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Abstract
[bookmark: _GoBack]A multichannel microchannel plate was used as an ion sensitive annular transmission detector in a commercial helium ion microscope for annular dark-field transmission imaging of nanomaterials, i.e. scanning transmission ion microscopy. In contrast to previous transmission helium ion microscopy approaches that used secondary electron conversion holders, our new approach directly detects forward scattered transmitted helium ions on a dedicated annular shaped ion sensitiven annular detector.  Inner Minimum collection angles between 125 mrad and 325 mrad were obtained by varying the distance of the sample from the multichannel microchannel plateplate detector during imaging. Monte Carlo simulations are were used to predict detector angular rangescollection angles at which annular dark-field images with atomic number contrast are could be obtained. We demonstrate atomic number contrast imaging via scanning transmission ion imaging of silica-coated gold nanoparticles and magnetite nanoparticles.  While the resolution of this scanning transmission ion microscopy is known to betransmission technique is limited degraded by beam broadening in the substrate, we imaged magnetite nanoparticles with high contrast on a relatively thick silicon nitride substrate. We expect this new approach to annular dark-field scanning transmission ion microscopy will open avenues for more quantitative ion imaging techniques and advance fundamental understanding of underlying ion scattering mechanisms leading to image formation.







Introduction
	Helium ion microscopy (HIM) is conventionally a surface imaging technique known for offering high spatial resolution (), large depth of field, and the ability to image non-conductive samples (Ward, et al., 2006). The technique is similar in operation to a scanning electron microscope (n SEM), except it utilizes a fine focused probe of helium ions that is scanned rastered overacross the sample (Scipioni, et al., 2009).  Helium ions generate primarily low-energy secondary electrons (SEs) that only escape from the top nanometer of the sample surface, making SE images formed in the HIM extremely sensitive to surface topology (Bell, 2009). However, for thin samples a majority of incident helium ions transmit through the sample, either forward scattering or transmitting unscattered. Ion-sample interactions are more complex compared to electron-sample interactions due to the possibility for incident helium ions to change ionization state due to scattering, e.g. from singly to doubly ionized or from singly ionized to a neutral state.  Like electrons, ions may also sputter the sample material, resulting in forward scattering of sample atoms. Using Monte Carlo simulations, Notte et al. showed that For thin samples (< 200 nm), 50% of the majority of the40 kV helium ions transmitted through 100 nm cubic magnesium oxide (MgO) nanoparticles the sample, enabling allowing scanning transmission ion microscopy (STIM) with an expected resolution of 3 nm due to beam broadening (Notte, et al., 2010), analogous to scanning transmission electron microscopy (STEM). Due to the reduced interaction volume, Scanning scanning transmission microscopy modes, such as STEM and STEM-in-SEM (Klein, et al., 2012), often provide higher resolution and additional information about nanomaterial samples compared to surface sensitive techniques (D'Alfonso, et al., 2013). Scipioni et al. reported various STIM modes including bright-field (BF) and annular dark-field (ADF) imaging, as well as exit-surface SE imaginges that is similar toresembled BF ion imagesing (Scipioni, et al., 2009). Thickness fringes and dislocations were observed in MgO nanocrystals imaged with 40 kV BF STIM (Notte, et al., 2010). Hall et al. determined the thickness of freestanding silicon nitride membranes using pixel intensities from BF STIM images (Hall, 2013). To date, STIM imaging has relied on conversion sample holders that utilize a polished metal surface coated with gold that converts transmitted helium ions into SEs (Hall, 2013).  (Scipioni, et al., 2009)(Notte, et al., 2010)The polished surface is angled towards an Everhart-Thornley detector where the SEs are collected to form an image (Hall, 2013).  A hole can be drilled placed in the polished surface on the optic axis to allow the unscattered transmitted ions beam to pass through to enable ADF imaging (Notte, et al., 2010). While not detailed in the publications, the sample holder used by Scipioni et al. (Scipioni, et al., 2009) and Notte et al. (Notte, et al., 2010) was a custom built multisurface SE conversion sample holder capable of BF and ADF imaging by adjusting a voltage bias on a mesh cage surrounding the sample holder.  However, the indirect nature of the STIM image formation process when using an SE conversion holder limits fundamental understanding of the ion scattering processes that govern contrast mechanisms. While this approach has the advantage of not requiring a separate detector below the sample, many assumptions must be made about the conversion of transmitted ions into SEs (Hall, 2013).  For instance, one must assume that the SE emission per transmitted ion on the polished metal surface does not vary with position (Hall, 2013). While SE conversion holders have been shown to provide useful STIM images contrast, direct detection of transmitted helium ions with a dedicated detector would allow for more faithful interpretation of STIM images, which could open new avenues for quantitative transmission ion imaging modes STIM imaging, such as standard-less atom counting (LeBeau, et al., 2010) and mass-thickness determination (Loferer-Krossbacher, et al., 1998) that have been demonstrated for high angle annular dark field (HAADF) STEM and TEM imaging. Helium ions offer an advantage over electrons for quantitative imaging because diffraction contrast is not significant in ADF STIM images due to their small wavelength compared to electrons.
	Here we demonstrate ADF STIM imaging of nanomaterials nanoparticles on thin supports via direct detection of transmitted forward scattered helium ions using an ion sensitive microchannel plate (MCP) detector. This approach differs from previous STIM experiments in several ways: (1) Image formation does not rely on conversion of transmitted helium ions into SEs, (2) direct dedicated detection eliminates the need for assumptions to be made about the image formation process, and (3) the detector is retractable and separate from the sample, which allows for control of over the ADF collection angles during imaging. Compared to backscattered HIM imaging, ADF STIM is expected to show similar atomic number contrast but with higher spatial resolution. ADF STIM represents a superior imaging technique for thin samples, such as nanoparticles and 2D materials, where forward scattering of helium ions is strongly preferred compared to backscattering. Our simulations indicate that for the nanoparticle samples imaged in this article, > 90% of the helium ions forward scatter, while only ~5 % or less backscatter. Due to this propensity for forward scattering, ADF STIM enables imaging of thin samples with less ion dosage compared to backscatter imaging, which will reduce the amount of sample damage. Higher spatial resolution is expected for ADF STIM compared to backscatter imaging due to the reduced interaction volume.

Materials and Methods
Imaging was performed on a Zeiss Orion Plus HIM operated at 25 kV to or 30 kV accelerating voltage; the beam current was typically 3 pA to 10 pA.[footnoteRef:2] SE conversion ADF STIM imaging was performed with the Zeiss gold-plated SE conversion holder. The HIM microscope is equipped with an annular shaped MCP that is mounted as a backscattered detector a few millimeters below the pole piece (Figure 1a). We inverted the MCP and placed it ~10 mm below the sample to enable STIM imaging. The detector has a 2 mm diameter hole in the center to allow the direct unscattered transmitted ionsbeam to pass through.  The active area of the MCP detector has an inner annulus diameter of approximately 4 mm and outer annulus diameter of 15 mm. A custom-built sample holder was used to cantilever a thin sample between the pole piece and MCP (Holm & Keller, 2015). The sample-to-detector distance and the radii of the inner and outer annulus of the active detector area determined the minimum and maximum collection angles of the annular detector (Figures 1b, and  1c). In this configuration, transmitted ions forward scattered to angles less smaller than the inner minimum collection angle or larger than the maximum were pass through the center hole in the detector and are undetected, while ions scattered to collection angles defined by the active detector area are were integrated collected sserially and integrated to form the ADF STIM image.   The accessible inner minimum collection angles () for this detector configuration ranged from approximately 125 mrad to 325 mrad, .with corresponding maximum collection angles () between 440 mrad and 900 mrad (Figure 1c). The size of the angular range () increases as a function of minimum collection angle.  ThisThe accessible minimum and maximum collection angles range can be extended to larger collection angles in the future by decreasing the total height of the cantilever sample holder or decreasing the distance between the MCP and the pole piece. The current MCP detector configuration does not allow for BF imaging as there is no way to define this collection angle range on the annular shaped detector. Images were acquired with a size of 512 x 512 pixels, line integration of 4 lines, and a pixel dwell time of 100 μs. Imaging was performed on a The field of view larger thanwas typically kept above approximately 11.2 μm to avoid excessive ion beam damage to the sample surface.  For a smaller field of view, increased ion doses etched the sample during imaging. Larger beam currents than used for conventional SE imaging in the HIM (typically sub-pA) were necessary to provide adequate signal for ADF STIM imaging. Future design of a more sensitive MCP detector with higher gain will enable imaging of a smaller field of view with lower beam current. The sample-to-detector distance and reported collection angles were determined was approximated by by subtracting the working distance of an in-focus image of the sample from an in-focus image of the detector surfaceand detector working distances when they were in focus. The error associated with this collection angle measurement due to the uncertainty in the working distance of the focal plane (stemming from the relatively large depth of field (single to tens of microns)) is only on the order of hundredths of a percent. However, as the working distance is only reported to tenths of a millimeter by the software, this introduces an error of approximately 5% in the reported collection angles.  The comparison STIM experiments using the SE conversion holder were performed with the Zeiss gold-plated conversion holder.  [2: Commercial tradenames are indicated in this work for technical completeness. Their use does not imply endorsement by NIST, nor does it imply these are necessarily the best products.] 

Nanomaterial samples were deposited on transmission electron microscopy (TEM) grids by drop casting aqueous suspensions.  Magnetite nanoparticles (Ocean Nanotech, USA) with a nominal diameter of 30 nm ± 2.5 nm were deposited onto 30 nm thick silicon nitride (SiN) membranes (Norcada, Canada).  Silica-coated gold nanoparticles (Nanocomposix, USA) with a gold core diameter of 20 nm ± 3 nm and silica shell thickness of 20 nm ± 5 nm were prepared on lacy carbon supported ultrathin carbon TEM grids (01824, Ted Pella, USA).  Gold nanoparticles with a nominal diameter of 27 nm ± 2.1 nm (NIST, RM 8012, USA) were dispersed as received on lacy carbon supported ultrathin carbon grids (01824, Ted Pella, USA).
Monte Carlo simulations of helium ion trajectories were performed using the freely available software TRIM SRIM (available at www.srim.org). The software is based on calculations of the stopping and range of ions in matter (SRIM) (Zeigler, et al., 1985).  The simulations assumed a point source of helium ions incident on the surface of a uniform thin film of material. The “ion distribution and quick damage calculation” option was used to compute the trajectories of 10000 helium ions per samplesimulation. The angular trajectories of transmitted forward scattered ions were calculated from the exit-surface position vectors of the ions. Detected Transmitted iion yields (Figure 2) were calculated by integrating the total number of detected ions forward scattered onbased on their angular trajectories, forto a virtual ADF detector with an angular range defined by given the inner minimum  and maximumand outer detector collection angles, and then dividing this by the incident number of helium ions on the material.



Results and Discussion
Monte Carlo simulations were performed to determine the ADF minimum collection angles  at which we could obtain atomic number contrast ADF STIM images. We simulated the trajectories of 10000 helium ions with initial energies of 30 keV (Figure 2a) and 25 keV (Figure 2b2c) through uniform films of materials with atomic numbers and mass-thicknesses corresponding to those of the two nanomaterials nanoparticles and substrates imaged. The simulated film thicknesses for the spherical gold and magnetite nanoparticles werees were taken to be the nominal particle diameters of the spherical nanoparticles. The simulation for the 20 nm gold nanoparticles also included two 20 nm silica films sandwiching the gold layer to more accurately reproduce the core-shell configuration. The ion beam interacts with a cross-section of the silica shell that is almost twice as thick as the nominal shell thickness of 20 nm, so we simulated the silica layer to be , which is equal to the path length the helium ions traverse through the silica shell where the core and shell meet. 
Figures 2a and 2c show the detected ion yields as a function of the ADF detector angular range for the samples in Figures 3 and 4. In these plots, the y-axis corresponds to the integrated number of ions forward scattered to angles encompassed by a virtual ADF detector with an angular range defined by a minimum (, lower x-axis label) and maximum collection angle (, upper x-axis label). The maximum collection angles are only shown in Figure 2a for clarity, but the other plots in Figure 2 have the same corresponding maximum collection angles. The total angular range for each virtual ADF detector was set by the inner and out radii of the experimental MCP detector (See Materials and Methods) and the sample-to-detector distance, which was varied to change the angular range of the virtual ADF detector. For example in Figure 2a, for a virtual ADF detector with an angular range of  to approximately half (yield = 0.5) of the incident helium ions were forward scattered onto the virtual ADF detector. The yield is proportional to the signal detected by the ADF detector and can therefore be used to predict image contrast as a function of angular range. 
Figure 2a shows the resulting simulated transmitted detected ion yieldss as a function of detector inner collection angle for 3 nm carbon, 20 nm gold, and 20 nm silica films, which correspond to the substrate, core, and shell materials of the silica-coated gold nanoparticle sampless shown in Figure 3.  Ion scattering through the carbon layer, which had the lowest density mass-thickness and atomic number, resulted in minimal scattering ion yields for ADF detectors with past  with and an  transmitted ion yield that peaked at for a virtual ADF detector with approximately .  Ion scattering in the silica layer produced a broader angular distributionlarger detected yield over a broader range of detector collection angles with a maximum yield for an ADF detector withpeak near , while scattering in the gold layer produced the broadest angular distribution with a resulted in an transmitted ion yield peak maximum for a detector withnear . This trend suggests that scattering in the Monte Carlo simulations is similar to Rutherford elastic scattering, i.e. mass-thickness contrast, where elements with larger densities and higher atomic numbers forward scatter ions to larger angles. 
Atomic number contrast images are formed at ADF detector minimum collection angles where the detected ion yield increases proportional to the material’s atomic number. The dashed line in Figure 2a shows that this regime corresponds to minimum detector collection angles of . We determined the simulated contrast between the gold core and silica shell by subtracting the silica yield from the gold yield, and dividing by the gold yield (Figure 2b). The experimental images showed the core shell nanoparticles were not completely monodisperse (cf. Figure 3), so we calculated the contrast for several silica shell thicknesses with a constant gold core size.  The total simulated helium ion transmission through each material was > 95 %. Atomic number contrast images are formed at ADF detector inner collection angles where the transmitted ion yield increases proportional to the material’s atomic number.  The dashed line in Figure 2a shows that this regime corresponds to inner detector collection angles of approximately . We determined the simulated contrast between the gold core and silica shell by subtracting the silica yield from the gold yield, and dividing by the gold yield (Figure 2b). To perform simulations representative of the experimental conditions, we calculated the contrast for several silica shell thicknesses, as the experimental images showed the core shell nanoparticles were not completely monodisperse (cf. Figure 3).In general the contrast increased as a function of  and decreased with increasing silica shell thickness (Figure 2b).  The minimum collection angle above which the contrast was positive corresponds to the regime where atomic number contrast imaging is expected (inset Figure 2b). The inset shows that the  above which atomic number contrast is predicted increases approximately linearly with silica shell thickness. 

Figure 2b 2c shows the transmitted detected ion yield angular distributions for 25 keV helium ions incident on 30 nm SiN and 30 nm Fe3O4 (cf. images in Figure 4).  The transmitted ion yield of the Fe3O4 includes the underlying SiN substrate because the materials are similar in mass-thickness. Due to the higher density and average atomic number of Fe3O4 compared to SiN, the Monte Carlo simulations predicted that atomic number contrast images can be obtained for virtual ADF detectors withat minimum inner detector collection angles of . Figure 2d again shows that the simulated contrast increases as a function of .
For comparison, Aan ADF STIM image of 30 nm gold nanoparticlessilica-coated gold nanoparticles on a TEM grid acquired using the SE conversion holder is shown in Figure 3a. The TEM sample was mounted ~15 mm away from a polished gold-coated metal surface that is was angleedd  towards the Everhart-Thornley detector. We removed the BF angle limiting aperture cone from the holder and placed a 200 μm2 mm diameter metal disk on the optic axis several 3 mm millimeters below the sample to block the direct unscattered helium ion beam from the conversion surface, creating allowing foran ADF imageing.  The metal disk blocked all the unscattered and forward scattered transmitted helium ions that scattered forto an inner collection angle of angles of . A stage bias of +200 V was applied to limit eliminate contrast due to SE and higher energy Auger electronemission emission from the from the sample surface. The ADF STIM image acquired with the conversion holder showed atomic number contrast, as the gold cores were more intense than the silica shells. The contrast intensities of the gold nanoparticles and lacy carbonsilica shells and lacy carbon was were approximately the same,, but  and the edges of the lacy carbon had higher intensity compared to the center of the carbon.  There were two disadvantages to using this conversion holder. Applying a positive bias to the sample was necessary to limit the contribution of sample surface SE and Auger emission to the image contrast, but this also reduced SE emission on the conversion surface, which created an inherently noisy ADF STIM image due to transmitted ions as well as the signal in the ADF STIM image. Secondly, the sample holder and conversion plate are a single piece, so the ADF collection angles could only be changed by venting removing the samplethe HIM chamber and changing the size of the beam blocking metal disk.
To demonstrate the ability of ADF STIM for atomic number contrast imaging via direct detection of transmitted helium ions, we imaged silica-coated gold nanoparticles dispersed on a TEM grid. ADF STIM imaging via direct a dedicated MCP ion detectordetection yielded images with no SE contribution and allowed for imaging with variable detector collection angles. Imaging with the MCP only required inverting the backscattered detector that already had the desired annular shape, while ADF imaging with the SE conversion holder required custom fabrication of millimeter sized beam blocks. Figure 3b shows a representative ADF STIM image of silica-coated gold nanoparticles acquired using the MCP detector with an minimum inner collection angle of  (.  The image clearly demonstrates atomic number contrast, as the highest intensity portions of the image are the gold cores, followed by the silica shells, and finally the lacy carbon and the thin carbon have had the lowest intensity. Figure 3c is shows a higher magnification image of the core shell nanoparticles showing the high-intensity gold cores surrounded by lower-intensity silica shells. The intensity of the gold core iswas approximately twice that of the silica shell, corresponding to a contrast of , in agreement withcompared to a factor of ~5 derived from the simulated angular scattering distributions the simulated contrast shown in Figure 2b. in Figure 2a. Figure 3d is an image of the same nanoparticles acquired at a lower minimum inner collection angle of . The digital brightness and contrast settings were the same for Figures 3c and 3d, allowing for direct comparison of image intensities. While tThe silica shells had higher intensity in Figure 3d, while the gold and carbon had similar intensityin this image compared to that in Figure 3c, some image artifacts were present.  Comparison to the Monte Carlo simulations reveals that the silica intensity changes in the images were due to the large change in the yield of silica over the range of  to  (Figure 2a). On the other hand, the changes of the gold and carbon yields over the range of to  were relatively small, consistent with their similar intensities between the two experimental images. Additionally, in Figure 3d the silica shell thickness had a distinct effect on the contrast between the silica and gold. The gold cores in the smaller particles with relatively thin silica shells (to) werewas still resolved with atomic number contrast; however, there was no minimal contrast between the gold core and silica shell for slightly larger thicker silica shells particles (to, green arrow). Even larger pParticles with larger silica shells () showed reverse contrast, meaning the silica shell had a higher intensity than the gold core was less intense compared to the surrounding silica shell ((red arrows). This imaging artifact was recently identified for low energy (20 keV to 30 keV) ADF STEM imaging, and was attributed to a competition between the mass-thickness contrast of the two materials (Brodusch, et al., 2013; Holm & Keller, 2015; Woehl & Keller, 2015). In this case, the smallest nanoparticles (to silica shell) showed atomic number contrast because the gold core scattered more ions to the ADF detector than the silica shell, as indicated by the transmitted detected ion yields and simulated contrast in Figures 2a and 2b.  However, the slightly larger nanoparticles (to silica shell) showed no minimal contrast between gold and silica because the larger silica shell and small gold core scattered a similar number of ions to the ADF detector (cf. Figure 2b).  The largest nanoparticles ( silica shell) showed reverse contrast because the thick silica shell scattered more ions to the detector than the gold core. The Monte Carlo simulations of the gold core and silica shell clearly shows that for 40 nm thick silica shells, the image contrast reverses for virtual ADF detectors with  (Figure 2b and inset). While there was not complete quantitative agreement between the simulated and experimental contrast for the various thicknesses of the silica shells, the overall trend of decreasing contrast and eventual contrast reversal with increasing shell thickness predicted by the simulations was consistent with the experimental images. The quantitative disagreement was likely due to the simplified 1D simulation geometries compared to the 3D geometry of the nanoparticles.  Contrast reversal wasThis anomalous contrast was observed because the inner ADF collection angle was near the scattering angle below which the silica scattering becomes stronger than the gold scattering, i.e., below the atomic number contrast regime (Figure 2b).  This was the most prevalent artifact observed during ADF STIM imaging and was eliminated by increasing the minimum inner collection angle of the ADF detector, as exemplified by Figures 3c and 3d.  Monte Carlo simulations were instrumental in identifying the atomic number contrast collection angle regimes to avoid these this artifacts.  While the reversed contrast was deemed an artifact in this case because the goal was ADF imaging, this contrast mechanism may provide opportunities to image low atomic number elements with high contrast in the future.
	To test the suitability of STIM for obtaining ADF images on thicker substrates, we imaged 30 nm magnetite (Fe3O4) nanoparticles supported on a 30 nm amorphous SiN membrane (Figure 4).  Individual nanoparticles were easily resolved with sufficient contrast compared to the substrate.  While the helium ion probe has a size of  , the ultimate resolution of STIM is limited by beam broadening in the sample and substrate (Notte, et al., 2010).  TThe images in Figures 4a and 4b were was acquired with an ADF minimum inner collection angles of , while Figure 4b had a collection angle of ( and (.  The STIM image acquired with a lower minimum collection angle (Figure 4a) had a higher background signal resulting from the thick SiN substrate, and lower image contrast compared to the image with the higher minimum collection angle (Figure 4b). Both of these ADF images were obtained with minimum inner collection angles larger than that required for atomic number contrast as predicted by Monte Carlo simulations (Figures 2b2c and 2d). The intensity of the magnetite nanoparticles was approximately twice that of the SiN substrate in the image acquired with  (), while increasing the minimum inner collection angle to  increased the intensity ratio in the image to  .  The approximate intensity ratios and increase in intensity ratiocontrast with increasing minimum inner collection angle were predicted consistent withby the Monte Carlo simulations in Figure 2b2c and 2d.  Together, the simulations and experiments This indicates that increasing inner minimum collection angle can be used to decrease the background signal and increase contrast in ADF STIM images resulting of samples onfrom thick substrates.
Preliminary measurements of the spatial resolution for ADF STIM imaging using the SMART macro (Joy, et al., 2000) showed an edge resolution of (Joy, et al., 2000)for a sputtered gold on carbon TEM sample. The magnetite nanoparticles on SiN were resolved with an edge resolution of , with the decrease in resolution likely due to beam broadening in the thick substrate. We do not expect the spatial resolution to change significantly with the sample-to-detector distance and minimum collection angle of the ADF detector because the convergence angle of the helium ion beam is approximately 0.5 mrad, so beam divergence and beam broadening will not be significantly affected by the working distance. The measured edge resolution is consistent with previous Monte Carlo predictions for BF STIM imaging that predicted a resolution of 3 nm for a 100 nm MgO nanocube (Notte, et al., 2010). Future work will focus on systematically investigating the effects of sample thickness, atomic number, and substrate thickness on image resolution.

Conclusions
An ion sensitive MCP was utilized as a dedicated transmission ion detector in a commercial helium ion microscope to perform ADF STIM imaging. Our new approach differs from previous transmission helium ionSTIM imaging efforts in that (1) we directly detect the forward scattered transmitted helium ions using a dedicated ion sensitive detector and (2) the ADF collection angle can be continuously varied changed during imaging. We demonstrated atomic number contrast by  via imaging of silica-coated gold nanoparticles, where the core-shell structure was clearly resolved.  Though STIM image resolution is limited by beam broadening, imaging of magnetite nanoparticles on a thick SiN membrane demonstrated adequate resolution and atomic number contrast. Contrast changes in both samples were observed with changes in minimum detector collection angle, which correlated well with TRIM SRIM simulations. This simple detector modification could enable transmission ionSTIM imaging on any HIM equipped with an MCP in the backscatter configuration; future applications of this technique include end point detection for ion milling, sub-nanometer resolution imaging, and diffraction-based (i.e. ion blocking) measurements. Sub-nanometer resolution imaging could be realized for 2D materials where beam broadening does not reduce spatial resolution, as the helium ion beam has a size on the order of several angstroms. This first demonstration of ADF STIM imaging via direct ion detection with a dedicated ion detector is a step towards realizing a dedicated scanning transmission helium ion microscope.
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Figures and Figure captions
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Figure 1. (a) Optical Iimage of the multichannel plateMCP with the active detector area denoted in red and the center hole for the unscattered beam to pass through denoted in green. (b) Schematic representation of the ADF STIM imaging geometry showing the a thin sample cantilevered between the incident ion beam and the annular MCP detector. The distance, , determined the minimum inner   and outer maximum   collection angles of the detector. (c) Accessible minimum inner and outer maximum collection angles and their difference for the annular MCP detector.
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Figure 2. (a) Monte Carlo simulated transmitted detected ion yield as a function of the minimum and maximum  ADF detector collection angle (ADF angular range)angular distributions for the silica coated gold nanoparticles insamples imaged in Figures 3. Each data point represents the fraction of 10000 simulated helium ions incident on the sample that are forward scattered into a virtual ADF detector with an angular collection range between  and . The dashed black vertical lines indicate the collection angles above which atomic number contrast ADF STIM images are expected. (b) Simulated contrast between the gold core and silica shell as a function of ADF angular range for various silica shell thicknesses. The inset shows the minimum  above which atomic number contrast is expected, as a function of silica shell thickness. (b) and 4 (b). (c) Simulated detected ion yield as a function of the ADF angular range for the magnetite nanoparticles on a silicon nitride substrate shown in Figure 4. (d) Simulated contrast between the magnetite and silicon nitride as a function of ADF angular range. The dashed black vertical lines indicate the collection angles above which atomic number contrast ADF STIM images are expected.
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Figure 3. ADF STIM images of gold nanoparticles (a) and silica coated gold nanoparticles (b-d) supported on ultrathin carbon. (a) Cropped ADF STIM image of gold nanoparticles acquired on the Everhart-Thornley detector using the SE conversion transmission holder. The approximate minimum inner collection angle for the image was . (b-d) Cropped ADF STIM images acquired via direct detection of transmitted forward scattered helium ions using an ion sensitive MCP. Images were acquired with minimum inner collection angles of (b,c)  ( and (d) .  The scale bars in each image are 200 nm. The red arrows in (d) denotes contrast reversals in the larger core-shell nanoparticles while the green arrow denotes nanoparticles with no core-shell contrast.





[image: ]
Figure 4. ADF STIM images of 30 nm diameter magnetite nanoparticles supported on 30 nm SiN. The images were acquired at 25 kV accelerating voltage with detector minimum inner collection angles of (a)  () and (b) ).  The scale bars in each image are 200 nm.
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