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Abstract

Mercury has a tenuous exosphere that requires constant species regeneration from
processes that are not well understood. The only data we have on Mercury comes
from the Mariner 10 and MESSENGER missions, as well as ground based obser-
vations. At Nevis, an new apparatus is being built to measure sputtering yields
from regolith to further our understanding of of the link between the surface and
exospheric compositions of Mercury. Before experimental data is collected, the pre-
dicted distributions of sputtered particles are investigated using SRIM. Here, the
polar and azimuthal sputtering distributions are investigated due to varying the ion
beam angle of incidence, along with the energy distributions for particle type and
sputtering angle.
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1 Introduction

There are four rocky planets in our solar system: Mercury, Venus, Earth and Mars. While
they share some similarities, there are distinct differences between them that inspire
current research.

Mercury's exosphere is loosely gravitationally bound to its surface. The particles that
comprise it are continuously being lost to space and must be regenerated. The source(s)
of generation for the exosphere is debated and could lead to further constraints on the
planet's surface composition. MESSENGER preformed UV- and visible-wavelength spec-
trometry that demonstrated Mercury's exosphere is primarily composed of Na, Ca, and
Mg [8], with Na being the most abundant. The presence of Na in the exosphere is of
particular interest since its source is not well defined.

1.1 Current Knowledge of Mercury’s Composition

There have been two missions that have visited Mercury. Mariner 10 completed three
flybys of the planet between 1973 and 1975 [8]. From 2004 to 2015 MESSENGER com-
pleted three flybys of Mercury followed by four years in orbit [8]. During these missions
reflectance surface spectra were collected, as well as data on the composition of Mercury's
exosphere. Constraints on the crustal composition of Mercury were made using data col-
lected from MESSENGER in combination with ground based observations. However,
without in-situ analysis or a sample return of the Hermitian surface, we are limited in
our knowledge of its composition.

Reflectance spectra of the surface of Mercury have led to the limited classification of
minerals that make up the surface. Some minerals thought to be on the surface include
pyroxene, olivine, and plagioclase feldspar [6, 7]. Measurements of surface reflectance
spectra have also shown a relatively high concentration of volatiles, including Na and Cl
[6], on the surface of Mercury as compared to other rocky planets in our solar system.
The presence of volatiles on the surface further constrains Mercury's formation processes
due to the temperature restrictions required for volatiles to have remained on the rocky
body [7].

Ground based observations and orbital data have confirmed Na in Mercury's exosphere
[8]. Figure 1 is an image of Na in Mercury's exosphere, taken during Mercury's solar
transit in 2006. In Figure 1 Na is concentrated at the poles of Mercury and is not as
present around the planet's equator. This is due to how the magnetosphere of Mercury
direction the solar wind ions towards the poles of the planet.



4

Figure 1: From [5].
Data taken using the
Dunn Telescope during
the 2006 solar transit of
Mercury showing Na in
the exosphere.

1.2 Sources of Na in Mercury’s Exosphere

There are several mechanisms theorized to release Na from the surface of Mercury into
the exosphere. These include Micro-Meteorite Impact Vaporization (MIV), Thermal
Desorption (TD), Photon Stimulated Desorption (PSD), and Sputtering (SP). These
processes, and the amount of Na theorized to be released into the exosphere or returned
to the planet's surface, are shown in Figure 2. Sputtering is theorized to be the most
efficient method of releasing Na from the surface of Mercury and into the exosphere, with
around 75% of the sputtered Na escaping the surface [2].

Details of processes that generate Mercury's exosphere are not well defined. Under-
standing the sputtering process as it applies to Mercury is important determine if the Na
observed in the exosphere does in fact come from the surface of the planet. If Na and
other exospheric elements come from the surface, understanding sputter yields will help
determine the ratios of elements from the surface that are released into the exosphere.
From this data, details such as whether the elements are sputtered in stoichiometric ra-
tios relative to the surface composition can be determined. Then Mercury's exospheric
composition can be used to constrain its surface composition and, in turn, its formation
processes.



5

Figure 2: From [2]. Four processes that can release Na into Mercury’s exosphere and
their respective percentages of Na that fall back to the surface or escapes.

1.3 Previous Studies on Sputtering

There have been both experimental and theoretical studies on sputtering yields. The
majority of work done used a slab as the target material. Modeling the sputtering process
is done almost exclusively with the Stopping Range of Ions in Matter (SRIM) package
[10].

It is unclear if sputtering from slabs can be directly applied to sputtering off Mercury's
surface, since Mercury is covered in regolith, an unconsolidated rocky material that varies
in grain size. Few experiments have been conducted for sputtering from regolith. One
experiment showed that 90% of sputtered atoms from regolith become trapped beneath
the surface [4]. There are two theorized causes for this [3]. The first is that, due to
regolith's porosity, an incoming particle can sputter another particle beneath the surface
of the sample, and the sputtered particle is unable to exit the surface. The second involves
the transfer of momentum from the incoming particle to the sputtered particle, which
tends to causes the sputtered particle to go deeper into the regolith. More experimental
work is needed to understand how porosity and grain size effect the sputtering yield to
be applied to planetary surfaces.

2 Experiment Construction at Nevis Labs

The planetary science group at Nevis Laboratories is building a novel apparatus that will
measure the angular sputtering yield from regolith using a low energy ion beam.
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Figure 3: Computer aided apparatus design drawing by Ruitian Zhang. The first leg
of the ion beam is 8.5 feet off the ground begins in the top right with the ion source. A
spherical deflector will turn the beam 90◦ and tilt the beam down the second leg of the
ion beam that will initially be set up to hit the sample inside the target chamber at a
45◦ angle of incidence to the target's surface normal.

Figure 4: Photo taken by Ruitian Zhang of the lab space in the basement of the
Cyclotron Building at Nevis Laboratories. In the foreground on the left, the support
structure for the experiment has been built. On the table in front of the structure is
the first leg of the ion beam under construction.
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The experimental setup can be seen in Figure 3. After the ion beam is produced at
the ion source, the beam will be controlled and steered using electro- and magnetostatic
ion optics through a ultra-high vacuum (UHV) chamber. At the end of the first leg of the
beam line, which is 8.5 feet above the ground, a spherical deflector will turn the beam
90◦ into the second leg of the experiment. This leg is at an angle to the ground to allow
the ion beam to strike the surface of the target at a set angle to the surface normal. At
the end of the second leg of the beam line the ion beam will enter the target chamber
and strike the target, and the particles sputtered off will be collected.

The first set of experiments will use a 20 keV Ar+ ion beam to test for proof of prin-
cipal since a heavier ion at a higher energy will result in a larger sputter yield. Later
measurements will be made using a mono-atomic beam of H+ or He+ ions, which make up
∼95% and ∼5% of the solar wind respectively. These measurements will be performed at
beam energies of ∼1 keV/u to approximate typical solar wind energies. The ion beam will
initially strike the target at an angle of incidence (AOI) of 45◦ to the surface normal. Sub-
sequent measurements will be made at AOIs of 60◦ and 75◦ to test the effects of differing
AOI on sputter yields. The target will be labradorite feldspar (Na0.5Ca0.5)Al1.5Si2.5O8,
which is thought to be present on the surface of Mercury [6]. The physical characteristics
of the target will also be variable to see the effects of porosity and grain size on sputtering
yields. After experimental data is collected for sputtering yields from regolith, the results
will be used to modify current models of Mercury's atmosphere.

I have been able to aide in various aspects of construction on the experiment. I helped
build the support structure that will hold the first leg of the ion beam out of 80/20 T-slot
aluminum bars. Once that was built, I helped put together the second half of the first
leg of the beam line. The experiment under construction can be seen in Figure 4. I also
cleaned and constructed an Einzel lens to be used in the second leg of the ion beam. I
was also able to replace the tip seals of a scroll pump.

3 My Investigations of the Sputtering Process

All simulations discussed in this paper were done using Stopping and Range of Ions in
Matter (SRIM) [10]. SRIM is a package of codes designed for various particle interactions
with matter. Transport of Ions in Matter (TRIM) is a Monte Carlo code within SRIM
that calculates the interactions of particles with a target. TRIM was used to simulate
both sputtering of particles from a target and implantation of particles into a target.
Coordinate axes and angular definitions within TRIM are shown in Figure 5.
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Figure 5: Coordinate axes and angular def-
initions of TRIM. The Y and Z coordinate
axes form the lateral plane of the target,
while X is the target's surface normal. φ is
the polar angle and θ the azimuthal angle.

3.1 Polar Angle Distributions

There are two types of sputtering, nuclear and electric, which result in different sput-
tering yield distributions. Nuclear sputtering occurs at ∼ keV energies and involves the
scattering of one nucleus off another. Due to the direct transfer of momentum, nuclear
sputtering should show an angular dependence on the angle of incident particles. Electric
sputtering occurs at higher energies (∼MeV), doesn't depend on angle of incidence, and is
cylindrically symmetric. Since this experiment will have ion beam energies ranging from
1 to 20 keV, nuclear sputtering should be dominant.

Previous experiments have measured the polar distribution of sputtered atoms at low
energies. In Figure 6, differential sputter yields from a 1 keV H+ beam hitting a Ni+

slab with varying AOIs are plotted [1]. This data shows the effects of nuclear sputtering
on sputtering yields. As AOI increases, the sputter yield changes from being centered
around 0◦ to 45◦ and increases in magnitude.

To determine if SRIM can be used to estimate angular distributions of sputtered
atoms at low energies, the polar angle distribution of sputtered atoms was plotted for
varying AOIs. The incoming ion beam was made of 10,000 20 keV Ar+ ions, incident on
a labradorite feldspar target at AOIs of 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, and 85◦. The results
are plotted in Figure 7, where 0◦ is the surface of the sample, and 90◦ is normal to the
sample surface. The radial component is the normalized number of sputtered particles.
The polar distribution does not vary with AOI. This disagrees with nuclear sputtering
theorized to be dominant at lower energies and the experimental results from [1]. The



9

Figure 6: From [1]. Differ-
ential sputtering yields (de-
noted with α = φi ) from a
1 keV H+ beam hitting a
Ni slab with varying AOIs
φi . The right quarter arc
denotes polar angles for for-
ward sputtering, and the
smaller left quarter arc de-
notes polar angles for back-
wards sputtering. Distance
from the origin represents
sputter yield magnitude.

SRIM distribution instead matches what could be expected from higher energy impacting
ion beams. Due to this, SRIM is not appropriate for approximating angular distributions
of sputtered particles at low incident beam energies, such as from sputtering by the solar
wind.

3.2 Energy Distributions

The energy distribution f(E) of SRIM was tested against the theorized energy distribution
given by [9]

f (Ee ) = 6Eb

3−8
√

Eb/Ec

Ee

(Ee +Eb)3

{
1−

√
Ee +Eb

Ec

}
, (1)

where Ee is the energy of a sputtered particle, Eb is the surface binding energy of a
sputtered particle, and Ec is the cut-off energy, or max energy that can be imparted to a
sputtered particle by a projectile with energy Ei . Ec is determined by the masses of the
projectile and target atom, M1 and M2 respectively

Ec = Ei
4M1M2

(M1 +M2)2 . (2)

The peak of the energy distribution is Emax = Eb
2 . The surface binding energy Eb of a

sputtered atom is the energy bonding an atom to the surface.
SRIM and [9] list differing surface binding energies for the elements that make up
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Figure 7: Normalized po-
lar angle distributions of
all sputtered particles from
labradorite feldspar with
varying ion beam angle of
incidence. 0◦ is the sam-
ple of the surface, and 90◦

is the surface normal. The
radial component is the nor-
malized distribution.
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Figure 8: Theoretical energy distribution calculated from Equation (1) for each element
that makes up feldspar (Na, Ca, Al, Si, and O). Surface binding energy values from [9]

labradorite feldspar (Na, Ca, Al, Si, and O). These values are listed in Table 1. For all
graphs showing theoretical f(E) in this paper, the surface binding energies listed in [9]
were used.

Figure 8 is a plot of the theoretical energy distribution for each element that consti-
tutes feldspar. O, Na, and Ca have nearly indistinguishable distributions, as they have
approximately equal surface binding energies. Al and Si have distribution maxima at
higher energies since they have higher surface binding energies.

The theoretical energy distributions for each element in feldspar were weighted stoi-

Element Atomic
Number

Weight
(AMU)

Eb from SRIM
(eV)

Eb from [9]
(eV)

Na 11 22.99 1.12 2.0
Ca 20 40.08 1.83 2.1
Al 13 26.98 3.36 3.36
Si 14 28.08 4.7 4.7
O 8 15.99 2.0 2.0
Table 1: Relevant surface binding energies Eb according to SRIM and [9].
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Figure 9: Normalized sum of stoichiometrically weighted theoretical energy distribu-
tions of feldspar elements Na, Ca, Al, Si, and O (blue) compared to normalized SRIM
energy distribution for sputtered particles after 100,000 20 keV Ar+ ions were incident
upon a labradorite feldspar target (orange).
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Figure 10: Energy dis-
tributions of sputtered
Na, Ca, and Al for differ-
ent sputtering polar an-
gles φ.

chiometrically and summed to get a total energy distribution for feldspar. This is com-
pared to the energy distribution of all sputtered particles from SRIM when 100,000 inci-
dent 20 keV Ar+ ions hit a labradorite feldspar target in Figure 9. While the shapes of the
distributions generally match, the distribution from SRIM is shifted to higher energies.

Next 10,000 20 keV Ar+ ions were shot at a labradorite feldspar target in SRIM with
AOI of 45◦. The sputtered particles were sorted by their polar angle φ and elemental type.
The energy distributions for Na, Ca, and Al are plotted in Figure 10. In the experimental
set up, the 14 mm diameter detection wafers will be placed in a half dome 7 cm away
from the target. The acceptance angle for the wafers is 5.72◦. To simulate the polar
angles covered by the wafers, sputtered particles within ± 5.72◦ of the center polar angle
being studied (0◦, 15◦, 45◦, and 75◦) were included.

Fewer particles (see Appendix B and C for exact numbers) were sputtered into the
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Figure 11: Diagram of the wafer placement for particles sputtered from feldspar with
a 20 keV Ar+ beam at AOI 45◦ (yellow arrow). Wafers (red rectangles) were placed at
φ = 0◦, 15◦, 30◦, 45◦, 60◦, and 75◦ in front of, behind, and to the left and right of the
incoming ion beam. X is the surface normal, Y and Z are the lateral plane of the target.

higher polar angles, resulting in poor statistics when φ = 75◦. With increasing polar
angle, f(E) shifts to higher energies for each element type. The threshold kinetic energies
for Na, Ca, and Al vary due to their different surface binding energies Eb. The values for
Eb used by SRIM are show in Table 1. A higher Eb requires more energy to break the
atom's bond(s) to the surface, and therefore results in a higher sputtering kinetic energy
threshold. Aluminum has the highest Eb at 3.36 eV and correspondingly the highest
threshold kinetic energy for each φ, followed by Ca and Na with Eb of 1.83 eV and 1.12
eV respectively.

3.3 Implantation Depths

To investigate the implantation depth of sputtered particles into detector wafers, 100,000
20 keV Ar+ ions were shot at a labradorite feldspar target in SRIM with AOI of 45◦.
To simulate detection wafers around the target, sputtered particles were sorted by their
polar φ and azimuthal angle θ into wafers which are centered at varying polar angles (φ
= 0◦, 15◦, 30◦, 45◦, 60◦, and 75◦) along the ±Y and ±Z axis. The positive and negative
Y axes are the forward and backward directions respectively, and positive and negative
Z axes are to the right and left, as depicted in Figure 11. Exact φ and θ angle ranges
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(a) Backwards Sputtering (b) Forwards Sputtering

Figure 12: Distributions of implantation depths of particles sputtered backwards and
forwards with respect to an incoming 20 keV Ar+ ion beam and implanting into Si
wafers located at various polar angles.

used to sort particles into wafer targets can be found in Appendix A. The number of
implanted particles per element type studied can be found in Appendixes B and C. Then
each group or particles, which consisted of a particular element at a particular φ and θ,
was shot into a silicon slab at an AOI of 0◦.

As previously shown, the number of sputtered particles decreases with increasing polar
angle independent of the AOI. Due to this fact, the statistics for implantation depths at
75◦ were too poor to be considered, and the results for those wafers are not shown.

Results from wafers centered at 0◦, 15◦, 30◦, 45◦, and 60◦ are shown in Figure 12. There
are three factors that lead to greater implantation depths supported by the simulation,
which are increasing surface binding energy, increasing kinetic energy, and increasing
polar angle of the sputtered particle.

The methods described above were also done for aluminum wafers instead of silicon.
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Figure 13: Distributions of im-
plantation depths for Na, Ca,
and Al combined plotted for each
wafer. Dark Purple is forward
sputtering, light purple is sput-
tering to the right, light green is
backwards sputtering, and dark
green is sputtering to the left.

The same patterns were present in the data, and the implantation depth did not noticeably
change.

In Figure 13 the normalized implantation depth distribution is plotted for the sum
of all Na, Ca and Al sputtered into wafers along the ±Y and ±Z axis. At 0◦ the data
for each direction are identical because the 0◦ wafer is the same in all directions, as
it is centered directly above the YZ origin. With increasing polar angle, all azimuthal
directions show the same trends in implantation depth. There is no azimuthal dependence
on implantation depth into the collector wafers.

Since most sputtered particles in SRIM are on or just beneath the surface of the
collection wafers, wafers will have to be designed so that nothing touches the collection
side during transportation.

Other elements besides Ar being considered for the ion beam include H, He, and Ne.
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Beams
Element

Energy
(keV)

Average Depth
(Angstrom)

Maximum Depth
(Angstrom)

Average Path
Length (Angstrom)

Maximum Path
Length (Angstrom)

H 1 303.65 1170.0 409.30 1223.91
H 5 1152.75 2989.9 1380.96 3061.55
H 20 3500.81 6066.3 3790.84 6108.37
He 4 609.68 1576.2 788.52 1703.92
He 20 2680.61 5554.4 3093.33 5859.00
Ne 20 595.42 1786.7 682.52 1801.48
Ar 20 340.69 942.04 373.04 952.00

Table 2: Stopping Ranges for differing mono-atomic beam compositions into the
labradorite feldspar sample. X goes into the target, Y and Z are the lateral surface
plane. Depth only considered the X component. Path length into target calculated as√

x2 + y2 + z2.

These elements, at various energies, were shot into a feldspar target at normal incidence
to compare stopping depths. The results are listed in Table 2. The stopping ranges will
be used to determine the sample thickness needed for the experiment.

3.4 Cylindrical Symmetry

To investigate the cylindrical symmetry of sputtered particles in SRIM, 100,000 20 keV
Ar+ ions were shot at a labradorite feldspar target and the number of atoms sputtered
into simulated wafers forward, backward, and to the left and right can be seen in Tables
5, 6, 7, and 8 in Appendix B. There is no large variation in number of particles sputtered
in each of the four cylindrical directions.

4 Conclusion

SRIM is a modeling software used widely to study sputtering yields. However the results
from SRIM don’t match theorized sputtering at low evergies (keV). At low energies,
nuclear sputtering should show a polar angle dependence that depends on the incoming
AOI, but SRIM shows the same polar distribution independent of AOI. Therefore, SRIM
is not applicable for low energy sputtering such as sputtering by solar wind ions.

Due to a lack of modeling software for sputtering from regolith, the results from
SRIM simulations presented in this report will be used as guidelines for experimental
expectations. Within SRIM, a higher surface binding energy for a target atom results
in that atoms having a higher kinetic energy threshold and an increased implantation
depth. Additionally, particles that are sputtered off at higher polar angles relative to the
surface normal in SRIM have higher kinetic energies and implant deeper into collection
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wafers. SRIM shows no azimuthal dependence on sputtering yields or implantation depths.
With collected experimental data, the trends predicted here by SRIM can be confirmed
of modified for sputtering from regolith. With a better understanding of how sputtering
generates the exosphere of Mercury, the link between the surface composition and the
composition of the exosphere will be better understood.
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6 Appendix

6.1 Appendix A: How simulated wafers are defined

In the experimental set up, the 14 mm diameter detection wafers will be placed in a half
dome 7 cm radially away from the target. The acceptance angle for the wafers is 5.71059◦.
To simulate the polar angles covered by the wafers, sputtered particles within ± 5.71059◦

of the center polar angle being studied (0◦, 15◦, 45◦, and 75◦) were included. Table 3
shows the permitted directional cosines ranges for the X, Y and Z direction used to sort
sputtered elements into simulated wafers.

Wafer
Center

Cos(X) Cos(Y) Cos(Z)

0◦ 0.99 - 1.0 -0.1 - 0.1 -0.1 - 0.1
15◦ 0.940 - 0.985 0.174 - 0.342 -0.1 - 0.1
30◦ 0.819 - 0.906 0.423 - 0.574 -0.1 - 0.1
45◦ 0.574 - 0.766 0.643 - 0.819 -0.1 - 0.1
60◦ 0.423 - 0.574 0.819 - 0.906 -0.1 - 0.1
75◦ 0.174 - 0.342 0.940 - 0.985 -0.1 - 0.1

Table 3: The directional cosines of sputtered particles in SRIM were used to limit
which particles would hit each wafer. This table lists the directional cosine ranges for
wafers that lie along the positive Y axis. For wafers along the negative Y axis, the cos(Y)
values are multiplied by -1. For Z wafers, the ranges for cos(Y) and cos(Z) are switched.

6.2 Appendix B: Implantation into Si wafers

Feldspar Na Ca Al
Sputtered in all space 644299 38519 34768 57313
Implanted into Y Wafers – 7625 5948 10559
Implanted into Z Wafers – 7620 5802 10625

Table 4: Number of sputtered particles from 100,000 20keV Ar+ ions hitting labradorite
feldspar target in SRIM is listed in the first column. The column titled "Feldspar"
includes all atoms with no regard to their elemental type. The number of implanted
Na, Ca, and Al atoms into simulated Si wafers are listed for comparison. Y wafers are
in front and behind the incoming ion beam, Z wafers are to the left and right.
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Na Ca Al
0◦ Wafer 5665 3951 7436
15◦ Wafer 239 219 374
30◦ Wafer 418 387 665
45◦ Wafer 258 313 412
60◦ Wafer 86 116 119
75◦ Wafer 11 14 17

Table 5: Number of Na, Ca, and Al parti-
cles sputtered forward into the simulated
Si wafers along the +Y axis.

Na Ca Al
0◦ Wafer 5665 3951 7436
15◦ Wafer 253 221 390
30◦ Wafer 393 376 631
45◦ Wafer 220 260 396
60◦ Wafer 77 79 110
75◦ Wafer 5 12 9

Table 6: Number of Na, Ca, and Al par-
ticles sputtered backward into the simu-
lated Si wafers along the -Y axis.

Na Ca Al
0◦ Wafer 5665 3951 7436
15◦ Wafer 260 227 401
30◦ Wafer 414 343 604
45◦ Wafer 212 269 410
60◦ Wafer 79 89 140
75 Wafer 7 6 12

Table 7: Number of Na, Ca, and Al parti-
cles sputtered to the left into the simulated
Si wafers along the +Z axis.

Na Ca Al
0◦ Wafer 5665 3951 7436
15◦ Wafer 271 222 436
30◦ Wafer 398 358 676
45◦ Wafer 242 245 406
60◦ Wafer 67 86 91
75◦ Wafer 5 6 13

Table 8: Number of Na, Ca, and Al parti-
cles sputtered to the right into the simu-
lated Si wafers along the -Z axis.
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