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Abstract

It is known that the surface of Mercury is very iron-poor unlike the other terrestrial
planets, despite it having a large iron core. This fact might point to the planet having a
different formation mechanism than the other planets. Though there have only been a few
missions that provided insight into Mercury’s surface composition, studying the exosphere
can help determine what particles are being sputtered off from the surface. At Nevis, the
Savin Group uses an apparatus to measure sputtering yields as a sample is irradiated. As
irradiation occurs, the beam shape and intensity is examined. The total charge delivered to
the sample after irradiation is determined, as well as the total count of ions. This can then
be used to calculate sputtering yields and understand the angular distribution of ejected
material from the sample.
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1 Background and Motivation

All four of the inner planets – or the rocky planets – and the moon have a substantial
iron core. Venus, Earth, and Mars all have iron cores that make up around 50% of the planet
by diameter, and Mercury, the "iron planet," has an extremely large iron core for its tiny
size, about 83% percent of the planet by diameter. By this logic, it might be expected that
all of these planets have very iron-rich surfaces as well. Again, Venus, Earth, and Mars all
do, with Mars even being red because of the large amount of iron on the surface oxidizing.
However, Mercury surprisingly has an iron-poor surface. This fact can lead us to suggest
that Mercury may have been formed in a different way than the rest of the inner planets. In
order to constrain the formation process of the planet, we must understand what the surface
is actually composed of, if not iron.

1.1 Exosphere and Surface Composition

Considering we have no sample returns from the surface of Mercury, the next best way
to learn about the surface composition is to use external sources. One such way is to look
at the exosphere. The exosphere is the thin, very loosely gravitationally bound layer that
surrounds Mercury in the place of a traditional atmosphere like the one we know on Earth.
The particles in this layer regularly escape the gravitational bond with Mercury and must
be replenished. There are many different theories as to how the particles end up in the
exosphere, but one leading theory is via surface sputtering as the solar wind, a stream of
ionized particles, interacts with the planet.

Figure 1 was taken during the 2006 solar transit of Mercury and shows the abundance
of sodium in the exosphere. The scale on the bottom shows the strength of the sodium
absorption, with blue being mostly noise and red being the strongest presence. This is mea-
sured in mÅ. As seen, sodium is present through the entire exosphere but is concentrated
near the north and south pole.
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Figure 1: Captured during the 2006 solar transit of Mercury by the Dunn Telescope. Image
shows absorption spectrum of Mercury’s exosphere and highlights sodium abundance [1]

Remote sensing evidence also shows that sodium is found on the surface. Figure 2 shows
a false color map of the surface, created from X-ray spectrometry observations taken by the
Messenger Mission in orbit around Mercury [2]. The region labelled NP-LMg is a region of
low magnesium, but it contains more sodium relative to the rest of the surface. This is also
located further north on the surface, which might help explain why the sodium concentration
in the exosphere was larger near the north pole and providing evidence for sputtering due
to ion irradiation.
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Figure 2: False color map of surface of Mercury created from observations by the Messenger
Mission. [3][4][5]

The solar wind is composed of about 96% hydrogen ions at 1 keV and 4% helium ions
at 4 keV, with some presence of heavier ions as well [6]. As it interacts with the surface of
Mercury, particles are sputtered into the exosphere. The exosphere composition can provide
clues as to other elements that are present on the surface, as well as where they are heavily
concentrated and in what abundance. By studying ion irradiation effects in a laboratory
environment, we can calculate sputtering yields and understand if this really is the primary
source of sodium in the exosphere.

2 Experimental Setup

Using the apparatus shown in Figure 3, the Savin Group is experimentally studying the
sputtering effects on a sample due to ion irradiation. This serves as a model for how the
solar wind ions will interact with the surface of Mercury. The ions are located originally in
the ion source, from where they travel to the beam deflector. From this point, the beam is
directed towards the target chamber at the bottom of the apparatus, labelled in the figure.
On the way to the target chamber, the beam will pass through two different 5-mm apertures,
which serve to confine the beam and focus it to a fixed position. This ensures that it will
hit the sample. The inside of the entire apparatus is kept at vacuum conditions to allow the
beam to travel as efficiently as possible and to avoid any contamination from the outside air.
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Figure 3: Apparatus used to study ion irradiation and its effects on a sample, used by the
Savin Group at Nevis Labs.

Once the beam has reached the target chamber, it is incident on the sample at an angle
of 45°, which can be seen in Figure 4. The sample is surrounded by a half-dome shape, also
seen in this figure, which consists of holes meant to hold catcher foils. These catcher foils are
gold-coated silicon wafers, and they serve to capture any ejected material from the sample
as it is irradiated. They are placed at a range of both polar and azimuthal angles, where the
polar angles range from 0° to 90° normal to the sample, and the azimuthal angles range from
0° to 180° in the plane of the sample. This arrangement in particular can help us understand
the angular distribution of the ejected atoms.
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Figure 4: Half dome that surrounds the sample placed in the target chamber. Red arrow
represents the ion beam incident on the sample at a 45 ° angle

The apparatus currently uses Kr+ ions at 20 keV and a sample of relatively smooth
copper. However, the solar wind is not made of completely krypton ions, and the surface
of Mercury is neither smooth nor made of copper. Krypton is used because the sputtering
yields are several orders of magnitude larger than those of hydrogen and helium ions, allowing
the sample to react much faster. This smooth copper sample is used as studies have been
conducted examining this in the past, which gives us a benchmark for our results. In the
future, we will switch to using loose powder samples that are a closer model to the surface
of Mercury. Loose powder samples have not been studied for sputtering in a laboratory
environment like this previously, as they can present many issues. For example, powders are
sensitive to movement, so it can be incredibly difficult to ensure that it remains in the same
condition while it is being transported. In the past the sample was placed vertically, normal
to the incident ion beam. This issue is solved by placing the sample horizontally as is done
in this experiment. Along with the new sample, ions that more closely resemble the solar
wind will be used in the future, namely hydrogen and helium ions.
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3 Data Analysis

As part of the Savin Group’s study, my project was to create a python script that would
take data from the beam profile monitor (BPM) and examine the ion beam’s intensity pro-
file, as well as its location and shape, over the duration of irradiation. The script would then
also find the total amount of charge delivered to the sample by the ion beam, and using that,
calculate the total number of ions delivered. This value, also known as the total dose, would
then be used to calculate sputtering yields.

On the way from the ion source to the target chamber, the beam will pass through two
different BPMs. One of these is located before the beam deflector, but I specifically ana-
lyzed data from the second BPM, located just before the target chamber. The BPM records
in the intensity profile of the beam in both the horizontal and vertical directions. This profile
is then fit to a Gaussian function, where the fit center reveals the physical location of the
beam and the fit standard deviation reveals the width. This is shown in Figure 5 as the
normalized intensity profiles. This is just for one measurement, but the BPM takes these
measurements once or twice per second for the entire duration of data collection. In reality,
the ion beam will not necessarily be centered at the exact same position each time, and the
intensity peaks may fluctuate a bit. However, the two apertures work to confine the beam
to the same general location each time.
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Figure 5: Intensity as captured by the BPM and the Gaussian fit for one measurement. Or-
ange represents the normalized intensity profile in both the vertical (left peak) and horizontal
(right peak) directions, and yellow represents the Gaussian fits done to both of these peaks.
The center was placed at 0, with each tick mark representing 1 centimeter. This reveals the
shape and position of the ion beam

3.1 Cleaning the Data

The data must first be cleaned and processed prior to analysis. Since the beam profile
monitor records data for multiple hours in one stretch, there are many points in the data
where irradiation is not actually taking place. This could be for several reasons: maintenance
was being done on the apparatus, or the gate valve, which allows the beam through, was
simply closed. These points are therefore not considered for calculations. We can tell what
points these are because the BPM-recorded intensity will read as a negative number, or if
the variable corresponding to the gate valve is 0. The intensity may be negative for other
reasons as well, such as if the BPM was not responding as designed. The script goes through
the data and then does not further consider these data points.

There are also many outlier points that we chose not too consider. The variables that
we considered when looking for outliers were the position of the beam (both vertical and
horizontal), the width of the beam (again, both vertical and horizontal), and the intensity of
the beam. The averages for all of these values were taken over all points selected earlier, as
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well as the standard deviations. Any variation that was not within 5 standard deviations of
the calculated mean was considered to be an outlier and was not used in final calculations.

3.2 Intensity versus Time

When the BPM gives us the intensity of the beam, it really is giving us the current,
measured in Amperes. To calculate the total charge, we can integrate this intensity over
time. Figures 6, 7, and 8 will show the data that was taken on 03/04/2022 in three different
stages – before any cleaning was done, after the points with no irradiation were removed,
and after outliers were removed.

Figure 6: Intensity vs. Time graph for raw data taken on 03/04/2022. The x-axis represents
time elapsed from start of data collection
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Figure 7: Intensity vs. Time graph for data taken on 03/04/2022 after it had been cleaned
to only show points where irradiation was taking place.

Figure 8: Intensity vs. Time graph for data taken on 03/04/2022 after outliers had been
disregarded.

The first graph, in Figure 6, shows the data as is over the entire period of data collection
on 03/04/2022. The x-axis in the graph represents the time elapsed from the start of the
experiment, and they y-axis is the intensity in Amperes. As seen in Figure 6, much of the
data is falls in the negative range, which represents times when the sample was not being
irradiated or when the BPM was not responding as expected. The intensity values should
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be very small, on the order of 10−7 Amperes. However, these data points can hide this. In
order to correct for this, we plot the cleaned data against time.

A cleaned plot can be seen in Figure 7. The x-axis once again represents the elapsed time,
though the data falls in a smaller range compared to the raw data. This is because irradiation
was not occurring at the beginning or at the end of the experiment. In addition, there are
3 large gaps visible in the data. These are again periods in time where irradiation was not
taking place. The y-axis is again intensity in Amperes, but this time the scale is 10−7. The
intensity now falls into am much smaller range than before as expected, though there are still
noticeable outliers. These are the previously mentioned outliers in intensity, position, and/or
width where the data point lies outside of the 5 standard deviation range from the mean.
Before we finally calculate the total charge, we must visualize the data without these outliers.

This can be seen in Figure 8. The axes represent the same variables as in the previous
two graphs, though now the range of intensity values is even smaller, with all values falling
within around 1.5 × 10−7 and 3.2 × 10−7 Amperes. Now, we are finally ready to calculate
the total delivered charge and integrate over the graph. The large gaps in the graph are not
included in the calculation, as there was no irradiation occurring at these times.

3.3 Calculating Sputtering Yields

Based on the data shown in the graphs, for 03/04/2022, we found that 6.772 × 10−3

Coulombs were delivered to the sample. Data was taken over a period of 10 days, and re-
peating the integration yielded a total charge delivered of 1.019×10−1 Coulombs. Considering
that the irradiation took place for hours on end for 10 days, this number seems extremely
small. However, it is important to remember that each ion has a charge of 1.6 × 10−19

Coulombs, and converting this charge delivered to the number of ions delivered reveals a
more relevant result. We find that a total dose of 6.366 × 1017 ions was delivered to the
sample.

The sputtering yield is the ratio of atoms captured by each catcher foil to the total dose.
This is what lets us know how efficiently the ions can knock off atoms from the material.
The mass of each catcher foil was taken to great precision both before data collection and
after, and the change in mass tells us the number of atoms captured. The mass gain in each
of these foils is extremely small, less than 10 micrograms per foil, but it is important to
remember that this adds up to a very large number of atoms.
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4 Building of Vacuum Test Frame

My second project this summer was to build a stand that would be used to store objects
under vacuum conditions. As mentioned previously, the inside of the apparatus is kept in
vacuum conditions is to avoid any contamination from the atmosphere. While these systems
are built into the apparatus, there is currently no standalone equipment to create this envi-
ronment in the laboratory. A standalone frame would allow us to test an instrument to see
how it would perform under vacuum before we move it to the main apparatus, or even just
storing a sample before it is used later on. Figure 9 shows an example of how the vacuum
pump is mounted in a pre-existing apparatus, which is similar to how it will be mounted in
the new, stand-alone set-up. Figure 10 shows how it is currently supported, though this is
not a very permanent solution. The way that the chamber is held up is not stable, and the
entire equipment is not the easiest to use in the long term and does not have much space for
storage.

Figure 9: Image showing how the vacuum pump/chamber will be mounted after the com-
pletion of the stand. This is an image of them currently mounted in the apparatus.
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Figure 10: Image showing how the vacuum pump/chamber are currently mounted in a
temporary solution

The frame I was building was modelled after one that already existed in the apparatus.
This old frame was used to hold equipment designed to measure the signal and current after
the experiment was conducted, and it had two sections next to each other with shelves to
store the measuring devices. Figure 11 shows the legs of the frame after assembly but before
they had been all connected to each other.
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Figure 11: Image of many pieces of the test frame partially assembled

Building this equipment also came with many hurdles along the way, as this was my
first experience with hands-on, experimental work. One of the many skills I improved was
precisely making measurements. The legs of the frame show in Figure 11 were of adjustable
length, but they had to be kept at exactly the same length in order to ensure the rest of the
frame would be stable and symmetrical. Otherwise, the frame would not have been much
better than the temporary solution. Figure 12 shows a screw that I stripped the head of
while connecting the various pieces of the frame.
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Figure 12: Image of a screw that was stripped in the process of building the frame

Finally, Figure 13 shows what the final frame looks like! As mentioned before, there are
two sections next to each other, and the black brackets on one face of the stand will allow
for shelves and other equipment to be mounted. The legs of this frame can be adjusted to
raise or lower the height, and the vacuum chamber will be mounted on top, creating the first
self-standing vacuum set-up in the laboratory.
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Figure 13: Image showing the stand fully completed! The vacuum pump/chamber will be
mounted to this frame as shown previously in Figure 9

5 Conclusions and Next Steps

This summer, I created a python script that would analyze data taken by the beam profile
monitor over a specified time period to understand the shape and intensity of a beam as it
travels to a sample. The script then calculated the total charge radiated to the sample, which
can then be used to calculate sputtering yields and understand the angular distribution of
ejected material.

As mentioned previously, this data is for Kr+ ions on a relatively smooth copper sam-
ple. Obviously, the solar wind is not made of Kr+ ions, and Mercury’s surface is not pure
copper. In order to better translate this experiment to this specific situation, moving forward
we would use a loose-powder sample resembling Mercury’s surface, along with lighter ions
like those of hydrogen and helium.

I also worked on building a stand-alone frame that would allow for equipment and samples
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in the laboratory to be tested and stored under vacuum conditions. While there was not
enough time for it this summer, future steps would include mounting the vacuum chamber
and pump onto this frame.
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