Sample preparation for submicron cometary material

1. Cometary feature extraction from the aerogel collector

After the extensive photo documentation, the cometary material is finally extracted for analysis.  Because the samples are both microscopic and fragile, and distributed along impact tracks ranging from tens of micrometers to millimeters in size, it has proven to be a significant challenge to reliably and safely remove these samples without incurring significant damage to surrounding aerogel.  Two extraction systems have been installed in the Stardust processing cleanroom at NASA’s Johnson Space Center, one is called the “keystone” system (Westphal et al. 2004), and the other is an ultrasonic vibration microblade so-called the “quickstone” system (Ishii et al. 2005, 2006).  Both systems reliably produce precision extraction and subdivision of aerogel-embedded samples and help to maximize the science return from these extremely valuable materials (Ishii et al. 2006).
1.1 Keystone system
This robotically controlled system is designed to extract a small volume of aerogel (“keystone”) that contains an entire cometary particle impact track ranging from tens of microns to millimeters length (Westphal et al. 2004).  The cutting action consists of repeated small axial poking motions of the aerogel by two glass microneedles which are mounted on Sutter MP285 3-axis micromanipulators. The microneedles are oriented relative to the target track with the use of a high power compound microscope (Fig.1a) that is equipped with a video camera for continuous monitoring of the extraction.  The entire system is mounted on a vibration isolation table covered with a mirror that is useful for locating small pieces of loose aerogel.  The sequence of poking creates a wedge of aerogel containing a target track that can be removed from a collector cell with negligible damage to nearby material. The entire process is controlled by custom written software (Westphal et al. 2004).  The approximate time required to extract one keystone varies from 8 hours to 36 hours depending upon the size and depth of the tracks included in the keystone and other adjustable parameters of the moves such as poking speed and spacing between pokes.  The optimal parameters vary from tile to tile because the mechanical properties of the aerogel vary between different batches.  Although originating from the same manufactured batches, the flight spare aerogel tiles and actual flight aerogel tiles behave differently since the latter has experienced seven years in the vacuum of space.  We make empty keystones (containing no cometary material feature) on each aerogel tile to optimize the best parameters so that we can generate keystones with a smooth surface and minimize the damage to the surrounding aerogel (Fig.1b).  The generated keystones can be mounted on custom-designed silicon fixture so called microforklifts (Fig.1c).  
As of this writing, more than 80 cometary features in keystones mounted on microfolklifts have been allocated to Stardust investigators all over the world.  The analytical methods applied to the keystones are mainly synchrotron-based and other x-ray utilized techniques. The largest keystone generated so far is an 8.5 mm long wedge containing two cometary tracks (Fig.1d).  We also successfully dissected 10mm x 2mm x 1cm elliptical cylinder shape aerogel from the witness coupon using the keystone system with a thicker glass microneedle. 
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Figure1a: Overview of the keystone system. An aerogel collector tile is fixed in a special vise, and is viewed with a compound microscope.  Two borosilicate glass microneedles (tip diameter ~ 1(m, length ~1cm) are attached to computer-controlled micromanipulators (not seen in this figure). A wedge-shaped white shadow in the aerogel is the “keystone”.

Figure 1b: Top view of a completed keystone before removal from the aerogel collector tile.  A Clamp shape groove is the side cut, and the light contrast vertical line is the entrance of the undercut. A dark round shadow in the middle left inside the keystone is the cometary feature (track #94). Two horizontal lines are holes for supporting microforklift.  This aerogel tile, C2078, was found to be especially hard, and generated quite an amount of aerogel debris during the operation.
Figure 1c: A keystone fixed on a microforklift, including a cometary track # 104 (1mm-long bulb+stylus).

Figure 1d: The biggest keystone generated at the JSC Stardust curation facility, viewed from two different directions. This 8.5mm long keystone includes two spiral carrot cometary tracks #99 (7mm long, thinner track in this figure) and #100 (8mm long). 
1.2 Quickstone system 
An alternative method to rapidly extract and subdivide aerogel is the ‘quickstone’ system developed by Ishii et al. (2005, 2006).  This system works by applying ultrasonic frequency oscillations to microblades (either diamond or steel blade) via piezo-driven holder mounted on a micromanipulator.  The oscillation frequency and cutting speed are carefully controlled to rapidly produce clean cuts in the areogel, making it possible to extract cometary dust impact tracks with minimal damage to the surrounding tile.  At the JSC Stardust clean lab, the quickstone system is attached to a 3-axis micromanipulator (Sutter MP285), to a long working distance stereomicroscope, Nikon SMZ1500.  As with the keystone system described above, the quickstone extraction system is mounted on a vibration isolation table covered with a mirror that aids in locating loose aerogel fragments.  The stage of the stereomicrosope is also covered with a plate of mirror for the same reason, and a central hole in the mirror allows for transmitted light illumination. 

The quickstone system generates larger-scale cuts in the aerogel tile compared to the keystone system, reaching several cm in length.  We have been applying the quickstone system to split an aerogel tile, to sliver an mm-think layer off from an aerogel tile, to extract rather large tracks (more than 1cm long) and conduct a micro-surgery on an aerogel piece.  For example, Fig.2a shows a dissected cometary track from an ~15x10x5mm aerogel chip found on the surface of the canister upon opening (this chip has not been identified with its parent aerogel tile yet).  The aerogel chip was fixed onto a clean glass slide using teflon tape.  A 5x5x1.5mm square of aerogel including the comeraty feature was extracted by the quickstone system with a steel macroblade.  After synchrotron x-ray-based tomography study (Ishii et al. 2007), this quickstone was subdivided again using an ultrasonic diamond macroblade into three blocks (bulb+stylus+terminal) for more detailed study.  Fig.2b shows an example of micro-surgery on a track using the quickstone system.  A 1 mm3 size quickstone including a part of 4.7mm-long bulb track was dissected using an ultrasonic diamond macroblade attached to the quickstone system.
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Fig.2a: A cometary track (track #5) extracted from an aerogel chip with the quickstone system.
Fig.2b: A 1 mm3 size quickstone including a part of 4.7mm-long bulb track (track#80) dissected using an ultrasonic diamond macroblade attached to the quickstone system.
1.3 Cometary particle extraction from dissected aerogel

All samples are extensively photo-documented in every step of the extraction and subdivision processes.  In many cases, the extraction and subdivision processes are also recorded by CCD cameras attached to the microscopes. This level of photo documentation identifies micro-scale tracks and particle features in highest detail.
For example, in Figure3 we show a series of images acquired after extracting the keystone produced for cometary track # 48 (from aerogel tile C2027; a 1 mm-long track).  Figure 3a is a photo mosaic of the entire keystone on a microforklift composed viewed by transmitted light with a Nikon compound microscope with a 10X objective lens.  Individual cometary grains along the track are not recognizable in this scale.  Figure 3b is a higher magnification mosaic image of the track# 48 showing more details of the feature. For this image, 13 individual images were taken under both transmitted and reflected light using a 20X objective lens with variable focus points, and compressed as a 3D image using computer image processing.  We also acquired pictures from different rotation angles (such as Fig.1d) under the same conditions so that large volume (bulbous) tracks are completely documented at high spatial resolution.  Figure 3c and 3d show the boxed area of the track #48 in Fig.3b including the terminal particle in a bright field view with transmitted/reflected combined light (Fig. 3c) and in a dark filed view with a reflected cross-polarized light (Fig. 3d), both taken with a 50X objective lens.  Careful examination of particles with crossed-polarized light has been effective for distinguishing amorphous from crystalline grains at this level of magnification.  
Once a target grain to extract is identified, the dissected aerogel piece with a cometary track is placed under a long working distance stereomicroscope (Leica MZ10 F), and the stage is covered with a mirror plate. Dissected aerogel pieces, keystones or quickstones are typically from 100 (m3 to several mm3 in size and extremely light.  It is essential to secure these samples in place, because they are easily lost by light air movement or static charges.  We use a borosilicate glass microneedle angled parallel to the stage to hold the aerogel in place.  The glass microneedle is held with a 3-axis micromanipulator (Sutter MP285), and gently lowered onto the aerogel piece. 
All of the particle extractions from the aerogel collector have been performed not by a robotically controlled micromanipulator, but using stable human hands. We have 25 years of experience of this method for handling the interplanetary dust particles (IDPs) which are ~3-50 um in size extraterrestrial dust samples collected in the stratosphere by NASA high altitude airplanes (Zolensky and Warren, 1994).  IDPs have been captured using high viscosity silicone oil that facilitates handling the captured particles minimizing the static charge effect.  Extracting submicron-size particles from the Stardust aerogel collector is more difficult since the aerogel is dry and is highly susceptible to static charge.  We use a 210Po  source as a spot ionizer that effectively eliminates static charge accumulation over a several cm area while working with these samples. 
The target particle is gradually exposed by carefully removing the surrounding aerogel with a glass needle.  Figure 3e shows the end result of this operation, the target removed from the keystone.  The particle is then temporary stored between two dimpled glass slides for further photo documentation.  Proper lighting helps identify the crystalline particles, and distinguishes the compressed aerogel from cometary material.  Figure 3f and 3g show the extracted terminal particle of Track# 48 pictures taken by a compound microscope with a 50X objective lens.  In the dark field image (Fig.3f), only the particle (crystalline) is visible.  In the bright field image under transmitted/reflected lights, the extracted particle including compressed aerogel around it is visible. The compressed aerogel partially melt and sintered onto the particle is impossible to remove in this scale. 
The particle extraction procedure has been applied to both dissected aerogel pieces and compressed tracks as described in Matrajt and Brownlee 2006.  More than 250 particles (1~40 (m in size, average 5(m) have been extracted by this method and studied by infrared and Raman microspectroscopies, synchrotron x-ray diffraction and electron backscattered diffraction. 
Fig.3: A series of images acquired following the extraction of a keystone including the cometary track # 48 (from aerogel tile C2027, 2117 um-long track). Fig.3a: A photo mosaic of the entire keystone on a microforklift composed by three pictures taken under transmitted light by a Nikon compound microscope with a 10X objective lens. Fig.3b: A higher magnification mosaic image of the track# 48 showing more details of the feature. 13 individual images were taken under both transmitted and reflected lights using a 20X objective lens with different focusing, and compressed as a 3D image using computer photo processing.  Fig.3c: A bright field view of the boxed area of the track #48 in Fig.3b including the terminal particle in with transmitted/reflected combined lights. Fig.3d: A dark filed view of the same area with Fig.3c in a reflected cross-polarized light.  Fig.3e: A captured image from a movie taken by a CCD camera attached to the stereomicroscope, right after the particle was removed from the keystone.  Fig.3f: A dark field image of the extracted terminal particle of Track# 48. Fig.3g: A bright field image of the extracted terminal particle.
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2. Cometary material thinning for submicron-nano scale analysis
Some spectroscopic analyses and secondary ion mass spectrometry measurements are influenced by topography of sample surfaces.  For such measurements, samples are flattened mechanically before the analysis.  Other analytical methods require thinning of specimens so that they are electron or light transparent.  Here we describe techniques used to flattening and thin submicron size cometary grains. 

2.1 Particle flattening by a micropressor
Sample pressing is a conventional sample preparation method that has been used for infrared (Sandford & Walker 1985, ApJ) and Raman microspectroscopy (Wopenka 1987 EPSL) and ion microprobe isotopic measurements (McKeegan 1987 Science) on individual IDPs. For the pressing of submicron size dust samples, it is critical to keep track of the location and orientation of the sample during the pressing.  We are using basically the same micro-sample pressing technique/device that these pioneers of the IDP studies had designed back in mid 80s’.  The press consists of a two-piece large brass or stainless steel disks that can be brought together in a controlled fashion (pressed) with micrometer-scale vertical positioning.  The samples are pressed with a spectroscopic grade quartz or sapphire disk that is mechanically fixed to the lower surface of the upper portion of the press. These materials have the necessary properties (strong, clean, flat, and transparent) to enable the pressing procedure to be viewed (through a central hole in the upper press) in real time.    
The procedure is quite simple. A particle is placed onto clean substrate with smooth surface appropriate for the particular analytical technique. We typically use Au (Fig.4a) as a substrate for Raman spectroscopy and ion microprobe isotopic measurement, KBr (Fig.4b) for infrared spectroscopy (Rotundi et al. in this issue), and Indium foil (Herzog and Taylor, 2007 LPSC) for Nuclear Reaction Analysis.  The sample mount is placed on the micropressor base and placed on the stage of a wide working distance stereomicroscope.  While viewing the sample with the microscope, the press is gradually lowered toward the sample.  At the points where the sapphire or quartz window contacts the sample, the image becomes clearer and nearby areas are marked by Newton’s rings.  Care must be taken to ensure most of the sample remains on the surface and not the pressing window.  The pressed samples are very flat and the surface area becomes larger (Fig. 4c and 4d).
A disadvantage of this sample preparation method is that we lose textural properties of the particles by pressing.  Since spectroscopic techniques are mostly non-destructive, the pressed samples can be extracted by ultramicrotomy or focused ion beam liftout (see sec 2.3) after the measurement.  During the Stardust preliminary examination period, all the grain samples extracted from the aerogel collector were first ultramicrotomed to produce thin sections (sec2.2 for details), and leftover samples in potted butts were extracted from the embedding medium, and pressed using the procedure described above for isotopic measurements by ion microprobes. This type of sample processing enables coordination of analytical studies by many techniques, maximizing the science return from a single particle.
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Fig.4a: A cometary particle (C2054,0,35,91,0) set on a Au mount. Fig.4b: A cometary particle (C2054,0,35,87,0) set on a KBr mount. Fig. 4c: After pressing of the sample in Fig.4a. note that the Au mount surface as well as the sample are flattened. Fig.4d: After pressing of the sample in Fig.4b.
2.3 Ultramicrotomy
Embedding

Ultramicrotomy produces continuous thin sections of 50~200 nm thickness from a submicron size dust sample.  Ultramicrotomy is widely used for sectioning biological materials, and the same procedure has been applied for sectioning IDPs for transmission electron microscopy studies (Bradley, 1988).  Recent advances now enable analysis of microtome thin sections by a variety of analytical techniques, including TEM, XANES, FTIR, NanoSIMS.  It is often possible to perform several of these analyses on the same thin section. 
The embedding media for Wild 2 grains were EMBED-812 low-viscosity epoxy (Fig.5), sulfur (Fig.6), cyanoacrylate, and Weld-on 40 acrylic (Matrajt & Brownlee, 2006 MAPS).  With the exception of epoxy-embedded samples, particles can be readily removed from the embedding media.  Acrylic and cyanoacrylate can be removed with common organic solvents, such as acetone and chloroform, permitting subsequent isotopic or bulk compositional analyses.  Sulfur is easily removed by mild vacuum heating (70 ºC).  We embed pieces of aerogel in EMBED-812 epoxy, during which the aerogel became completely invisible (Fig.5b), revealing all of the grains in a track in the most complete manner (Barrett 1992).  When it was desirable to make superior organic analyses of grains following ultramicrotomy we used high-purity sulfur as the embedding medium, as has been the standard practice for IDPs and fine-grained chondritic meteorites (REFERENCE).  Using sulfur as an embedding medium, S was sublimed prior to analysis focused on organic matter in the sample such as C- and N-XANES, FTIR and light element isotopic analysis in NanoSIMS.  Sulfur was chosen as an embedding medium to avoid contamination of the samples with low viscosity resin (epoxy) normally used for ultramicrotomy.  Sulfur beads containing the samples were attached to a sample holding bullet using cyanoacrylate. To evaluate the potential glue contribution to the sample analysis, sulfur beads devoid of sample were prepared in the same manner.  We did not see any evidence that cyanoacrylate penetrated the S bead during subsequent TEM investigation of the sample-free S slices.  Electron energy-loss spectroscopy (EELS) spectra acquired from the S test slices also did not show evidence of the pronounced CN peak characteristic of cyanoacrylate.
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Fig.5a: A Wild-2 cometary grain #16 extracted from track #35 (from C2054 aerogel tile, C2054,0,35,16,0).  This grain is surrounded by compressed aerogel observed in the lower and right side of the grain.  
Fig.5b: The same grain of Fig. 5a, after embedded in low-viscosity Embed812 epoxy and sliced using an ultramicrotome.  The compressed aerogel is almost invisible in the epoxy.  The shape of the grain is well preserved.
Fig.5c: The potted butt of the grain. The ultramicrotomed thin sections from this potted butt are shown in Fig. 7
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Fig. 6a: A pure sulfur potted butt of a Wild-2 cometary grain #1 (the terminal particle) of track#17.  The pure sulfur embedding medium is crystalline, nearly transparent, dome shape attached to an epoxy base. 

Fig. 6b: The same sample after sliced by an ultramicrotome.  Sulfur vaporizes right away making patchy structure.
Slicing and mounting 
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After the embedding media has cured, Comet Wild 2 grains were sliced into 50~ 300 nm-thick sections with an ultramicrotome (Leica EM UC6) equipped with a diamond knife (Diatome ultra35 degree).  The sections were floated onto ultra-pure water and transferred to transmission electron microscopy (TEM) grids or special sample mounts.  The thickness of the sections can be accurately controlled during the sectioning process.  The color of a thin section in reflected light gives an indication of its thickness (Peachey, 1958), the reproducibility of the thickness control is excellent on this ultramicrotome (Fig.7). 
Fig. 7a: Ultramicrotomed thin sections mounted on a silicon wafer substrate. Fig.7b: Ultramicrotomed thin sections mounted on an amorphous carbon film supported Cu TEM grid.  Fig. 7a and 7b are both from the same potted butt grain sample shown in Fig. 5.  Fig. 7a and 7b show thickness difference of the thin sections. In Fig.7a, the thin section in left is 50 nm thickness and 100 nm in the thin section in right. In Fig. 7b, the far left thin section is 40 nm in thickness, and the reddish thin section is 150 nm thick. 
We use standard 3 mm diameter TEM grids, made of either pure Cu or pure Au. Be grids are also available under a special request.  These grids are covered with supporting films directly deposited onto the grids.  Material of the supporting films is either amorphous carbon, Quantifoil® holey carbon, pure silicon monoxide, or ultrathin carbon film, depending on analytical methods.  Silicon monoxide (15-30 nm thickness) has low background contrast, and is stable under the electron beam.  TEM grids supported by silicon monoxide are mainly used for synchrotron XANES analysis.  Ultrathin carbon film is thinner (3-4 nm thickness) than normal amorphous carbon film (20-30 nm thickness) and is mounted on a carbon holey film.  This is particularly useful for high resolution microscopy of low contrast (why ??) particles. 
Some microtome thin sections have also been mounted on silicon nitride membrane windows® (window size: 3 mm on 10x10mm silicon wafer) for synchrotron x-ray microscopy, and both silicon wafers (5x 5 mm ) and custom made Au mounts for isotopic measurements.
1-3 thin sections are typically mounted on a grid.  We usually mount thin sections from each Wild-2 grain on 8 Cu or Au TEM grids with amorphous carbon supporting films for general mineralogical/crystallographic study and isotopic analysis by NanoSIMS, and one Cu grid with SiO for x-ray microscopic analysis. 
Potted butts

The advantage of ultramicrotome thin sectioning is that we can preserve overall sample structure in nano-scale and generate dozens of slices from a single dust particle.

The principal disadvantage of ultramicrotoming is structural damage by chattering (Reid, 1975).  This problem is pronounced with large ( >1μm) crystal grains that are hard and brittle, which tend to fracture during sectioning by a diamond knife (Fig.8).  If not recognized, this chattering artifact might be interpreted as structural feature indigenous to the sample.  For example, Fig.8b is a bright field TEM image of an ultramicrotomed thin section of a track#32 terminal particle. This particle is dominated by enstatite 90 surrounded by fine grained material. The parallel lines in the grain (weak contrast) are twinning of enstatite, which is an indigenous crystallographic feature. On the other the vertical line which makes platy structure is an sectioning artifact. (Add arrows to the figure for clarity)
Potted butts are good for SEM, microprobe analysis and EBSD analysis.  However, one problem we encountered was that embedding medium especially cyanoacrylate polymerized in an electron beam, making subsequent grain removal difficult.  
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Fig.8a: Schematic image of structural damage caused by the diamond knife. Adopted and modified after Reid (1975).  Fig. 8b: A bright field TEM image of an ultramicrotomed thin section of a Wild-2 cometary particle (C2027, 3,32,3,2), one of the terminal particles from so-called Twin tracks 32/69. 
























