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Abstract

MeV SIMS is a type of secondary ion mass spectrometry technique (SIMS) where molecules are desorbed
from the sample surface with ions of MeV energies. In this work, we present a novel system for molecular
imaging of organic materials using a continuous analytical beam and a start trigger for timing based on
the detection of secondary electrons. The sample is imaged by the collimated primary ion beam and
scanning of the target with a lateral resolution of ~ 20 um. The mass of the analysed molecules is
determined with a reflectron type time-of-flight (TOF) analyser, where the START signal for the TOF
measurement is generated by the secondary electrons emitted from the thin carbon foil (~ 5 nm) placed
over the beam collimator. With this new configuration of the MeV SIMS setup, a primary ion beam with
the highest possible electronic stopping can be used (i.e., highest secondary molecular yield), and samples
of any thickness can be analysed. Since the electrons are collected from the thin foil rather than from the
sample surface, the detection efficiency of secondary electrons is always the same for any type of analysed
material. Due to the ability to scan the samples by piezo stage, samples of a few cm in surface size can be
imaged. The imaging capabilities of MeV SIMS are demonstrated on crossing ink lines deposited on the
paper, a thin section of a mouse brain and on a fingerprint deposited on a thick Si wafer to show the
potential application of the presented technique for analytical purposes in biology and forensics science.

Introduction

MeV SIMS is a recently developed ion beam analysis technique used for chemical imaging of organic
materials in several laboratories worldwide [1-5]. Due to the nature of the interaction of MeV ions with
the material, mainly through electronic stopping, the probability of intact molecular desorption is much
higher compared to SIMS where a monoatomic primary ion beam with keV energy is used [6-9], and it
correlates with the increase in electronic energy stopping power [10, 11]. Compared to the other SIMS
imaging techniques, it can be placed between keV SIMS and cluster ion SIMS techniques in terms of
molecular detection efficiency and achievable lateral resolution [12-13]. In general, molecules up to a
mass of 1000 Da can be detected (e.g., carbohydrates and lipids), with a lateral resolution of up to 400
nm [15]. To date, we have successfully used MeV SIMS to analyse lipids in the mice liver fed with a
standard or a high-fat diet [16]. At the same time, we have developed the MeV SIMS technique in the so-
called "transmission" mode, which allowed us to perform two-dimensional mapping of lipids within a
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single cell with a spatial resolution of 400 nm [15]. This is generally one of the few SIMS setups that can
map organic samples with a spatial resolution of less than one micrometre. In addition to applications in
biology, MeV SIMS has also been used to identify synthetic organic pigments in modern paint materials
[17-19] and in forensics to determine the deposition order of different inks at the crossing lines [20-22].
Recently, a new MeV SIMS system for chemical-biological mapping has been developed based on
collimation of the beam with a glass capillary [23, 24]. The great advantage of the MeV SIMS setup
presented in [23] is the ability to accept a wide range of energies and masses of primary ions, especially
high energy heavy ions that have high electronic stopping power. According to the work of M. Brajkovic
et al [11], these ions should provide a largest yield of intact molecules, which is crucial for SIMS imaging.
Moreover, no active elements are used for ion focusing, so the size of the beam spot should be virtually
independent of the type and energy of the ions. Regardless the good results published in [23], two main
problems have been identified for MeV SIMS imaging based on the collimated beam with the glass
capillary:

1. Despite a good lateral resolution (between 3-20 um) almost 50% of the beam ends in beam halo
blurring 2D chemical images and raising the minimum detection limit.

2. The START signal for TOF measurement is generated by the secondary electrons emitted from the
sample surface, which can be problematic for samples with low secondary electron emission
(consequently low detection efficiency). Even more, variation in the secondary electron emission
efficiency over the sample surface leads to the unrealistic variations in the 2D chemical images,
since each image pixel is normalised to the incoming number of primary ions.

To eliminate above mentioned problems, glass capillary was replaced with an ordinary collimator used in
electron microscopy with an aperture of 10 um thus removing beam halo. Instead of detecting the
secondary electrons emitted from the sample surface needed for the START signal in TOF (note that a
continuous ion beam is used), secondary electrons generated by the passage of the primary ions through
the thin carbon film (~ 5 nm) located above the beam collimator was used providing that START signal is
independent on the type and composition of the studied sample. Moreover, the sample can be of any
thickness, in contrast to the continuous primary ion beam setup presented in the work of Z. Siketic et al
[15], which requires thin samples transparent for the ion beam.

In the following chapters, the new MeV SIMS setup is presented, based on collimation of the ions with a
collimator and timing by secondary electrons from a thin carbon foil. In addition, the performance of the
new setup is demonstrated using chemical imaging on several different samples such as ink crossing lines
on the paper, thin section of a mouse brain and a fingerprint deposited on a thick Si wafer.

Experimental setup

A photograph of the interior of the MeV SIMS chamber with collimated beam is shown in Figure 1. The
beam collimator, the secondary electron detector (SE), the piezo stage with the sample holder, and the
extractor to the TOF reflectron spectrometer are labelled. Secondary molecules are analysed by TOF
reflectron spectrometer with a 10 kV post acceleration (from © Kore Technology Ltd).
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Fig. 1. Photo of the inside of the MeV SIM chamber with collimated beam.

The beam is collimated by the collimator with a central aperture of 10 um. A~ 5 nm carbon foil is mounted
over the collimator for secondary electron generation by the primary ion beam. The desorbed molecules
are accelerated towards the spectrometer by the voltage difference of + 3 kV applied to the sample holder
(the TOF extractor is always grounded). The triggering system for the electron START (for TOF
measurement) is similar to the system presented in reference [23]. Initially, the extraction voltage is at
zero potential to ensure that the generated secondary electrons are not attracted towards the sample
holder. When ion passes through the carbon foil, secondary electrons are emitted and deflected toward
the SE detector, whose front electrode is at +600 V. Upon electron detection, the signal from the SE
detector is used to trigger high voltage switch (HV) (Behlke HTS 61-01-GSM) to increase the extraction
voltage at the target to a value of +3 kV. Since some time is required for signal processing and transport,
the extraction of molecules is delayed by about 100 ns, so no significant loss of secondary ions is expected
during this delay for a 3.5 mm long extraction region. HV on target is "on" for a period of 2 ys, which is
sufficient to extract and collect all molecules in the mass range up to 1000 Da. During the period of TOF



measurement (~100 us), there is a VETO for the data acquisition system (DAQ) to accept another START
signal and start a new increase in extraction voltage through the HV switch. In this way, the probability of
random coincidences is minimised and the random noise in the mass spectra is reduced.

The measured ion detection efficiency by secondary electrons is around 20%. This was estimated from
the time required to produce the same statistics in the mass spectra in the "transmission" mode (100%
ion detection efficiency). Thus, for the same number of secondary ions, about 5 more primary ions are
required. It must be emphasised that in addition to the secondary electrons emitted from the carbon foil,
electrons produced by ion scattering from the collimator edge are also detected, producing the "false"
START signals. Since the ions scattered from the collimator edge usually do not reach the target, there are
no secondary molecules desorbed by them, so these events do not contribute to the noise in the mass
spectra. As mentioned in the introduction, the samples are mounted on the sample holder connected to
the xyz0 piezo stage, with travel range of £31.5 mm in the x, y, and z directions and an integrated sensor
with ~1 nm resolution. This allows precise lateral imaging of samples up to several cm in size, subject to
primary ion current, available measurement time and statistics required. The rotation axis is used to
optimise the extraction angle to the TOF extractor. The movement/scanning of the piezo stage is
controlled by the in-house built DAQ system Spector [25] and synchronised with the TOF spectrometer.
The sample is scanned in pixel-by-pixel mode (the number of pixels and step size are set in the DAQ system
by the user), with each pixel normalised to the same number of incoming particles based on the number
of counts from the SE detector. It takes about three hours to produce an image consisting of 100 x 100
pixels with reasonable spectral statistics in each pixel. The main limitation on DAQ imaging time is the low
current of the primary ion beam, which is few fA after the collimator.

Results

1. Beam lateral resolution measurement

The beam profile and lateral resolution test of the 14 MeV Cu** ion beam was performed on a Gafchromic
EBT3 film sensitive to the ion beam radiation and on a patterned phthalocyanine grid (Cs;H1sNs) deposited
on a Si wafer (440 um step). The purpose of these measurements was to study the ion beam halo and to
show the influence of the ~ 5 nm carbon foil on the lateral ion beam straggling and the resolution by the
10 um aperture collimator.



As can be seen in Fig. 2, there is virtually no beam halo after collimation (up to the film sensitivity), which
is a significant improvement comparing to the beam profile after collimation through the glass capillary
[23]. Only the central ion beam spot is visible.
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Figure 2. Image of the collimated 14 MeV Cu** ion beam on Gafchromic EBT3 film (10 um aperture)

MeV SIMS image of the patterned phthalocyanine vapour deposited onto the Si wafer through the 440
pum grid is shown in Fig. 3. The different intensities in the phthalocyanine region are caused by the non-
uniform lateral distribution during the evaporation process.
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Figure 3. MeV SIMS image of patterned phthalocyanine grid with 440 um step. Image size is Imm x 0.9
mm.

According to the results in Fig. 3, the lateral resolution of the ion beam is less than one pixel, i.e., less than
pixel size which is 20 um. Assuming a collimator aperture of 10 um, the lateral ion beam straggling through

the 5 nm carbon foil contributes less than V202 — 102um =~ 17 um to the total lateral resolution. For



example, there is no significant difference in lateral resolution between a 5 um and a 10 um collimator,
but the ion beam current is higher by a factor of 4 in the latter case.

2. MeV SIMS imaging by continuous collimated ion beam

The imaging capabilities of the presented MeV SIMS system are demonstrated on an ink crossing line
deposited on a paper, a thin section of a mouse brain, and a fingerprint deposited on a Si wafer. The 14
MeV Cu* ion beam was used for all presented MeV SIMS measurements.

a. MeV SIMS imaging of the ink crossing lines

Fig. 4 shows the MeV SIMS image of the crossing lines of ink deposited on the paper: a) 2D map of BV3
pigment molecular peaks (358-372 Da) and b) the corresponding mass spectra.
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Figure 4. a) MeV SIMS image of ink crossing lines (map of the selected BV3 pigment, M=358-372 Da). b)
Corresponding MeV SIMS mass spectra. Image size is 1mm x 1mm.

The same sample was imaged by ions collimated though the glass capillary (results are presented in ref.
[23]). Comparing these two measurements, it is immediately apparent that the image produced with the
ion beam collimated by a simple aperture is clearer with a better contrast (~ 20 times higher signal-to-
noise ratio in the image). High image quality is provided due to the significantly lower beam halo
compared to the beam collimation by glass capillary.



b. MeV SIMS imaging of mouse brain thin section

Mouse brain thin section was prepared according to standard protocols for SIMS analysis [26]. To preserve
brain morphology and primary distribution of molecular species, a portion of the tissue was immediately
embedded in Tissue-Tek OCT Compound for Cryostat Sectioning (Sakura, The Netherlands), cryopreserved
in isopentane cooled with liquid nitrogen, and stored at -80°C until cryo-sectioning. OCT-embedded blocks
of frozen brain tissue were removed from the freezer and sectioned inside a cryostat microtome held at -
25°C. Thin sections of mouse brain were mounted on a Si wafer and placed in the vacuum chamber for
MeV SIMS analysis (the base vacuum was ~107 mbar). Obtained MeV SIMS images of selected mass peaks
(lipid fragment M=184.1 Da, cholesterol M=369.4 Da and OCT medium M=228.4 Da) and mass spectra are
shown in Fig. 5. The corresponding optical image is also displayed (image size: 2 mm x 2 mm).
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Figure 5. MeV SIMS and optical images of thin section of mouse brain (image size: 2 mm x 2 mm).
Molecular maps of OCT medium (M=228.4 Da), lipid fragment (M=184.1 Da), and cholesterol (M=369.4
Da) are shown. Corresponding mass spectra with inset shoving cholesterol peak are presented as well.
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Comparison of MeV SIMS and optical images shows that lipids, as the main composition of myelin’s sheath
around nerve fibre, are mostly located in the white matter. Contrary, cholesterol is mostly placed in the
brain’s grey matter. The grey matter is built form the bodies of nerve cells whose membranes contain
cholesterol. In addition, OCT medium is located only outside the tissue region, indicating that sample is
not contaminated with medium during preparation.

c. MeV SIMS imaging of the fingerprint

A fresh fingerprint was deposited on a clean Si wafer and placed in the vacuum chamber. The MeV SIMS
image (total number of ions) and corresponding optical image are shown in Fig. 6. The image size is5 mm
X5 mm.
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Figure 6. Total ion map of the fingerprint analysed by MeV SIMS (image size: 5 mmx 5 mm).
Corresponding optical image is shown as well.

As can be seen, the friction ridges of the fingerprint as well as the sweat pores are clearly resolved and
visible. Only a portion of the fingerprint is measured, but due to the ~30 mm travel of the piezo stage, the
entire fingerprint can be imaged in a single run. In addition to the image, the molecular composition of
the fingerprint can also be determined, which may be of particular interest for forensic investigations. In
particular case, among other molecular peaks, cholesterol and diacylglycerols are identified in the
fingerprint.



Conclusions

In this work, we have demonstrated imaging abilities of a new MeV SIMS setup based on the continuous
collimated ion beam (simple 10 um aperture is used for collimation) with a target-independent system for
START trigger in TOF measurements by using secondary electrons emitted from the 5 nm carbon foil
placed over the beam collimator. By replacing the glass capillary with a simple collimator, the ion beam
halo becomes negligible, dramatically improving imaging capabilities. This is particularly evident by
comparing MeV SIMS images of ink crossing lines made with the old system based on the glass capillary
collimation, and the system presented here. The imaging capabilities of the new system were tested on
three different types of samples. From the results it is clear that system has great potential for chemical
imaging of biological and forensic samples, especially larger ones (up to a few cm) with a modest lateral
resolution (less than 20 um).
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