sticking coefficients 
for the ejecta onto the powder, the formation of ion-induced 
surface roughness, or some other combination of unknowns.

Since that time, we are unaware of any additional experimental 
results on loose powders. However, there has been work recently on 
ion sputtering from pellets. The absolute mass sputtering yields 
have been reported for Mercury mineral analogs19 and for a lunar 
soil.20 The results were reported only for sputtering in the incidence 
plane, which is defined by the velocity vector of the impacting ions 
and the bulk normal to the surface. The pellets used were formed 
from grains with size diameters on the order of ∼100 μm, but the 
pressing to form pellets is likely to have removed much of the gran
ular roughness, as well as much of the porosity. As a result, those 
works primarily explore the effects of surface roughness on the 
∼1 μm scale, as can be seen from their measured surface topogra
phies. Interestingly, though, the results do indicate that as surface 
roughness increases, so does the retention of the ejecta. This is sug
gestive that granularity and porosity might also increase the reten
tion (i.e., decrease the sputtering yield).

Theoretically, until recently, the only detailed simulation for 
ion sputtering of powders has been that of Cassidy and Johnson.21

That work predicted an ejecta escape rate of ∼10%–30% for a 
sticking coefficient S = 1. The lower end of the range corresponds 
to a forward-directed distribution of the ejecta (forward relative to 
the incident ion velocity vector) and the upper end to cosine-law 
dependence for the ejecta distribution. The escape rate increases as 
S decreases. That work, though, made a number of simplifying 
theoretical approximations to make the calculations readily tracta
ble, thereby limiting the ability to quantitatively apply those find
ings to laboratory measurements or other real world situations. It 
is only very recently that theoretical models have been developed 
that combine physically realistic state-of-the-art ion sputtering cal
culations with granular models that incorporate porosity.20,22

However, until our work reported here, no experimental data have 
been available to benchmark these new theoretical models.

Here, we have measured the absolute doubly differential 
angular sputtering yields from a loose Cu powder irradiated by 
20 keV Kr+ impacting at an incidence angle of θi = 45° relative to 
the bulk surface normal. Our study builds upon our earlier mea
surements using a Cu slab target.23 Comparing the two sets of 
results enable us to investigate the effect of a porous powder struc
ture on the sputtering process and to provide benchmarks for 
models simulating ion sputtering from loose powders.

The rest of this paper is organized as follows. Section II
describes the experimental details. Section III briefly reviews the 
simulation model we have developed to investigate ion sputtering 
from loose powders. Section IV presents and discusses the results. 
Finally, Sec. V summarizes our findings and their implications.

II. EXPERIMENTAL METHODOLOGY
A. Ion irradiation

We irradiated a loose powder target with ions and collected 
the sputtered atoms using the experimental apparatus that we have 
recently developed.23,24 The apparatus is located at Columbia 
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University Nevis Laboratories in Irvington, NY. One novel aspect 
of this apparatus is that the sample stage holding the target is 
mounted horizontally inside the target chamber. This orientation 
was specifically selected so as to enable sputtering studies of loose 
powders.

The irradiating Kr+ was produced in a duoplasmatron,25

extracted at an energy of 20 keV to form a beam, and 
mass-to-charge selected using a Wien filter, in order to purify the 
beam by removing other ions produced in the source. Between the 
ion source and the target chamber, the beam was directed and 
shaped with multiple electrostatic lens, deflectors, and apertures. 
The extracted Kr+ beam initially traveled horizontally ∼2.5 m above 
the floor. It was then electrostatically deflected downward at an 
angle of 45° toward the target chamber. After this deflection, and 
before entering the target chamber, the ion beam was collimated by 
two 5 mm apertures placed ∼0.2 m apart. This enabled the 
day-to-day reproducibility of the beam shape on the irradiated 
sample. After entering the target chamber, the incident ions 
impacted the sample with a polar angle of θi = 45° with respect to 
the bulk surface normal. The target chamber base pressure was 
∼1 × 10−8 Torr. During ion irradiation, this increased to 
∼2 × 10−8 Torr.

The ion beam shape, position, and current during irradiation 
were monitored by a single-wire beam profile monitor (BPM),26

which was installed between the second aperture and the gate valve 
to the target chamber. The BPM readings were recorded every 
second. We calibrated the BPM current reading to the ion current 
measured by a Faraday cup positioned behind the sample stage 
location. This calibration enabled us to use the BPM signal to 
monitor the ion current in real time. The BPM current was cali
brated before and after the ion-irradiation campaign, and the 
average of the calibration factors was used to calculate the total ion 
dose. The corresponding systematic uncertainty in the BPM calibra
tion factor was 10%, which we attribute to changes in the surface 
properties of the BPM wire due to ion irradiation over the course of 
the measurement campaign. Here and throughout, all uncertainties 
are quoted at an estimated one-sigma confidence level.

The position of the ion beam on the sample stage was deter
mined using an alumina scintillator before the irradiation cam
paign. We calibrated the BPM measurement of the beam position 
with the ion beam position on the scintillator, enabling us to use 
the BPM measurements to position the ion beam on the sample. 
Throughout the campaign, the center of the ion beam was within 
0.3 mm of the center of the sample stage. Projecting the BPM mea
surements of the beam shape onto the sample stage, and account
ing for θi, the ion beam full width at half maximum (FWHM) on 
the target was ∼5.4 mm in the incidence plane and ∼4.0 mm in 
the perpendicular plane that passed through the sample center.

Before each day’s irradiation, and with the gate valve closed 
to the target chamber, we used the BPM measurements to verify 
that the ion beam was properly positioned. The ion beam was 
then admitted into the target chamber. Typical irradiation currents 
were ∼0.37–0.47 μA. Moderate retuning of the beam was some
times required over the course of a day to compensate for a slow 
shift of the beam position with time, as is typical for beams pro
duced in a duoplasmatron source. The sample was irradiated for a 
total of 6.51 × 105 s, over a period of 27 non-consecutive days, 

resulting in a total delivered dose of (1.61 ± 0.16) × 1018 ions. This 
is about twice the dose that was used in Ref. 23. The overall 
fluence was ∼2.8 × 1018 ions cm−2, estimated using a beam area of 
∼0.57 cm2 derived from the ion beam FWHM at the sample posi
tion. The systematic uncertainty of ∼10% in the dose was due 
entirely to the BPM calibration. During ion irradiation, low energy 
electrons (<5 eV) produced by a flood gun (Princeton Scientific 
FS40-PS) were used to prevent surface charging. This was neces
sary because the Cu powder behaves as an insulator due to the 
high resistivity of the point contacts between the grains. The flood 
gun was turned on before ions were admitted into the target 
chamber. The electron current was ∼8 μA, and the electron beam 
size was ∼2 times larger than the ion beam size to cover 
completely the irradiated area.

B. Ejecta collection
Sputtered atoms were accumulated using collectors distributed 

across a hemispherical dome above the sample. The collectors used 
to capture the sputtered atoms were circular, gold-coated quartz crys
tals with a diameter of 14 mm and were purchased from INFICON, 
Inc. (model 008-010-G10). These collectors were mounted on the 
openings of the dome, as shown in Fig. 1. Compared to the dome 
used in our previous study,23 the new dome was extended to span 
more than three-quarters of the solid angle above the sample, 
enabling us to investigate the symmetry of the sputtering yield with 
respect to the incidence plane. We also enlarged each opening to a 
diameter of 13 mm, compared to the previous 10 mm. Thus, each 
collector spanned a solid angle of 2.71 × 10−2 sr. In addition, four 
witness collectors were mounted in the target chamber with no 
direct line of sight to the target. These were used to monitor for any 
potential mass gain resulting from the handling and atmospheric 
exposure of the collectors at various stages of the project.

A major uncertainty faced while planning the ion sputtering 
measurements from a loose powder was the predicted reduction in 
the sputtering yield. Based on the unbenchmarked theoretical 
work of Ref. 21, we expected sputtering yields ∼10%–30% of those 
in our previous slab results.23 Collecting mass gains comparable to 
our previous work would have required as much as a factor of ten 
increase in campaign time, turning the previous 10 non- 
consecutive days of ion irradiation of Ref. 23 into an unrealistic 
100 non-consecutive days. We compensated for this by reducing 
the desired mass gain to half and increasing the collector area by a 
factor of (13/10)2. Together, these increased the predicted required 
total ion dose to twice that of our previous study, reducing the 
predicted campaign time to a more feasible ∼30 non-consecutive 
days.

C. Sample preparation
For the sample to be studied, we used spherical, polycrystal

line Cu grains of 99.9% purity (metals basis), from Thermo Fisher 
Scientific (Catalog No. 045544.22). The grains were sieved through 
electroformed stainless-steel dry sieves (from Precision Eforming), 
and grains were selected with diameters of 53–90 μm (270 and 170 
mesh, respectively). The grains as purchased, however, had been 
exposed to ambient atmosphere, and the formation of an oxidized 
surface layer was expected, consisting predominantly of cupric 
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oxide (CuO) and/or cuprous oxide (Cu2O).27 To purify this layer, 
we performed a chemical reduction of the sample using hydrogen 
(H2) gas, a standard undergraduate chemistry laboratory exer
cise.28 Briefly, the sieved grains were inserted into a glass tube. 
While H2 flowed through the tube, the grains were heated for 
10 min and then cooled for 8 min. The heating activated reactions 
of both CuO and Cu2O with the H2, forming H2O and removing 
the O from the sample. The heating and cooling process was 
repeated three times. The reduction was carried out in a laboratory 
at Columbia University’s Lamont-Doherty Earth Observatory in 
Palisades, NY.

We then determined the porosity of the reduced Cu grains in 
the sample cup, which had a diameter of 32 mm and a depth of 
2 mm. We first weighed the sample cup. Afterward, the Cu grains 
were poured into the sample cup and leveled using a stainless-steel 
spatula. Finally, we weighed the sample cup with the Cu grains. 
Combining the mass change and the volume of the sample cup, 
we derived the density of the Cu sample. The reduced-grain mea
surements were performed in a dry nitrogen (N2) gas environ
ment, in order to minimize the re-oxidization of the grains. The 
process was repeated three times; the average density of the Cu 
sample was ρpowder = 4.78 ± 0.24 g cm−3. Using ρslab 
= 8.9334 ± 0.0002 g cm−3 as the density of the Cu slab,29 the poros
ity of the Cu powder sample is found to be p = (ρslab − ρpowder)/ 
ρslab = 0.46 ± 0.03.

In a separate reduction campaign, we prepared reduced Cu 
grains for irradiation and characterization, following the same 
process as described above. Under a dry N2 environment, the 

reduced grains were removed from the glass tube and poured into 
four separate glass vials, which were then sealed in individual bags 
inflated with dry N2. After this, the samples were transported to 
the ion-irradiation laboratory.

In the ion-irradiation laboratory, one vial of the reduced 
grains was poured into the same sample cup and leveled using a 
stainless-steel spatula. The preparation of the sample for irradia
tion was identical to the density measurement above, and we 
assume that the sample has the same density and porosity. The 
sample cup was then mounted horizontally onto the sample stage 
inside the target chamber, and the target chamber was evacuated. 
The time that the sample was exposed to air during this entire 
process was estimated to be less than 10 min. During this time, we 
exposed the other vials of reduced grains to the ambient laboratory 
environment, so that they would be representative of the sample to 
be irradiated. We dub these grains as the reference grains. Once 
the sample was mounted and the chamber evacuated, these refer
ence vials were re-sealed in dry N2 bags for <12 h.

D. Sample characterization
The sample references were transferred to various laboratories 

for characterization. The shape and bulk composition were deter
mined using a scanning electron microscope (SEM) integrated 
with energy dispersive spectroscopy (EDS). This system is located 
at the Fashion Institute of Technology, part of the State University 
of New York in Manhattan. Additional compositional information 
was measured using X-ray photoelectron spectroscopy (XPS) and 

FIG. 1. Schematic of the dome used to hold the collectors. The collectors were mounted on the 13 mm diameter openings in the dome. The radial distance from the 
sample center to the center of each collector was 70 mm. (a) Side view showing the polar angles θi of the incident Kr+ beam (blue arrow) and the flood gun electrons 
(e−; green arrow), the polar angles θs of the collectors, and the sample cup. The polar angles are measured with respect to the bulk sample normal. One collector was 
situated at θs = 0°. This was surrounded by rings of collectors at θs = 15°, 30°, 45°, 60°, and 75°. Not all collector openings are visible in the figure. The collector loca
tions are specified in detail in Sec. IV. (b) Top view showing the azimuthal angles of the Kr+ and e− beam velocity vectors (blue and green arrows, respectively), the azi
muthal angles ϕs for the collectors, and the Cu grains (magenta area). Here, ϕs = 0° is the direction of the ion beam velocity projected onto the bulk sample plane. The 
ions entered the dome through the opening marked with blue “×.” The collectors in each θs ring spanned azimuthal sputtering angles ϕs from 0° to 360°, except for the 
opening for the Kr+ beam at (θs, ϕs) = (45°,180°), the wedge-shaped cut for the e− beam, and the opening at (θs, ϕs) = (30°,270°) for visual inspection of the sample 
(this opening is marked with the red “∗”).
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X-ray diffraction (XRD). The XPS is based at the Advanced 
Science Research Center, located on the City College of New York 
campus in Manhattan. The XRD is located at the Columbia 
University Nano-Initiative Laboratory in Manhattan. The refer
ences experienced <5 min of additional exposure to atmosphere 
while transferring from the glass vial into the SEM/EDS or XPS 
chambers. The XRD was done in ambient air; the characterization 
took ∼10 min.

1. SEM measurements
The samples were imaged using the SEM. As expected, the 

majority of the grains were found to have a spherical shape, with 
diameters of 53–90 μm. This can be seen in Fig. 2(a) showing the 
low magnification SEM image of the reduced grains. Figure 2(b) is 
the high magnification SEM image for a representative grain, 
which shows that the grain surface is relatively smooth, with some 
micrometer-scale blobs and patches on the surface. Within the 
SEM resolution, we did not detect changes in the grain shape or 
surface morphology between the as-received and reduced grains.

2. XPS measurements
The surface composition of the reduced Cu grains was char

acterized with XPS, using a Physical Electronics Versaprobe II 
system equipped with a monochromated Al Kα X-ray source and 
dual beam charge neutralization. XPS works by irradiating a 
sample with monochromatic X rays and analyzing the kinetic 
energy of the ejected electrons. Direct ionization of a core electron 
produces photoelectrons with the kinetic energy given by 
Ek = EX-ray − EB − ϕw. Here, EX-ray = 1486.6 eV, EB is the binding 
energy of the core electron with respect to the Fermi level, and ϕw 
is the work function of the spectrometer. The X rays can also 

produce Auger electrons through a process where first a core hole 
is created by excitation or ionization. The hole is then filled by an 
electron from a higher orbital, and the energy released by this 
decay goes into ionizing another bound electron. Any remaining 
energy goes into kinetic energy of this Auger electron. Here, we 
observed the formation of Cu L-shell holes that were filled by an 
M-shell electron leading to the Auger emission of another M-shell 
electron, i.e., LMM Auger electrons.

Each element has unique binding energies for its core elec
trons. These energies are sensitive to the chemical environment of 
the atom.30 Thus, the precise kinetic energy of the photoelectrons 
gives the information on the chemical state of the element, while 
the relative area of the photoelectron peaks, together with the 
instrumental sensitivity factors, is used to obtain elemental abun
dance.30 The penetration depth of the photons into the solid is on 
the order of micrometers, with ionization occurring along the 
entire penetration length. However, only those electrons that origi
nate from within a few nanometers below the surface produce ana
lytically useful peaks in the kinetic energy spectrum, as these 
electrons leave the surface with minimal energy loss. Those elec
trons that originate from deeper below the surface undergo inelas
tic loss processes before emerging, thereby contributing to the 
energy spectrum background. Hence, XPS primarily probes 
surface properties. For the Cu grains used in our study here, the 
estimated inelastic mean free path is ∼1 nm for the Cu-2p photo
electrons, ∼2.5 nm for O-1s, and ∼3 nm for the C-1s.31

In our study, survey spectra were collected at a pass energy of 
117.4 eV, providing an energy resolution of ∼4 eV. Each survey 
spectrum took ∼8 min and provided a broad overview of the ele
ments present in the top ∼3 nm of our sample. In order to deter
mine the chemical states of the Cu atoms, we also took 
high-energy-resolution (HR) spectra at the energies of the Cu-2p, 

FIG. 2. (a) SEM image of Cu grains after reduction showing that the majority of the grains have a spherical shape, within the expected diameter range of 53–90 μm. 
(b) High magnification SEM image for a representative grain. The SEM images were collected on a Phenom XL using 5 keV primary electrons at a magnification of 
×280 for (a) and ×2950 for (b).
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O-1s, and C-1s photoelectrons, as well as of the Cu-LMM Auger 
electrons. The HR spectra were taken at a pass energy of 23.5 eV, 
providing an energy resolution of ∼0.5 eV. Each HR spectra took 
∼30 min. Spectral analysis was performed using Multipak 
(Version 9.6.0). For all the spectra, we first calibrated the energy 
scale by setting the C-1s peak (adventitious carbon resulting from 
the brief exposure to ambient atmosphere during sample transfer
ring) to a kinetic energy of 1201.8 eV (corresponding to a binding 
energy EB of 284.8 eV). For the quantitative analysis, we used the 
HR spectra after the subtraction of a Shirley background.32,33

Figure 3 shows a representative XPS survey for the reduced 
Cu grains. Six Cu core-level peaks are readily identifiable in the 

spectrum: the Cu-2p doublet spanning a kinetic energy of ∼535– 
555 eV (corresponding to EB ≈ 932–952 eV), Cu-3s at ∼1364 eV 
(EB ≈ 123 eV), Cu-3p at ∼1411 eV (EB ≈ 75 eV), and Cu-3d at 
∼1484 eV (EB ≈ 2 eV). The peaks occurring at kinetic energies of 
∼720–935 eV are due to Cu-LMM Auger electrons, resulting from 
the production of an L3 hole that is filled by an M2, M3, M4, or M5 
electron leading to the ejection of an M2, M3, M4, or M5 Auger 
electron. In addition, the O-1s line at a kinetic energy of ∼955 eV 
(EB ≈ 531 eV) and the C-1s line at ∼1202 eV (EB ≈ 285 eV) were 
identified. We attribute these to the brief exposure to atmosphere 
when transferring the sample into the XPS chamber, resulting, 
respectively, in oxidation of the reduced Cu grains and adventi
tious carbon contamination.

We used the HR XPS spectra of Cu-2p, Cu-L3M4,5M4,5, and 
O-1s features for qualitative and quantitative surface analyses of 
the reduced Cu grains. Figure 4(a) shows the HR Cu-2p doublet 
spectrum, with narrow peaks at 534.3 and 554.1 eV (EB = 952.3 
and 932.5 eV, respectively). No shake-up peaks around ∼520 and 
540 eV, characteristic of cupric (Cu2+) compounds,30 were observed, 
suggesting that the reduction treatment effectively removed the 
oxygen from CuO. However, it was challenging to differentiate 
metal Cu and cuprous (Cu+) compounds (Cu2O) using only the 
Cu-2p spectrum, as their energies differ by only ∼0.1 eV.35

Fortunately, their energies are well separated in the Cu-L3M4,5M4,5 
spectra. As shown in Fig. 4(b), we observed both metallic Cu at 
918.8 eV (peak 0) and Cu+ at 916.8 eV (peak 1). These Cu peak 
positions and assignments were consistent with those reported in 
the literature.35–37 Platzman et al.35 investigated the oxidization of 
Cu films at ambient conditions using the Cu-2p and Cu-L3M4,5M4,5 
spectra. After the Cu films were exposed to ambient conditions for 
∼1 h, they measured a Cu-to-Cu+ intensity ratio of ∼1.1 without 
detectable Cu2+. They estimated the thickness of the oxidization 
layer using the Strohmeier equation38 and suggested a Cu-to-Cu+ 

ratio of ∼1.1 corresponded to a surface oxidization layer of 
∼2.5 nm. Fitting the Cu-to-Cu+ peak intensity ratios in Fig. 4(b), we 
find a ratio of ∼0.98. Thus, we estimated that the Cu2O surface 
layer was less than ∼2.5 nm. The HR O-1s spectrum in Fig. 4(c)

FIG. 3. XPS kinetic energy survey spectrum of the reduced Cu grains. The 
spectrum shows Cu core-level lines and Cu-LMM Auger lines, as well as O-1s 
and C-1s core-level lines. Electrons originating from deeper below the sample 
surface lose energy due to inelastic collisions, contributing to the broad back
ground at energies below each of the labeled lines.

FIG. 4. HR XPS spectra for the reduced Cu powder. (a) The Cu-2p doublet. (b) Peak fitting of the Cu-L3M4,5M4,5 feature. The peaks at 918.8 eV (peak 0, Cu metal) 
and 916.8 eV (peak 1, Cu2O) correspond to the Cu metal and Cu2O, respectively. The other three peaks are attributed to LMM Coster–Kronig-type Auger transitions.34

(c) Peak fitting of the O-1s spectrum showing peaks at 956.1 eV (peak 0, EB ≈ 530.5 eV), 954.7 eV (peak 1, EB ≈ 531.9 eV), and 953.6 eV (peak 2, EB ≈ 533.0 eV). 
These correspond to Cu2O, hydroxyl group (OH−), and H2O, respectively.
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shows O chemical states consistent with Cu2O, the hydroxyl 
(OH−) group, and H2O,35 consistent with the above interpretation.

3. EDS measurements
We performed elemental composition analysis using the EDS 

analysis integrated on the SEM. EDS is sensitive to the composi
tion to a depth determined by the energy of the electrons used. 
Here, we used 10 and 15 keV electrons, resulting in a penetration 
depth of ∼450 nm, as estimated with the Kanaya–Okayama equa
tion.39 The results using 10 keV electrons are shown in Fig. 5, indi
cating that the reduction efficiently removed O and C from the 
grains and resulted in a 100% metallic Cu within the EDS penetra
tion depth. The EDS analysis also confirms that there was negligi
ble re-oxidization of the grains resulting from the short-period 
exposure to atmosphere during sample transfer. This analysis was 
repeated multiple times on multiple regions. The results were 
always consistent.

4. XRD measurements
We characterized the Cu grains using XRD, which is a bulk 

technique that provides crystalline information of the grains. 
Figure 6 shows the XRD patterns for both the as-received and 
reduced grains, collected with a Malvern Panalytical XPERT3 
powder diffractometer. Both samples show similar patterns, 
matching very well with the typical face-centered cubic crystal 
structure of a copper metal with a lattice parameter of 3.6150 Å 
and an Fm-3m (No. 255) space group.41 We did not observe any 
XRD peaks that would be indicative of Cu oxidation states.42 This 
confirms that the bulk of each grain was pure polycrystalline Cu. 
Interestingly, though XRD is not sensitive to localized regions, 
such as the surface of the grains,43 the results in Fig. 6 do suggest 

that the oxidization state in the as-received grains was located near 
the surface of the grains. The XRD peaks for the reduced grains 
systematically shift by ∼0.15°, which is likely due to changes in 
lattice strain when removing the O during reduction.40 This sug
gestion of surface oxidation on the as-received grains is consistent 
with our XPS results.

E. Sputtering yields
To derive sputtering yields, the mass of each collector was 

measured ex situ using a quartz-crystal microbalance (QCM) 
(Mettler Toledo, LLC, Columbus, OH, USA; model UMX2) inte
grated into a trace metal clean, automated weighing system.23 Each 
collector was weighed in triplicate sequentially before weighing the 
next collector in triplicate and so on; any triplicate weighing with 
an anomalously high standard deviation >0.3 μg was repeated. 
This weighing process for every collector was repeated on three 
separate runs of the auto handler for a total of nine weights being 
used to obtain an average pre-mass. The same process was carried 
out after ion irradiation to obtain the average post-mass of each 
collector, with the net mass gain being obtained from the differ
ence of the pre- and post-averages. Included within these runs 
were four witness collectors that act as procedural blanks. The 
average mass change of the four witness collectors was subtracted 
from the net mass gain of each collector to get a final mass gain. 
The total time between the initial set of weighings of the collectors 
and the post-experiment set of weighings was 126 days. The final 
mass gain of each collector was converted into a total number of 
Cu atoms. The absolute doubly differential sputtering yield at each 
collector was determined from the number of collected Cu atoms 
divided by the total ion dose delivered and by the subtended solid 
angle.

FIG. 5. EDS analysis of the Cu grains (a) before and (b) after reduction. The EDS spectra shown were collected using 10 keV primary electrons in a backscattered 
electron mode. The top inset in each panel shows the SEM image of the region where the EDS spectrum was taken. The bottom inset shows the quantitative results of 
the elemental composition.
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III. THEORETICAL MODELING
A detailed description of our theoretical model is given in 

Verkercke et al.,22 along with a brief review of related work by 
other groups. Here, we provide only a high level overview of our 
model and refer the reader to Ref. 22 for additional details.

A. Simulation of the Cu powder sample
The Cu powder sample is simulated using the open-source 

code Large-scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) GRANULAR package.44 First, a total of 8000 spherical 
grains with zero initial velocity and a downward acceleration 
equivalent of 9.81 m s−2 (equivalent to Earth’s gravity) were 
dropped into a simulation box. The box had a bottom of 
1 × 1 mm2 fixed in the xy plane (at z = 0), with the height along 
the +z direction. The grains were dropped from a region between 
z = 3 and 4.5 mm. The grain size followed a uniform distribution 
with diameters of 50–90 μm. The grain-on-grain contacts were 
described by a Johnson–Kendall–Roberts contact model.45 After 
all the dropped grains had settled into their final position 
(forming a height of 4.2 mm), a small force of random direction 
along the xy plane was applied to each grain to “shake” the 
sample, reducing the sample height to 3.3 mm. Finally, we 
removed the top 600 μm layer, which consisted of fairy-castle-like 
structures,46,47 and the bottom 200 μm layer, which was affected 
by the fixed bottom boundary condition. The final sample height 
was 2.5 mm with a bulk density of 4.48 g cm−3 and a porosity of 
p = 0.49, agreeing closely with the experimental values of ρpowder 
= 4.78 ± 0.24 g cm−3 and p = 0.46 ± 0.03. The excellent agreement 

between the granular model and the measured values supports our 
implicit assumption that the Cu grains are free of any significant 
internal voids.

B. Ray-tracing simulation of Kr ions impacting the Cu 
powder

Kr atoms (the simulation package considered only neutral 
impactors) were launched from a plane above the powder target 
with a global incident polar angle θi = 45° with respect to the bulk 
surface normal. The initial position of the impactor on the launch
ing plane was selected using a Monte Carlo simulation. Together 
with the impactor velocity vector, this determined the impact 
point on the Cu powder sample. An impact occurred if the dis
tance between a Kr atom and a grain was smaller than the radius 
of the grain. The local normal vector with respect to the grain 
surface was the vector from the grain center to the impact posi
tion, and the local incidence angle, θi′, was the angle between the 
impactor velocity vector and the local normal vector.

In the next step of the simulation, we used SDTrimSP simula
tions to produce a mapping from θi′ to both the yield and its 
angular distribution. We conducted a series of binary collision 
approximation (BCA) simulations for 20 keV Kr atoms impacting a 
flat Cu target for θi,k′ between 0° and 90° in 5° steps (k = 1–20). The 
simulations were performed using SDTrimSP (Version 7.00)48 in a 
standard mode with serial processing. SDTrimSP tracks the kinetic 
energy of the sputtered and substrate atoms but does not consider 
the effects of atomic ionization, ionic neutralization, potential sput
tering, substrate crystallinity, or surface roughness. The resulting 
doubly differential sputtering yields vs θi,k′ were binned in direction 
in 5° × 5° bins in both polar and azimuthal angles of the ejecta.

To compute the sputtering yield for a particular θi′, we 
approximated each impact as occurring on a flat surface, as the 
scale of the impact is orders of magnitude smaller than the grain 
size. Using the resulting value of θi′ for a given Kr impactor, the 
sputtering yield distribution was determined from a linear interpo
lation of the distribution map for θi,k′ ≤ θi′ ≤ θi,k+1′ from 
SDTrimSP simulations. Based on the resulting distribution, a 
Monte Carlo sampling was used to determine the local polar, θs′, 
and azimuthal, ϕs′, angles for each ejected atom. The local coordi
nates of each ejected atom were then transformed to the global 
coordinates. The trajectory for each ejected atom within the simu
lated volume was then traced. If an ejected Cu atom crossed the 
plane from which the impactors were launched, it was considered 
to have escaped from the powder. If it encountered another grain, 
it was assumed to stick with a 100% probability; i.e., it was 
retained within the sample. Finally, we mapped the escaped atoms 
onto the dome and recorded if they intersected a collector. This 
enabled us to compare the simulation results with the experimen
tal measurements.

IV. RESULTS AND DISCUSSION
A. Absolute doubly differential angular escaping 
sputtering yields

The measured absolute doubly differential angular escaping 
sputtering yields of the Cu grains are presented in Fig. 7(a). The 

FIG. 6. The normalized intensity of scattered X rays as a function of the dif
fraction angle (2θ) for the Cu grains as-received (black-line) and after reduction 
(red-line). Both patterns match well with the XRD peaks for the standard Cu 
metal.41 The inset shows that the positions of the XRD patterns for the grains 
after reduction have systematically shifted to smaller angles by ∼0.15°. This is 
likely due to changes in lattice strain when removing the O during reduction.40
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FIG. 7. Absolute doubly differential angular escaping sputtering yields as a function of sputtering azimuthal angle ϕs for sputtering polar angle θs (with respect to the 
sample normal) of 0° (black square), 15° (red circles), 30° (blue upward triangles), 45° (olive diamonds), 60° (orange downward triangles), and 75° (green stars). The 
projection of the velocity vector for the impacting 20 keV Kr+ ions is along ϕs = 0°. For θs = 0°, there was only one collector. For all other values of θs, each data point 
represents one collector. The dashed lines are polynomial fits to the data. The data in (a) and (b) are our laboratory measurements using Cu powder and slab targets, 
respectively. Panel (b) is reprinted from Bu et al., J. Appl. Phys. 135, 035302 (2024). Copyright 2024 Authors, licensed under a Creative Commons Attribution (CC BY 
4.0) License.23 The data in (c) and (d) are results from our simulations using Cu powder and slab targets, respectively.
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sputtered mass gains of the collectors have a distribution from a 
high of 21.17 μg to a low of 0.88 μg, corresponding to a sputtering 
yield range from 4.598 to 0.19 atoms ion−1 sr−1. These are the 
mass gains after subtracting the average mass gain of the four 
witness collectors, which was 0.72 ± 0.12 μg. We attribute the mass 
gain of the witness collectors to atmospheric contamination 
during the ex situ transport and handling of all the collectors. The 
measured sputtered mass gains (Δm) are also given in Table I. The 
corresponding uncertainties in the mass gain (σΔm) are given by 
the quadrature sum of the uncertainty for QCM measurements 
and the uncertainty in the subtracted average mass gain of the 
witness collectors. The sputtering yields presented here are calcu
lated assuming a 100% Cu–Cu sticking coefficient and ignoring 
the differences in the Au–Cu sticking coefficient for the first layer 
of the deposited Cu atoms. As discussed in Bu et al.,23 the 
energy-distribution-averaged Au–Cu sticking coefficient was 
(78 ± 4)%. Thus, the 100% assumption here results in an underes
timation in the sputtering yield onto any individual collector of 
0.014 atoms ion−1 sr−1.

To evaluate the effects of the small offset between the ion 
beam center and the target center, we performed SDTrimSP simu
lations for 20 keV Kr+ incident upon a slab at θi = 45° impacting at 
the target center and impacting ∼0.3 mm away from the target 
center. The displacement in the incidence plane was in the ϕs = 0° 
direction and was 0.03 ± 0.36 mm. The displacement perpendicu
lar to the incident plane was in the ϕs = 270° direction and was 
0.32 ± 0.49 mm. For an average displacement of (0.03, 0.32), the 
resulting sputtering yield differed by less than ±3% for each of the 
collectors. To evaluate the effect of the beam size, we shifted the 
incoming Kr ions to the extreme edges of the beam spot in both 
the incidence plane and the perpendicular plane. Averaging the 
SDTrimSP results for these four cases produced sputtering yields 
on each collector that were within ±4.5% of those with the impact
ing point at the sample center. Taking into account these uncer
tainties and the ∼10% uncertainty from the BPM measurements 
yields an uncertainty of ∼11%. For the total uncertainty of a given 
sputtering yield measurement, this 11% needs to be added in 
quadrature with the uncertainties in the sputtered mass gain mea
surements. This mass gain measurement uncertainty is <3% for 
most of the collectors (61 out of 70) and increases to ∼10% for the 
lowest mass gain collectors (9 out of 70). Clearly, the BPM error is 
the dominant uncertainty for the majority of our measurements.

B. Total escaping sputtering yields
To obtain the total escaping sputtering yield, we first interpo

lated and extrapolated the measured data points to cover θs = 0°– 
90° and ϕs = 0°–360°, both with a step size of 1°. The total experi
mental yield Y was then calculated by integrating the results over 
the θs − ϕs plane using

Y ¼
ð90�

θs¼0�

ð360�

fs¼0�
(dY/dΩ)sin θsdθsdfs: (1) 

This gives a total sputtering yield of YE = 15.8 ± 2.0 atoms ion−1 

for the powder measurements in Fig. 7(a). This is the sputtering 
yield of atoms that escape the powder. Unfortunately, we are not 

TABLE I. Data for Figs. 7(a), 7(c), and 7(d): polar θs and azimuthal ϕs angles of 
each collector; together with the measured mass gain Δm; variance in the mea
sured mass gain σΔm; and the absolute measured and simulated doubly differential 
escaping sputtering yields (dY/dΩ)m and (dY/dΩ)s, respectively.

θs 
(deg)

ϕs 
(deg)

Δm 
(μg)

σΔm 
(μg)

(dΥ/dΩ)m 
powder 
(atoms 
ion−1  

sr−1)

(dΥ/dΩ)s 
powder 
(atoms 
ion−1  

sr−1)

(dΥ/dΩ)s 
slab 

(atoms 
ion−1  

sr−1)

0.0 0.00 21.17 0.16 4.594 3.275 9.068
15.0 0.00 20.13 0.16 4.368 2.835 8.764
15.0 60.00 20.37 0.13 4.420 2.951 8.428
15.0 120.00 20.65 0.16 4.481 3.295 8.108
15.0 180.00 21.11 0.13 4.580 3.506 7.993
15.0 240.00 20.05 0.18 4.351 3.300 8.108
15.0 300.00 19.95 0.13 4.328 2.989 8.428
30.0 0.00 17.21 0.16 3.734 2.295 7.187
30.0 30.00 17.19 0.13 3.730 2.384 7.125
30.0 60.00 18.14 0.15 3.935 2.459 6.936
30.0 90.00 18.80 0.18 4.078 2.833 6.684
30.0 120.00 18.85 0.18 4.090 3.051 6.484
30.0 150.00 20.26 0.17 4.397 3.367 6.342
30.0 180.00 20.59 0.14 4.467 3.734 6.160
30.0 270.00 N/A N/A N/A 2.809 6.684
30.0 300.00 17.90 0.18 3.884 2.522 6.936
30.0 330.00 17.26 0.16 3.746 2.315 7.125
45.0 0.00 13.37 0.13 2.901 1.540 5.313
45.0 19.50 13.57 0.15 2.943 1.590 5.355
45.0 39.00 13.90 0.16 3.016 1.727 5.132
45.0 58.50 14.82 0.17 3.217 1.949 4.983
45.0 78.00 15.78 0.14 3.424 2.148 4.849
45.0 97.50 16.52 0.14 3.584 2.402 4.717
45.0 117.00 17.28 0.17 3.749 2.612 4.563
45.0 136.50 17.61 0.16 3.821 2.799 4.454
45.0 156.00 18.42 0.16 3.997 3.100 4.373
45.0 262.50 15.87 0.16 3.443 2.388 4.717
45.0 282.00 15.61 0.15 3.387 2.094 4.849
45.0 301.50 14.60 0.16 3.168 1.891 4.983
45.0 321.00 14.05 0.13 3.048 1.677 5.132
45.0 340.50 13.15 0.17 2.854 1.590 5.355
60.0 0.00 6.09 0.14 1.321 0.883 3.006
60.0 15.00 5.98 0.17 1.298 0.909 3.047
60.0 30.00 7.66 0.15 1.662 1.028 3.100
60.0 45.00 9.32 0.18 2.021 1.111 3.005
60.0 60.00 10.76 0.13 2.335 1.296 2.809
60.0 75.00 11.51 0.13 2.497 1.513 2.719
60.0 90.00 12.66 0.14 2.747 1.655 2.643
60.0 105.00 13.32 0.13 2.890 1.931 2.588
60.0 120.00 13.34 0.15 2.895 2.066 2.512
60.0 135.00 15.94 0.14 3.459 2.164 2.409
60.0 150.00 16.84 0.15 3.653 2.310 2.350
60.0 165.00 17.05 0.16 3.699 2.477 2.322
60.0 180.00 17.31 0.13 3.756 2.575 2.337
60.0 270.00 14.05 0.16 3.049 1.710 2.643
60.0 285.00 13.04 0.17 2.830 1.483 2.719
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able to determine the sputtering yield for atoms that are retained 
within the powder. However, we can compare our results to our 
earlier Cu slab measurements. The measured total escaping 
sputtering yield for the Cu flat slab under similar irradiation 
conditions was YF = 23.4 ± 4.7 atoms ion−1.23 The resulting 
powder-to-slab ratio of the measured total sputtering yields is 
YE/YF = 0.675 ± 0.160.

It is challenging to compare our total sputtering yield results 
to most previously published experimental17,20,49 and 
theoretical20–22 results for powders and fuzzy surfaces because of 
the differences between the present work and these past works. 
These differences include impactor species, impactor energy, 
target composition, porosity, and other factors. In this subsection, 
we have chosen to compare primarily to the ratio YE/YF. This 
approximately cancels out the effects of impactor species, impactor 
energy, surface binding energy, and target composition, in an 
attempt to focus on how the granular geometry of a loose powder 
alters the sputtering yield as compared to fuzzy and flat targets.

We begin by comparing our results directly to the sputtering 
measurement from the lightly packed, loosely sintered powder of 
glass grains of Hapke and Cassidy,17 but there are a number of 
issues that complicate the comparison. In Ref. 17, they irradiated 

basaltic glass using a 2 keV H+ beam. They compared the mass 
loss from their powder sample, with a grain size distribution finer 
than 37 μm, to the mass loss from a bead of 7 mm in diameter. 
However, the sputtering yield from a 7 mm diameter bead is likely 
to be higher than that of a flat surface. The sputtering yield for 
ions impacting normal to the top of the bead is expected to be 
equivalent to that of a flat surface. However, as the impact position 
of the ions moves toward the edge of the bead, the local incidence 
angle increases, and the sputtering yield also increases (e.g., 
Ref. 15). Thus, the mass loss measured from the bead is likely to 
have been larger than that from a flat surface, and the 
powder-to-bead ratio of 0.094 ± 0.009 is likely to be an underesti
mate of the powder-to-slab ratio because of the increased denomi
nator value. This may explain a portion of the factor of ∼7.2 
difference between Ref. 17 and our results.

Another likely contributing factor is that at the ion energies 
of Ref. 17, primary knock-on sputtering dominates.15 The ejecta 
distribution retains some “memory” of the momentum of the 
impacting ion, and the ejecta is predominantly directed further 
into the powder. This contrasts with the energy that we are 
working at where secondary knock-on sputtering dominates and 
the ejecta lobe is an approximately cosns (θs) distribution relative to 
the local surface normal, where ns is a fitting parameter.23 Thus, at 
the energy used here, the eject distribution is pointed out of the 
powder. As a result, for the results of Ref. 17, a higher redeposition 
fraction (and correspondingly lower mass loss, i.e., a reduced 
numerator) is expected compared to our results, which could 
further explain a portion of the ∼7.2 difference.

What is unlikely to explain the difference is the formation of 
a surface structure. It was pointed out in Ref. 18 that at the fluence 
of ∼8 × 1020  H+ cm−2 used in Ref. 17, one expects to form “needle 
topography”50 that could cause redeposition of the ejecta. 
However, as we discuss in Sec. IV E, we see the formation of 
similar conical structures at our fluence of ∼2.8 × 1018 Kr+ cm−2. 
Thus, this is unlikely to explain the difference. Identifying the 
various contributors to the observed factor of ∼7.2 difference 
would benefit from theoretical simulations using the approach of 
Verkercke et al.,22 but that is beyond the scope of this work.

We also can compare our total escaping sputtering yield to 
the theoretical results of Cassidy and Johnson.21 They predicted 
the total sputtering yield ratio of a regolith (YE in our notation22

and YR in Ref. 21) relative to a flat slab (YF in both Refs. 22
and 21). However, a number of differences compromise the com
parison. First, Ref. 21 presents simulations for θi = 0°, and our 
measurements are for θi = 45°. The simulations of Ref. 22 find that 
YE/YF decreases going from θi = 0° to 45° for the Cu power and 
slab considered here, a point that we return to below. Second is 
the question of how the sputtering yield depends on θi. In Ref. 21, 
they use the approximation YF(θi)/YF(0) � cos� ni (θi) for θi &80�
(where ni ≥ 1 is a fitting parameter), but SDTrimSP simulations 
for 20 keV Kr impacting on a Cu slab find that this approximation 
overestimates the sputtering yield for θi *50�.22 It is likely that 
this results in an overestimate of the sputtering yield from a rego
lith. Given these limitations, we can still attempt to compare our 
experimental results of YE/YF = 0.675 ± 0.160 to the predictions of 
Ref. 21 for a cosine emission law and a sticking coefficient of S = 1, 
parameters that have been shown to be appropriate for 20 keV Kr+ 

TABLE I. (Continued.)

θs 
(deg)

ϕs 
(deg)

Δm 
(μg)

σΔm 
(μg)

(dΥ/dΩ)m 
powder 
(atoms 
ion−1  

sr−1)

(dΥ/dΩ)s 
powder 
(atoms 
ion−1  

sr−1)

(dΥ/dΩ)s 
slab 

(atoms 
ion−1  

sr−1)

60.0 300.00 11.84 0.16 2.569 1.283 2.809
60.0 315.00 11.17 0.15 2.424 1.081 3.005
60.0 330.00 7.94 0.17 1.72 0.981 3.10
60.0 345.00 6.49 0.16 1.41 0.887 3.05
75.0 0.00 1.22 0.15 0.265 0.360 1.19
75.0 13.85 1.06 0.17 0.229 0.382 1.13
75.0 27.69 1.44 0.14 0.312 0.418 1.14
75.0 41.54 2.52 0.13 0.547 0.496 1.15
75.0 55.38 4.11 0.13 0.892 0.618 1.16
75.0 69.23 5.76 0.15 1.25 0.747 1.08
75.0 83.08 7.48 0.16 1.62 0.911 1.07
75.0 96.92 8.42 0.13 1.83 1.01 1.01
75.0 110.77 8.88 0.15 1.93 1.16 0.969
75.0 124.62 9.56 0.14 2.07 1.17 1.01
75.0 138.46 10.10 0.17 2.191 1.258 1.003
75.0 152.30 10.28 0.17 2.230 1.263 1.007
75.0 166.15 10.20 0.16 2.213 1.315 0.982
75.0 180.00 10.43 0.14 2.264 1.351 0.873
75.0 263.08 8.05 0.15 1.75 1.01 1.01
75.0 276.92 7.26 0.17 1.58 0.865 1.07
75.0 290.77 6.23 0.16 1.35 0.727 1.08
75.0 304.62 3.88 0.18 0.841 0.586 1.16
75.0 318.46 2.50 0.17 0.543 0.511 1.15
75.0 332.31 1.20 0.17 0.261 0.422 1.14
75.0 346.15 0.88 0.17 0.19 0.39 1.10
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impacting a Cu slab.23 Using the data given by Ref. 21 in their 
Table 3, they find YE/YF = 0.45 for ni = 1.0 and 0.64 for ni = 1.6. 
Using SDTrimSP simulations 20 keV Kr+ impacting a Cu slab,22

for θi &50�, we find ni = 1.4. Thus, we expect that had the simula
tions of Ref. 21 been carried out for ni = 1.4, they would have 
found YE/YF ∼ 0.58 for θi = 0°. Based on the simulations of Ref. 22, 
this ratio would be even lower for θi = 45°. Thus, it appears that 
the model of Cassidy and Johnson is likely to under-predict YE/YF. 
We attribute this to the over-simplification of their model.

Since the work of Ref. 21, the only other theoretical simula
tions we are aware of for ion sputtering from a loose powder are 
those of Brötzner et al.20 and our work in Verkercek et al.22 In 
Ref. 20, they simulated ion sputtering by 1 keV H+ and 4 keV He+ 

impacting a lunar regolith sample with a porosity of p = 0.8, using 
a theoretical model that they had scaled to best match their labora
tory measurements on a thin film prepared by pulsed laser deposi
tion from the lunar sample. Their model predicts a ratio of 
YE/YF ∼ 0.50 for their regolith sample for both impactors at 
θi = 45°. However, the authors do not explicitly give an accuracy 
for their scaled model. Here, we have attempted to estimate the 
accuracy from a comparison of their rough surface model to their 
measurements. For the rough surface, they used a pressed pellet 
formed from the regolith sample. At θi = 45°, the rough surface 
measurements for both impactors had error bars of ∼±30%, and 
the model agreed with the measurements to within these error 
bars. Thus, our YE/YF = 0.675 ± 0.160 for p = 0.46 and their 
YE/YF ∼ 0.50 ± 0.15 for p = 0.8 agree to within their mutual error 
bars. However, we note that Ref. 22 predicts that the YE/YF ratio 
should decrease with increasing porosity. Our results and those of 
Ref. 20, taken together, are suggestive of this prediction, but it is 
clear that future studies with reduced uncertainties are needed to 
test this prediction.

The theoretical simulations that we can most directly 
compare to are our simulations,22 which is briefly described in 
Sec. III and applied to our experimental conditions here. That 
model predicts a total escaping sputtering yield of 10.5 atoms 
ion−1, as calculated with Eq. (1) using the coarse angular binning 
data in Fig. 7(c). This value is close to the value of 10.6 atoms 
ions−1 output directly by the simulation, with a finer angular 
binning, indicating that the approximation of Eq. (1) is accurate to 
within 1%. The ratio of the theoretical-to-experimental values for 
YE is 0.664 ± 0.084. This suggests that either the simulations 
underestimate the sputtering yield or the experimental values have 
been enhanced by a process not accounted for in the simulations. 
We favor the latter explanation. Ion sputtering erodes the exposed 
surfaces of the grains, thereby reducing the peak heights of the 
topmost layer of the grains. This correspondingly reduces the 
shadowing of the ejecta, thereby increasing the escaping sputtering 
yield in the experiment. This has not been accounted for in the 
simulations. We discuss this in more detail in Sec. IV E.

We can also compare our predicted ratio of YE/YF = 0.51 to 
our measured value 0.675 ± 0.160. Though these agree to within 
the one-sigma experimental error bar, the measured ratio is likely 
affected by the differing levels of surface modification in the exper
imental results for the powder compared to the slab. We expect 
the measured YE to be affected by any reduction in shadowing due 
to ion erosion of the topmost grains, as discussed above. No such 

effect was seen in the comparison of our measured and simulated 
slab results for YF.22,23 This is also discussed in more detail in 
Sec. IV E.

Last, we compare our powder results for YE/YF to the fuzzy 
surface results of Stadlmayr et al.49 In Ref. 49, they measured the 
total sputtering yields for He-induced nanostructured tungsten 
(so-called W fuzz) and a flat W thin film, both impacted by 2 keV 
Ar+ at θi = 60°. From their measurements, they estimated 
YE/YF = 0.059 ± 0.035. This is comparable to the ratio of ∼0.1 
reported by Nishijima et al.51 for their primarily Ar+ plasma sput
tering a W fuzz and a flat surface at impactor energies of 50– 
110 eV. These ratios are, respectively, factors of 11.4 ± 7.4 and ∼7 
smaller than our result here. These suggest that sputtering from a 
noble gas impacting an elementally pure metallic granular target is 
significantly different from a noble gas impacting an elementally 
pure metallic fuzz, independent of the ion energy.

Going into more detail in the comparison, we largely limit 
our discussion to Ref. 49, as it is more directly comparable to our 
study here than that of Ref. 51. The factor of 11.4 ± 7.4 reduction 
between the results of Ref. 49 and ours is unlikely to be due to the 
difference in the ion energy or incident angle. Both their work and 
ours involve a noble gas ion impacting a transition metal; our sim
ulation in Ref. 22 indicate that changing the impact angle from 45° 
to 60° and decreasing the ion energy from 20 to 1 keV lead to only 
a factor of &1:3 reduction in the YE/YF ratio. We hypothesize that 
part of the observed difference is due to the structural differences 
between the Cu powder used here and the W fuzz of Ref. 49. The 
Cu powder consists of interconnected voids and solid spherical Cu 
grains. However, SEM images of the W fuzz in Ref. 49 show it to 
be foam-like, with ∼40 nm thick tendrils. From an areal density 
of SEM images in Ref. 49, they estimate a porosity of p ∼ 0.5, 
but other groups have measured the porosity of W fuzz to be 
p *0:951,52 with the tendrils containing He bubbles on the nano
meter scale51–54 that cannot be imaged by the SEM method in 
Ref. 49. This suggests that the tendrils are ∼80% voids by volume. 
Assuming that the walls of the voids in the tendrils are on the 
nanometer scale, then a sizeable fraction of the incident 2 keV Ar+ 

ions, with their ∼2–3 nm penetration depth, will pass through the 
walls and produce sputtering inside the voids that is unable to 
escape the bubbles. This will reduce the escaping sputtering yield 
of the fuzz through a process that does not occur in a granular 
target of solid particles. Other differences that need to be consid
ered are that for the powder, the granular roughness is on the 
∼50–90 μm scale and the ion-induced surface roughness of the 
order of ∼10 μm (see Sec. IV E), whereas for the fuzz, the surface 
roughness is on the scale of <40 nm. Clearly, future systematic 
experimental and theoretical studies are needed for granular and 
foam-like targets and as a function of porosity in order to better 
understand how these properties control the escaping sputtering 
yield.

Moving on to rough surfaces of films and pressed 
pellets,19,20,55 a comparison of the integral sputtering yield ratio 
YE/YF masks over the difference in the underlying differential 
sputtering process that arises from the lack of porosity in those 
works. For this reason, we defer to Sec. IV C the comparison of 
our results to those of non-porous rough surfaces of films and 
pressed pellets.

Journal of  
Applied Physics 

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 140, 075303 (2026); doi: 10.1063/5.0336473                                                                                                                                          140, 075303-12 
© Author(s) 2026 

 21 August 2026 18:47:45

https://pubs.aip.org/aip/jap


C. Escaping sputtering yields in the incidence plane
The experimental and theoretical differential escaping sput

tering yields in the incidence plane, as a function of θs, are shown 
in Fig. 8. The angular distribution for the Cu slab is nearly normal 
to the surface, being tilted only slightly in the forward direction. 
This is close to what is expected when the sputtering process is 
dominated by secondary knock-on collisions.56,57 For the Cu 
powder, the data clearly show that the ejecta lobe is tilted in the 
backward direction, which was not observed in previous studies 
using slabs.56–60 However, a qualitatively similar backward- 
directed ejecta lobe was observed for sputtering of W fuzz by 
2 keV Ar+ at θi = 60°.49

We can quantify the tilt of the ejecta lobe using the fitting 
function A cosns (θs � γ), similar to what was done in Ref. 19. 
Here, A, ns, and γ are fitting parameters, with γ being the tilt angle 
of the ejecta lobe. The best fit parameters and their 1σ uncertain
ties are given in Table II. Considering the 15° step size in the polar 
angle of our measurements, we find reasonable agreement 
between the experimental and theoretical results. For our slab 
results, we find γ = 4.3° ± 2.3° for the measurement and 3.1° ± 0.6° 
for the simulations, in excellent agreement. For the energy used 
here, secondary knock-on sputtering dominates, and the ejecta 
lobe from the slab is expected to be oriented normal to the surface 
with γ = 0°. The slightly positive γ suggests a small degree of pri
marily knock-on sputtering, where the ejected atoms retain 
memory of the momentum of the incident ions.57,61 For the 

powder, we find γ = −13.2° ± 1.2° for the measurements and 
−15.0° ± 2.6° for the theoretical simulations. Here, the negative 
sign signifies that the lobe points in the backward direction. That 
the escaping sputtering yield from the powder is so clearly back
ward directed is attributed to two differing forms of shadowing by 
the granular structure of the powder, as we noted in Ref. 22. First, 
ions can penetrate through the interconnected voids of the powder 
and cause sputtering from underlying grains. Atoms sputtered 
from these underlying grains are most likely to escape from the 
powder if they are ejected roughly in the backward direction 
toward the origin of the incident ions, while ejecta in other direc
tions are more likely to be shadowed by neighboring grains. 
Second, for θi = 45°, the ion-irradiated surfaces are primarily ori
ented in the backward direction, leading to shadowing of the 
ejecta emitted in the forward direction.

We can compare our tilt angle results to those of Stadlmayr 
et al.49 for 2 keV Ar+ impacting their W flat and fuzz targets at 
θi = 60°. They measured γ ∼ 30° for the flat target, which is not 
surprising given the low ion beam energy where primary 
knock-on collisions dominate. For the fuzz, they measured 
γ ∼ −45°. Although the ion energy is still in the primary knock-on 
regime, the structure of the fuzz clearly alters the ejecta distribu
tion. In Ref. 22, we showed that γ of the ejecta from a powder 
becomes more negative as θi increases. We attribute the larger 
degree of backward-directed ejecta for the fuzz compared to that 
of our powder, in part, to the larger θi in Ref. 49 compared to our 
work here.

Fitting ns for the slab, we find ns = 2.35 ± 0.35 for the mea
surements and 1.75 ± 0.06 for the simulations. These values are 
significantly larger than 1, indicating an over-cosine angular distri
bution. This is predicted theoretically to result from the domi
nance of secondary knock-on sputtering at sufficiently impact 
high energies.57,58 For the powder, we find ns = 0.87 ± 0.08 for the 
measurements and 1.15 ± 0.18 for the simulations. Both values are 
very close to 1, suggesting a nearly cosine angular distribution. We 
attribute the difference in the angular distributions as being due to 
a flat vs a granular target. An ideal flat surface has a single normal 
vector across the surface. When secondary knock-on collisions 
dominate the sputtering process, the ejecta lobe is oriented along 
this normal vector with an over-cosine independent of θi. The 
angular distribution averaged over the area of the ion beam 
remains over-cosine. Conversely, for the granular surface, there is 
a distribution of local surface normal vectors relative to the bulk 
surface normal vector. At the impact energy considered here, the 
ejecta lobe at each impact point is oriented along the local surface 
normal and remains over-cosine. However, when averaged over 

FIG. 8. Differential escaping sputtering yields in the incidence plane, as a 
function of the sputtering polar angle θs (in degrees). The measured yields for 
the Cu powder and slab are from Figs. 7(a) and 7(b), respectively, while the 
simulation yields are from Figs. 7(c) and 7(d), respectively. The blue arrow indi
cates the velocity vector of the 20 keV Kr+ ions. Positive θs is in the forward 
direction with respect to the velocity vector of the impactor and negative θs is 
in the backward direction. The dashed lines represent the best fit of the func
tion A cosns (θs � γ) to the data points. The powder results are clearly pre
dominantly in the backward direction, as contrasts with the slab results that 
are nearly normal to the surface, being tilted only slightly in the forward direc
tion. See text for more details.

TABLE II. The fitting results for the escaping sputtering yields in the incidence 
plane in Fig. 8, using A cosns (θs � γ).

A γ ns

Measured—powder 4.76 ± 0.12 −13.2 ± 1.2 0.87 ± 0.08
Measured—slab 9.53 ± 0.27 4.3 ± 2.3 2.35 ± 0.35
Simulation—powder 3.64 ± 0.18 −15.0 ± 2.6 1.15 ± 0.18
Simulation—slab 8.89 ± 0.12 3.1 ± 0.6 1.75 ± 0.06
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the distribution of local surface normal vectors spanned by the 
area of the incident ion beam, the ejecta distribution becomes 
closer to cosine. Other factors, such as structural defects59 and 
ion-irradiation-induced surface roughness,60,61 may also modify 
the value of ns. It is clear that much future work remains to under
stand the dependence of ns with a surface structure, but those 
studies are beyond the scope of this work.

We can also quantify the ratio of the theoretical-to- 
experimental differential escaping sputtering yields for our powder 
results. Taking the average of the ten pairs of data points in Fig. 8
gives a ratio of 0.74 ± 0.23. Taking the ratio of the fitted A values 
gives 0.76 ± 0.04. These values are consistent with the ratio of 
0.664 ± 0.084 for the theoretical-to-experimental values for YE 
given in Sec. IV B. That these ratios are less than 1 is attributed to 
the modification of the powder surface during ion irradiation, as 
discussed above and further discussed in Sec. IV E.

In Ref. 22, we have predicted that the opposition effect62 will 
create a “surge” in the ejecta for a small cone around |θs − θi| ≲ 5°. 
This is a direct result of the interconnected voids within the 
powder, which make the ion beam origin a preferred direction for 
the ejecta to escape the powder. The opposition effect in the simu
lations plotted in Fig. 8 is not as obvious as shown in Ref. 22, due 
to the factor of ∼2–3 times larger angular binning resolution dic
tated by our collector dimensions. Still, the opposition effect can 
be seen in the simulations for θi = 45°, which is the only theoretical 
value that falls outside the fitted ejecta lobe. Interestingly, no such 
opposition effect is predicted for W fuzz in the simulations of 
Ref. 49. We attribute this to the predominantly foam-like nature of 
the fuzz and correspondingly reduced abundance of interconnec
ted voids that make the ion beam origin a preferred direction.

Experimentally, it is not currently possible to detect the 
opposition effect. As shown in Fig. 1(b), an opening at θi = θs = 45° 
on the dome was necessary for the ion beam to reach the target. 
This opening covered a polar range of Δθs = 20.2° and an azi
muthal range of Δϕs = 28.3°, impeding the measurement of the 
opposition effect. Considering the experimental challenges of 
mounting a detector within a 5° cone of the ion beam, it is 
unlikely that laboratory studies will be able to detect the opposi
tion effect in the near future.

In addition, we can compare our measured powder results to 
recent experimental results for rough surfaces and pressed 
pellets.19,55,63 Cupak et al.55 measured the sputtering yields in the 
incidence plane for 2 keV Ar+ at θi = 60° impacting tungsten films 
of different surface roughness. They characterized their surfaces by 
the root-mean-square (RMS) surface roughness and the mean 
value of the surface inclination angle distribution (δm). They 
report results for three surfaces (S1, S2, and S3) where (RMS, δm) 
varied from S1 ≈ (1.7 nm, 7.6°) to S2 ≈ (110 nm, 15.5°), and 
S3 ≈ (1551 nm, 36.5°). As the surface roughness increased, the tilt 
in the measured ejecta lobe evolved from γ ∼ 30° for S1 to γ ∼ −5° 
for S3. They attribute this evolution to the increase in δm. Biber 
et al.19 measured the incident plane sputtering yields by 2 keV Ar+ 

at θi = 45° impacting thin films and pressed pellets of wollastonite 
and enstatite. The measured δm for the wollastonite film and pellet 
was nearly identical, and no difference was seen in the reported 
tilt angles. For the enstatite, they report that the tilt angle γ 
evolved toward the bulk surface normal, going from γ = 27°–34° 

for the thin film (δm ≈ 10°) to γ = 21°–25° for the pressed pellet 
(δm ≈ 36°). Interestingly, their enstatite pressed pellet results for 
δm ≈ 36° are forward directed, whereas the S3 tungsten results of 
Ref. 55 for δm ≈ 36° are slightly backward directed, despite both 
targets having RMS values on the μm scale. The reason for these 
differences is unclear. Most recently, Brötzner et al.63 measured 
the incidence plane sputtering yield from 4 keV He+ at θi = 60° 
impacting a thin film (δm ≈ 6°) prepared by pulsed laser deposi
tion from a lunar soil and a pressed pellet (δm ≈ 28°) of the same 
soil. They found that the tilt angle evolved toward the bulk surface 
normal with increasing δm, going from γ ∼ 35° to ∼20°.

We suggest that a consistent picture is forming for how the 
ejecta lobe tilt varies with surface roughness and porosity. In 
Refs. 19, 55, and 63, the ion beam energies were in the regime 
where the sputtering was dominated by primary knock-on colli
sions. They found that γ evolved from forward direct toward the 
bulk surface normal as δm increased. The work of Ref. 49 was also 
in the primary knock-on regime and found that the ejecta was in 
the forward direction for a flat surface but strongly in the back
ward direction for fuzz. Our slab23 and powder studies are in the 
secondary knock-on collision regime. We find that the ejecta lobe 
is nearly normal for a slab but is strongly in the backward direc
tion for the powder. Altogether, these findings suggest that 
increasing δm results in an ejecta lobe orientation that evolves 
toward the bulk surface normal for impact energies where primary 
knock-on collisions are important, whereas porous surface results 
in strongly backward-directed ejecta for impact energies for both 
primary and secondary knock-on regimes. Clearly, additional 
studies are needed to investigate this picture, but the findings 
suggest that rough surfaces with their lack of interconnected 
porosity are poor analogs for ion sputtering of porous surfaces.

D. Doubly differential angular escaping sputtering 
yields

Our doubly differential results further demonstrate that for 
ion sputtering from a powder, the ejecta lobe is backward directed. 
Furthermore, the lobe is not cylindrically symmetric around any 
axis. Figures 7 and 8 demonstrate that the ejecta lobe is not cylin
drically symmetric around the bulk surface normal. Other axes of 
cylindrical symmetry can also be ruled out; for any given θs ≥ 15°, 
the azimuthal distribution shown in Fig. 7 does not exhibit the 
ellipsoidal shape that would be expected for a conic section of a 
cylindrically symmetric ejecta lobe.

Returning to the laboratory coordinates, Figs. 7(a) and 7(c)
demonstrate that the escaping sputtering yield increases as ϕs 
rotates from the forward direction (ϕs = 0°) to the backward direc
tion (ϕs = 180°), with a peak yield in the backward direction for all 
θs > 0°. The corresponding reduction in the forward direction is 
most pronounced for the polar angles of θs = 60° and 75°. The 
measurements show a greater reduction as compared to the simu
lations. We attribute this, in part, to shadowing due to ion- 
induced surface roughness of the grains for these large polar 
angles. A similar shadowing effect was noted in our earlier slab 
results at these polar angles.23

We can further quantify the comparison of our 
powder-to-slab doubly differential results, as shown in Fig. 9 for 
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both the measurements and the simulations. In general, the ratio 
is almost always <1, which is as expected given that the YE/YF for 
the total sputtering yields is <1. Only for combined large θs and ϕs 
does the ratio exceed 1. In addition, both panels show qualitatively 
similar behavior for the increase in the powder-to-slab ratio vs ϕs, 
which provides partial validation of the simulations. The increase 
is most similar for θs = 15°, 30°, and 45°. The behavior is less 
similar for θs = 60° and 75°, which we attribute to the formation of 
ion-induced surface roughness.

The directionality of the yield can also be quantified by the 
ratio of the backward-to-forward escaping atoms22 using the data 
in Fig. 7 and Table I. Here, we define this quantity as

R ¼

Ð 90�
θs¼0�

Ð 90�
fs¼0� (dY/dΩ)sin θsdθsdfs

Ð 90�
θs¼0�

Ð 180�
fs¼90� (dY/dΩ)sin θsdθsdfs

, (2) 

where we do not consider the region of 180° < ϕs < 360° because of 
the absence of experimental data for much of that range. This defi
nition implicitly assumes mirror symmetry through the incident 
plane (which we demonstrate later in this subsection). To calculate 
the above integrals, for those regions without collectors at a given 
polar angle, we extrapolated from the measurement at that same 
polar angle. We then use the measured and extrapolated data 
points and through a combination of interpolation and extrapola
tion covered θs = 0–90° and ϕs = 0–180°, both with a step size of 
1°. For the measurements, we find R = 1.41 ± 0.04 for the powder 
and R = 1.00 ± 0.06 for the slab. The uncertainties quoted here are 
due solely to the uncertainties in the mass gain measurements. For 
the simulations, we find R = 1.56 for the powder and 0.92 for the 

slab. For the powder, both the measurements and simulations 
show that the escaping sputtering is enhanced in the backward 
direction. For the slab, both the measurements and simulations 
are consistent with a slight enhancement in the forward direction. 
We attribute the differences between the measurements and simu
lations to the effects of ion-induced surface modification, which 
has not been accounted for in the simulations. For the powder 
results, an additional contribution to the differences in R is that 
we were unable to measure the opposition effect, while the simula
tion was able to include it.

We have also explored the mirror symmetry through the 
incidence plane of the escaping atoms using the data in Fig. 7
and Table I. We define right as being 0° ≤ ϕs < 180° and left as 
being 180° ≤ ϕs < 360°. Figure 10(a) shows the ratio M = (dYL/ 
dΩ)/(dYR/dΩ) for the powder for mirror pairs of (θs, ϕs) = (θs, 
360° − ϕs). Most of the ratios are scattered close to 1, the value 
expected for mirror symmetry, though the ratios for θs = 60° are 
systematically ∼10% below 1. The uncertainties quoted here are 
due solely to the uncertainties in the mass gain measurements. 
To reduce the effects of the scatter, for each given θs, we have 
averaged M over ϕs, which we plot in Fig. 10(b). For θs = 15°, 30°, 
and 45°, the ratios are 1.03 ± 0.01, 1.01 ± 0.01, and 1.02 ± 0.01, 
respectively. For θs = 60°, it is 0.90 ± 0.02, and for θs = 75°, it is 
1.07 ± 0.03. The remaining discrepancies with unity are attrib
uted to a combination of the potential offset between the beam 
center and the target center, which is estimated from simulations 
to increase M by less than 3%; randomness in the granular 
roughness; and ion-induced surface modification. For the simu
lated powder, we find ratios of ∼0.99–1.02, which we attribute to 
randomness introduced by the modeled granular roughness. This 

FIG. 9. The powder-to-slab ratios of the doubly differential angular escaping sputtering yields as a function of the sputtering azimuthal angles ϕs for various sputtering 
polar angles θs for our (a) measurements and (b) simulations. The measurement results are from Figs. 7(a) and 7(b). The error bars represent the quadrature sum of 
the total experimental uncertainty for the power and slab results. The measurements in Fig. 7(b) were interpolated to match the corresponding ϕs for the measurements 
in Fig. 7(a). For θs = 0°, we had only one collector, spanning ϕs between 0° and 360°. For θs = 75° at ϕs = 0°, the measured sputtering yield from Cu slab was consis
tent with zero, yielding a meaningless ratio that was not included in the plot. The simulations in (b) are from Figs. 7(c) and 7(d). To compare with the measurements, 
Fig. 9(b) only presents azimuthal angles of 0°–180°.
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is supported by the simulated slab results, for which we found a 
ratio of 1.00.

E. Effects of ion-induced surface modification
Multiple previous studies have shown that ion irradiation at 

incidence angles of ∼30°–75° can create various topographies, 
such as pits, blisters, cones, ripples, needles, and facets (e.g., 
Refs. 23, 52–55, and 64–68). It is challenging to study these modi
fications on a loose powder target. We have yet to identify a 
method to preserve the sample surface and grain orientation for 
ex situ studies of the modified surface. Removing the sample from 
the target chamber and transporting it will jostle the grains. Using 
glue to solidify the sample before removal will introduce flows that 
can reorient the grains. Here, we have used a transfer process that 
approximately preserves the orientation of the grains. Using an 
adhesive tape, we gently laid it across a portion of the uppermost 
layer of grains. The top of the grains adhered to the tape, exposing 
the bottom of the grains. We next used a second adhesive tape to 
pick up these grains from their now-exposed bottoms. Those 
grains that adhered to this second tape were generally oriented 
with the tops exposed. We then performed SEM studies using the 
grains on this second tape.

SEM images of four representative grains are shown in Fig. 11. 
Panels (a) and (b) were collected at a magnification of ∼1000 and 
panels (c) and (d) at a magnification of ∼3300. Ion-induced surface 
modification is clearly visible in each image. Panel (a) shows the 
formation of a relatively flat facet with some cone-like structures 
toward the back end of the grain. Panel (b) shows a smaller facet 
and greater formation of cone-like structures. In panels (c) and (d), 
the cone-like portion continues to increase as the facet portion 
decreases. These two panels also show that the cone-like structures 

have a wide variety of dimensions and can develop with or without 
a facet. We find that the sizes of the cones vary from tens of nano
meters to tens of micrometers. We attribute the size differences to 
differing regions of crystallinity within the polycrystalline grains. 
The half angle for the cones varies from ∼10° to 40°. These findings 
are consistent with the ion-induced surface topography observed in 
earlier Cu slab studies with similar fluences.23,64,65 Based on these 
and other experimental studies,49,67,68 we expect that the facet 
surface is parallel to the ion beam direction and that the cones 
point to the direction of the ion beam origin.

The surface structure has been shown experimen- 
tally14,15,18–20,23,49–51,55,57–61 and theoretically21,22,55,60,66–68 to affect 
both the total sputtering yield and the angular distribution of 
the yields from flat slabs, rough surfaces, compressed pellets, 
and fuzzy surfaces. This is a consequence of two competing 
effects. Surface modification increases the local incidence angle 
and correspondingly increases the sputtering yield. However, 
the structure formed can also result in enhanced shadowing and 
redeposition of the ejecta. There is an additional effect in 
powders, namely, erosion of the tops of the grains in the upper
most layer of the powder, which correspondingly reduces the 
shadowing of the ejecta and thereby increases the escaping 
sputtering yield. The measured YE/YF = 0.675 ± 0.160 indicates 
that surface modification is not sufficient to overcome the 
overall shadowing effects in the Cu powder as compared to a 
flat Cu slab. This is to be contrasted with the W fuzz, where the 
layer of fuzz was slowly eroded as a function of ion fluence.49

Eventually, the erosion formed a slab with a rough surface of 
cones pointing toward the ion beam origin. Not surprisingly, as 
a function of fluence, the sputtering yield approached that of 
the flat slab, but with a reduced yield in the forward direction. 
A similar reduction of sputtering in the forward direction was 

FIG. 10. (a) Left-to-right mirror ratio M = (dYL/dΩ)/(dYR/dΩ) for the Cu powder measurements shown in Fig. 7(a), as functions of polar angle (θs) and azimuthal angle 
(ϕs). (b) The M ratios, averaged over ϕs, as a function of θs, for the Cu powder measurements in Fig. 7(a) (black square with error bars), the Cu power simulations in 
Fig. 7(c) (red circles), and the Cu slab simulations in Fig. 7(d) (blue triangles).
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seen in our earlier Cu slab study, which we attributed to ion- 
induced surface roughness.23

The role of ion-induced surface modification can be further 
explored in Fig. 12, which presents the simulated-to-measured 
ratios of the doubly differential escaping sputtering yields for Cu 
powder, (dY/dΩ)s/(dY/dΩ)m. The figure demonstrates that there is 
no single scaling factor that will bring the simulated and measured 
results onto one another. We attribute this to the additional com
plexities introduced by ion-induced surface modifications. For 
example, for θi = 75°, the simulations predict a larger sputtering 
yield in the forward direction than is seen in the measurements. 
This is likely due to the formation of cone-like structures in the 
measurement that enhance shadowing in the forward direction.

We have not attempted, at this time, to incorporate ion- 
induced surface modification into our simulations. Our simula
tions can, thus, be considered static, where every incident ion sees 
a pristine surface. In the future, we will explore the possibility of 
dynamic simulations that incorporate surface modification into 
the model. However, Fig. 11 demonstrates the complexity of the 
structures formed and, by inference, of incorporating this into the 
simulation.

It is worth noting, though, that the generally good agreement 
between our experimental and theoretical results indicates that 
surface modification of a loose powder does not significantly affect 
the sputtering process. We attribute this to the geometry of the 
ever-present interconnected voids being the factor controlling the 

FIG. 11. SEM images for four representative Cu grains after irradiated by (1.61 ± 0.16) × 1018 ions of 20 keV Kr+ at an incident angle of θi = 45°. The images were col
lected on a Phenom XL using 5 keV primary electrons in the backscattered electron mode at a magnification of (a) ×970, (b) ×960, (c) ×3200, and (d) ×3400. The ion 
irradiation results in erosion of the grain, forming facets and cone-like structures out of the initial spherical grains. The blue arrows show the inferred ion beam direction.
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escaping sputtering yield. This hypothesis is supported by our 
finding in Ref. 22 that the total escaping sputtering yield is a 
simple function of the porosity of the powder. This is also to be 
contrasted with sputtering from a fuzzy surface, where ion erosion 
eventually removes the fuzz, converting the target into a rough 
surface slab, and increasing the sputtering yield by over an order 
of magnitude.49

V. CONCLUSIONS
We have measured the absolute doubly differential angular 

escaping sputtering yield from a loose Cu powder produced by 
20 keV Kr+ ions impacting an incidence angle of 45°. We mea
sured a total sputtering yield of 15.8 ± 2.0 atoms ions−1. Under 
identical conditions, we measured the total sputtering yield from a 
flat Cu slab and found 23.4 ± 4.7 atoms ion−1.23 The resulting 
powder-to-slab ratio of 0.675 ± 0.160 indicates that shadowing 
plays an important role in determining the escaping sputtering 
yield from a powder.

The measured ejecta lobe from the powder is backward 
directed, with respect to the incident ion velocity vector. This is 
distinctly different from the nearly normal ejecta lobe that is 
expected at an impact energy of 20 keV, where secondary 
knock-on collisions dominate the ejecta process and which is what 
was observed in our previous measurement with a Cu slab.23 We 
attribute the backward-directed ejecta lobe to the interconnected 
voids of the Cu powder creating a preferred direction for the 
ejecta to escape the powder. Ions can penetrate through the inter
connected voids of the powder, causing sputtering from underly
ing grains. These atoms are most likely to escape the powder if 

they are ejected roughly toward the origin of the incident ions, 
while ejecta in other directions are more likely to be shadowed by 
neighboring grains. Our experimental findings differ significantly 
from the normal distribution previously used in the literature for 
sputtering from a regolith.

We have also compared our powder simulations, using a mul
tiscale Monte Carlo model that we have developed,22 to our experi
mental results. The model takes into account the effects of the 
granular roughness and of the porous structure formed by the inter
connected voids in the powder. Overall, we find good qualitative 
agreement between the simulations and the experimental results.

The simulated total sputtering yield is 10.5 atoms ion−1, 
resulting in a theoretical-to-experimental ratio of 0.664 ± 0.084. 
We attribute this difference to ion-induced surface modifications 
reducing the peak heights of the topmost layer of the grains, 
thereby reducing shadowing of the ejecta and increasing the exper
imental yield above predictions. Surface modifications are not yet 
included in the simulations.

The simulations also show good qualitative agreement with 
the experimental results for the doubly differential angular sput
tering yield. The simulations predict an ejecta lope enhanced in 
the backward direction, as was found in the measurements. In 
addition, both the simulations and the experimental results dis
played the expected mirror symmetry with respect to the incidence 
plane. They also demonstrated that the ejecta lobe is not cylindri
cally symmetric around any axis.

Last, we have compared our results to published experimental 
and theoretical works for flat surfaces, rough surfaces, pressed 
pellets, and fuzzy surface. Our findings indicate that ion sputtering 
from loose powders is distinctly different from that of flat surfaces, 
rough surfaces, and pressed powders, which we interpret as being 
due to the lack of interconnected voids in these latter three targets. 
We do find some similarities with fuzzy surfaces, but these disap
pear once ion erosion has removed the fuzz layer and converted 
the target into a rough surface. In summary, the geometry of the 
ever-present interconnected voids appears to be the dominant 
factor controlling the sputtering yield of powders; and accurate 
accounting for the total sputtering yield and the angular distribu
tion of the ejecta from a powder needs to take this into account.
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FIG. 12. The simulated-to-measured ratios of the doubly differential escaping sput
tering yields for Cu powder, (dY/dΩ)s/(dY/dΩ)m. The (dY/dΩ)m are from Fig. 7(a), 
while the (dY/dΩ)s are from Fig. 7(c). The Kr+ ions traveled from ϕs = 180° toward 
ϕs = 0°, at θi = 45°. Relative to the ion velocity vector, the forward and backward 
sputtering directions are noted in the figure.
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