Chapter 2may10th
Imaging plant biomass materials: the interaction of electrons and the tunneling of ions through plants’ transport channels  

Abstract

The study of how electrons and ions interact with biomass specimen is crucially important as it helps generate the understanding of the result presented in the image as well as the radiation damage sequentially occurred from their energy depositing to the specimen.  Starting from the field emission gun of electron and ion source on top of the column, electrons and ions travel within the ultra high vacuum with 90 % speed of light to meet with the specimen and then create millions of scattering phenomenon varied by the characteristic of the specimen and the beam condition. The interaction becomes more complicated and severely strong when the stage of charge balance cannot be reached, especially for the non – conductive biomass surface. Here we visualize the itinerary of electrons and ions along with the image impart from different types of biomass materials at 1 keV SEM, 200 keV STEM and 30 keV from the FIB occurred within the ultra high vacuum. The study found that different material densities and beam energies could potentially confers different incident beam energies which ultimately impacts the image formation and the damage to the specimen surface. By combining the result from the effect of the bombardment from the ion beam to the collision of epoxy resin and the STEM imaging, the characterization of nutrient and water transport channel of switchgrass stem was revealed at the nano-scale level. The ion beam was found to be selectively removed the epoxy resin  embedding medium out of the internode stem of switchgrass specimen and be able to use as the beam marker-assisted selection in order to help differentiate between the embedding medium and biological materials. 

Introduction
“He sees the face and the moving hands, even hears it ticking. If he is ingenious he may form some picture of mechanism, which could be responsible for all things he observes, but he may never be quite sure his picture with the real mechanism and he cannot even imagine the possibility of the meaning of such a comparison.” – A man explores a closed watch, the word given by Albert Einstein [Amrein, 2007] 
Plant architectural structures and their individual cell compartments are highly organized and developed through the long evolutionary process. Plants design and reengineering their ultrastructures for survival from the severe environmental conditions and prevent the enemy to get attack. Their great adaptability presented in the evolution of plant cell walls ultrastrucuture as well as their food and water transport system. For instance, the xylem could potentially enlarge their pipeline network capacity for more than 30,000 times from their initial volume [Cosgrove, 2005]. However, the understandings of the organization of plant cell walls and how their vascular system function the work would be inconceivable without the concerted effort between the studies of plants genomics and proteomics expression related to the result presenting in plants’ architectural structures. The exploration of a man to the mechanism of a closed watch as stated by Einstein above emphasize the importance of the understanding of the relationship between structures behind functions [Amrein, 2007]. Still, in order to investigate the biological structure as well as answer scientific questions correctly, the knowledge of the application of the microscope is required. Unlike other types of microscope, electron microscope generate the image pixel by pixel from the interaction between the electron beam and the specimen conducted by the detector.   Without the real understanding of the mechanism of how the beam of electrons and ions interacted with the specimens, it could potentially mislead to the result of the experiment and unable to obtain the accurate structure. Even though electron microscopes are heavily used in the wide range of science, the study of electron beams interaction are primarily focusing on metals and semiconductor industries. 

Increasingly, the complex heterogeneous renewable materials of biomass become so crucial to characterize at the nano – scale level of their fundamental structure. There are at least 26 monomers and biopolymers within plant cell walls [Sarkar et al., 2009]. Their multifaceted molecular structures of biomass plant cell wall predominantly contain cellulose, the most abundant source of carbon and biopolymer for the utilization of renewable resource on earth. Cellulose fiber locating in plant cell walls could potentially be converted to bioethanol and utilized in many industries. The gateway to harvest cellulose fiber from biomass feedstock is particularly of interest for biorefinery and bioethanol industry. However, one of the major drawbacks is the characterization of the fundamental structure [Sarkar et al., 2009]. The science of microscopy enormously helps characterize the micro and nano structure of plant biomass anatomical structure, and the demand of the application of the microscopes are dramatically increased. 
Plant tissues are very porous materials, and these make them become the low density and fragile materials. The porosity of plants’ vascular structure helps facilitate the accessibility of chemical pretreatments and enzymes to plant cell walls of biomass. The water transport channels size varied by plant types and the size of the stem similar to when comparing between the diameter of the tree and the grass stem. Figure 1 below represents the X-section of switchgrass stem with the micron size. The green chlorophyll at the edge of the outer layer surface for harvest sunlight and produce glucose polymer through photosynthesis. The food transportation channel or phloem also locates in this green region. Meanwhile, the predominant area of the stem as seen in the blue area utilize for the transportation of water and nutrient transportation. The intensity of blue color represent for the amount of lignin distributed within plant cell walls. The auto-fluorescent of the deep blue area contain the larger amount of lignin [GMIS, 2009]. 
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Figure 1 The cross section of switchgrass stem within the 200 micron in size of the scale bar [GMIS, 2009]
The frontier of scientific research follows by the advancement of the measurable instrument [Luo, 1994].  Electron microscope is one of the powerful tools that help facilitate the striking development of science and help investigate materials at the high spacial resolution for almost a century. Additionally, the focused ion beams (FIB) have recently been applied for preparing the less than 100 nm thick specimen for the transmission electron microscopes (TEM) and the scanning transmission electron microscope (STEM) by using the ion beam to spall the atomic layers of the specimen surface.  All outcomes presenting in the image rely on the irradiation procedures of the beam starting from the emission gun on top, interaction generated from the specimen and the collection of the beam by the detector. The detector is a configuration  of the machine that helps conduct the incident beam energy of SE, BSE, X-RAY [Joy et al., 1996] The detector is one of the most important parts of the microscope as it help conduct the signal-to noise ratio (SNR) [Joy et al., 1996].

As stated by Lyman et al., “The electron column is the business end of the SEM, where the electron beam is created, focused to a small spot, and scanned across the specimen to generate the signals that control the local density of the image on the viewing screen” The journey of electron begins at the electron gun on top of the column. The tip has glued with the tungsten wire that has an applied field that could sequentially  generates electrons to tunnel out of the tungsten wire and move on to the anode array [Goldstein et al., 2003]. The cathode then activate electrons up to the desirable voltage and travel through the column to meet with the specimen [Lyman et al., 1990]. Because electrons could be able to travel within the relatively short distance in the air, the vacuum system is required for the operation of electron microscope [Lyman et al., 1990]. Electrons travel in the vacuum column at 10-5 Pa for a distance of about 50 cm from the gun to the specimen [Goldstein et al., 2003]. 

When the beam of electron scan across and pass through the specimen, it will not only confer the energy to the specimen but also the complicated scattering phenomenon of the interaction. Electrons interact with the specimen and become an intense source of ionizing radiation. The illustration given by Prof. David Joy is that the dose that commonly use in the SEM is comparable to staying 2 meter away from a 10 mega ton of the H-bomb.  The consequence of mass loss, loss of light elements, change in cracking, hole-drilling because of the knock-on damage and breaking the bond are frequently occur for non – conductive, polymer and biological specimen [Goldstein et al., 2003].

Regarding to the types of the interaction, it could falls into two main categories that are elastic and inelastic scattering. For inelastic scattering of electrons of SE and BSE, the change of the beam energy as well as its direction could essentially occur. On the other hand, the beam energy does not change for the elastic scattering effect of BSE. The inelastic scattering of SE is at the average of approximately 5 eV through the utmost incident beam energy at 50 eV [Joy, 2009]. The interaction could potentially become very much more complicated when the specimen is heterogeneous composite materials like biomass. The interaction for both types of beams could not only provide the image but also spall the surface of the atom and molecule of the materials. It is crucially important to study the interactions between the beam and the specimen because the image formation and the result of X-Ray microanalysis are directly derived from the beam and the specimen interaction. Moreover, despite the interaction from both electron beams of electron microscopes and ion beams from the FIB could essentially generate the image formation from the specimen, both types of particles have some different physical properties. The interaction from ion is much more complex than electrons [Ramachandra et al., 2009] For instance, ion move slower and demand the more complex configuration and design of the machine to control their travel as ions have heavier mass than an electron for 130,000 times [YAO, 2007] Therefore, the ion stopping power (eV/ Å), the rate obtained from the particles while they travel and deposit the energy to the specimen, would approximately be about 130,000 times higher than electron.

Regarding to the electron stopping power, electrons confer their energy to the specimen at the rate of about 1 eV/ Å while they travel and varied by different types of materials and beam energy. This parameter help implicate the intensity of radiation damage as a result of the energy deposited into the specimen [Ramachandra et al., 2009]. To put into perspective, the rough calculation from Dr. David Joy is that if the carbon specimen has the thickness of about 1*1 Å2, electron would approximately confer the energy to the specimen at 5*1023 eV/g or 105 kGy (based on the rate of 1 eV/ Å, carbon density ≈ 2 g/cm3). As shown by the graph from Figure 2 below, the stopping power falls down very rapidly as the energy increase. At low beam energy, the effect of high stopping power but low range of carbon could ultimately damage the specimen as it focuses on the small, limited into the tiny area and shallow point near the specimen surface [Joy et al., 1996].  Therefore, the effect from the high stopping power could rigorously damage the specimen with the SEM at 1 keV more than at 200 keV under the STEM. 
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Figure 2 The stopping power of carbon as a function of energy [Joy et al., 1996]
Moreover, the range equation or the penetration depth below is the integral term of the stopping power [Joy et al., 1996].  This is the approximation value of how far electrons could deposit the energy at the distance below the surface of the bulk specimen. However, for ions, the maximum energy deposition occurs in the very fast paste at the beginning and dramatically fall down. Consequently, the approximate value of a half from this equation would probably be over estimated. 

Range (Å) = [700 * incident energy (keV) 1.66] / Density (g/cm3) …………………(1)

Materials and Methods

Biomass specimen preparation


The experiment was performed by using cellulose from 3 different commercial sources wood pulp from Buckeye and microcrystalline cellulose PH105 from FMC Company.  Alpha cellulose fiber and lignin sample was obtained from Sigma-Aldich. Moreover, the switchgrass internode specimen was prepared by embedding in epoxy resin, then cut with the glass knife and put into the oyster grid at mesh from Electron Microscopy Sciences. This switchgrass thin section specimen will then for the ion beam milling with the FIB. 
Imaging with Electron Microscopes
The secondary electron (SE) image was taken by Hitachi S4700 SEM and S-3500 VPSEM at a voltage of 1-1.5 keV and most of them were coated with gold. Furthermore, for the specimen preparation of the STEM the thin section of biomass that had already embedded in Spurr epoxy resin was cut by the ultramicrotome and was then put inside of the 3 mm in diameter of the oyster grid with the thickness of less than 100 micron size. The FIB was applied to the thin section and revealed the internal structure of the specimen under the condition of 2.4 µA at 30 keV. Finally, the images were taken with Hitachi STEM HD2000 at 200 keV using different mode of operations that are secondary electron (SE), Z-Contrast (ZC) and transmission electron (TE). For cellulose and lignin, their powder form was diluted with deionized water at the ratio of 1:1 and drop on top of the grid Lacey carbon type A, 300 mesh from Ted Pella, Inc. Then, the grids were left to dry on top of the filter paper for few minutes before insert the grid into the STEM rod.
The Monte Carlo Simulation

Monte Carlo Simulation was used to illustrate and quantify the trajectory of electrons among different biomass materials with different beam energies. The ray-tracing simulation DOCALC and the Multi-Carbon 2009 version that modified from the Monte Carlo Simulation development 2004 software developed by Dr. David Joy. The illustration of gallium ion trajectory from the FIB and the calculation of the Range, SE and BSI are directly obtained from ION induced SE Version 2 (IONiSE) simulation developed by Dr. Ranjan Ramachandra and Dr. David Joy in 2009. The IONiSE was constructed basing on the SRIM/TRIM information and containing the complete set of elements from the periodic table [Ramachandra et al., 2009] On the other hand, the Monte Carlo Simulation of electron has carbon, some elements and some types of materials that frequently use in the nanofabrication technology. The approximate density (g/ml) of Spurr epoxy resin is 1.08 g/ml. Furthermore, plant cell wall has the density of about 1.5 g/ml--1.5 g/ml for loblolly pine and 1.472 g/ml for yellow poplar [Kellog et al., 1969]. Elements that are similar to epoxy resin and plant cell wall density are Na and Ca that have the density of about 0.97 and 1.54 g/ml respectively [Goldstein et al., 2003]. Consequently, for IONiSE simulation, Na and Ca were applied to run the simulation in order to obtain the incident beam energy of epoxy resin and plant cell wall density. Moreover, since the beam energy is generally used for imaging biomass materials in this experiment is 1 keV for the SEM and, 200 keV for the STEM and 30 keV for the FIB, the simulation and the calculation were based on these three levels of beam energy.  Moreover, the ImageJ software from NIH (National Institutes of Health) was used to construct Fast Fourier Transform (FFT) images.
Results and Discussions

Part I: Imaging with electron microscopes and the interaction with electron beams
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(a)                                                                                 (b)

Figure 3  The simulation in comparison between the wood pulp of SE image and the trajectory of electrons (all 10 ticks of scale bar = 50 µm)
The Monte Carlo Simulation from Figure 3 (b) helps illustrate the interaction while electrons that travels from the top of the column meet with the target materials on the specimen stage at the base line and then provide the interaction occurred at a point but within the finite volume. Figure 3 (b) help generate the understanding of how the scattering of electrons at the energy of 1 keV traveling within the electron microscope for 10000 trajectories and interacts with the bulk target material of wood pulp cellulose fiber, which has the density of 0.6 g/cm3 from image (a) The range or the penetration depth of the energy that electrons could approximately deposit into the sample beneath the surface of wood pulp is 130 nm as shown in image (b).

[image: image5.png]30 nm 8618 nm 2009463 nm

30% 10% 3% 1% 08% < 30% 10% 3% 1%06% <





(a)                                                       (b)



          (c)

Figure 4 Energy plot from the different function of energy level starting from 1, 30 and 200 keV 
Figure 4 help illustrate the journey of electrons for 10000 trajectories after first meet with the specimen assuming to be the baseline on top of the image. The Monte Carlo Simulation of FSE of electrons demonstrates the scattering pattern from the bulk material of carbon with the density of 2.3 g/ml at 1, 30 and 200 keV as seen by (a), (b) and (c) respectively.  
The trajectory that interaction undertakes within a point of limited volume, scatter and ultimately confer the signal to the detector to form the image. The size of the interaction volume very much depends on the beam energy, especially the energy spread out into the large volume at 200 keV.  At 1 keV, the interaction volume is confined to the very small and very intense point. The maximum energy deposition (MED) into each area within the interaction volume is represented by the different of percentage in colors, for instance, pink represent for the highest energy which is more than 30%. 
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(e)                         



(f)

Figure 5 The different degree of severity from radiation damage at 1 keV from lignin (a, b) and cellulose (c) along with imaging of cellulose (d) at 200 keV.  Image (e) and (f) is the poplar’s xylem and switchgrass transport channel respectively.
Lignin is the complex phenolic compound that acts as a binder in the plant cell wall.  The complex and rigid aromatic rings from its chemical structure of lignin making it become more resistant to the irradiation of the electron beams than the aliphatic compounds [Goldstein et al., 2003]. During taking the image , the operation of the machine at 1 keV had relatively small charging effect and radiation damage to the sample as seen by Figure 5 (a) and (b). In contrast, during imaging an uncoated cellulose fiber at 1 keV has the severe charging effect and radiation damage occurred as shown by picture Figure 5 (c) above. The hole drilling occured continuously. The hole gets bigger within few minutes and some fibers got broken at that time. This same type of sample image with the  STEM 200 keV and gave much better result as shown by picture Figure 5 (d) The cellulose fiber could hang with the very small part of the STEM grid without falling down or any obvious damage from the high energy beam. At 1 keV, the interaction becomes severe enough to produce a hole in cellulose fiber. Cellulose contains oxygen and ultimately deteriorates as the specimen itself chemically modified as peroxides are formed [Goldstein et al., 2003]. The new configuration of chemical structure  could be created [Goldstein et al., 2003].The lower rate of the stopping power at 200 keV could also be able to apply for the case of less suface damage when comparing with the beam energy of 1 keV from the SEM. 
Moreover, the radiation damage and the charging effect also become the significant obstruction in order to obtain the high resolution images as shown by Figure 5 (e) and (f). At 1 keV, the cracking damage usually occurs in the Y-axis pattern for the specific area of image (f) and the charging effect as seen by picture (e). Despite both of these specimens having been coated with gold, the study could not maximize into the full capability of the machine and delve deeper into the detail to obtain more of the structural information. Plant architectures are extremely heterogenous and very porous materials. However, to be able to image the non – conductive specimen, the charge balance condition needs to be achieve [Joy et al ., 1996] The negative charge of electrons damage the specimen when a pathway to ground negative charge to the specimen stub is absent  [Lyman et al., 1990]. The coating process normally covers only the surface as shown by image (e).  Some areas had insufficient coverage because of the high depth of field and the multiple surface layers of the non-conductive specimens. 
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(d)

Figure 6 The series of SEM images of cellulose fiber at the same position but different detectors of conducting signals.  Figure (a), (b) and (c-d) came from the upper, lower and mixed detector respectively. The right hand side from a half of image (d) comes from the 10X magnification of the area in the square box in the middle of a half left image. Hence, the scale bar of image (d) is for the left image (10 ticks long =   50 µm) and have to divided by 10 for the right hand side (10 ticks long = 5 µm)
Furthermore, the incident beam energy that the detectors help conduct the signal of the interaction could also have the significant impact to the result presented in the formation of the image. The uncoated α-cellulose fiber on carbon tape from the SEM of Figure 6 initially obtained from the upper detector (U) represent the black spot likely to be the hole drilling from the effect of beam damage (a) In contrast with picture (b), the disappearance of the hole or the black spot from the image directly taken from the same position but change into the lower detector afterward. The SEM image firstly obtained from the mix detector represents the black spot as similar to the use of mixed detector (d) The image derived from the mix detector (M) after zoom in into the drilling hole area for 5x. 

During taking the image of this specimen, the interaction is strong because of the failure to achieve the stage of charge balance from the uncoated sample. Moreover, there are some other factors such as the scan speed, beam current, tilting degree of sample and so on. The different results in the image from the same sample of image (a-d) emphasizes the importance of the different ratio of the incident beam that detector could be able to conduct the signal as the following Table 2 and 3 as well as the importance of the awareness to take multiple pictures obtained from different mode of operation in order to obtain the accurate result which is not obscured by the different ratio of the incident beam energy of the interaction;

Table 2 The differences of detectors performance of SE and BSE signal conduction from Hitachi S4700 SEM
	Detectors
	Working Distance (mm)
	SE Yield (%)
	BSE Yield (%)

	Upper
	8
	75
	20−30

	Lower 
	>8
	25
	70−80

	Mixed
	≥8
	100
	100


The topographic contrast depends largely on the ratio between SE and BSE for each detector [Goldstein et al., 2003]. The difference in working distance gives the ratio of conduction efficiency which ultimately affect the image formation. Different SEM models would typically have different detector performance as well as the signal ratio. 

Table 3 The incident energy of SE1, SE2 and SE3 conducted by the upper and lower detector of Hitachi S4700 SEM

	Detectors
	Incident energy (keV)

	
	SE1
	SE2
	SE3

	Upper
	40
	40
	none

	Lower
	20
	40
	40


Another observation obtaining from Figure 6 is the low topographic contrast information because of the image was taken at 1 keV. Besides the radiation damage at low beam energy, both electron beam and ion beam do suffer from the chromatic aberration at low beam energy. The resolution of the SEM depends on the diffusion of the electron probe as wel as the conduction of the contrast signal deriving from the interaction of the beam and the specimen [Zhu et al., 2009]. As shown by the ray tracing simulation below, the distribution of electrons that spread out of the focal plane become the significant problem at 1 keV as shown by Figure 7 (a). The better focus of electron probe profile at 30 and 200 keV from picture (b) and (c) respectively helps minimize the problem of chromatic aberration. 
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(a)                                                       (b)



(c)

Figure 7 The Kenway - Cliff numerical ray tracing from Monte Carlo Simulation of DOCALC using Cs = 5 mm, Cc = 5 mm, α = 10 m.rads. at beam energy of 1, 30 and 200 keV from (a), (b) and (c) respectively

Furthermore, a series of microcrystalline crystalline cellulose images under the STEM from SE, ZC, and TE provide different information as presented in Figure 8.  The image at the same magnification but different detector from figures (a), (b), and (c) reveals some different structural information. The TE image derives from the penetration of electron beam through the thickness of the specimen, and the TE detector at the bottom of the STEM column conduct the transmission signal. The SE image pertains to image layer by layer [Joy, 2009]. The secondary electron image (SE) from (a) shows some small particles on the surface; meanwhile, the Z-contrast image (ZC) from (b) has some bright spots that are likely to be different in elemental composition. The transmission images (TE) from (d), (e), (g), (i) and (j) provide the high resolution images and demonstrate structural detail information. Previous report of cellulose lattice spacing from Kuga et al., found that the bacterial crystallite cellulose lattice has the width size of about 10-25 nm which is similar to the width size of picture (e), (g) and (i) shown here. Moreover, the Fast Fourier Transform image help confirm the considerable periodical structure and information of the lattice as shown by picture (f) deriving from Fourier Transform of picture (e) and (h) obtaining from Fourier Transform of picture (g) respectively. The sample preparation is good enough in order to maintain the crystal structure at this point although the crystal lattice is changing to be more of the amorphous structure. Still, the black spot obtaining from the irradiation of electron beam become the significant drawback in order to obtain higher magnification image resolution. The specimen has a limited resolution that makes it difficult to observe the details of its structure although, at 200 keV, the beam damage is rarely seen with the STEM. The beam damage increased after a minute of focusing in this area. The beam has to be spread into the larger area and adjust the conditions in order to take the image very rapidly. 

[image: image19.png]HD-2000 200kV x35.0k SE 09/08/26



    [image: image20.png]HD-2000 200kV x35.0k ZC 09/08/26





(a)                                                                                (b)

[image: image21.png]trrrrre el
HD-2000 200kV x35.0k TE 09/08/26 800nm



   [image: image22.png]rrrrrrrnl
HD-2000 200kV x150k TE 09/08/26 200nm





(c)   





(d)

[image: image23.png]HD-2000 200kV x250k TE 09/08/26



   [image: image24.jpg]



(e)                         



(f)

[image: image25.png]HD-2000 200kV x500k TE 09/08/26



   [image: image26.jpg]FET of LADDER moA it





(g)                                                                             
   (h)

[image: image27.png]HD-2000 200kV x700k TE 09/08/26



  [image: image28.png]) ERERREEPEE]
HD-2000 200kV x1800k TE 09/08/26 15.0nm




(i)                                                                                      (j)

Figure 8 The series of images of microcrystalline cellulose from the same specimen but obtaining from different detectors and resolutions

Part II: The interaction of ions milling from the FIB
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(a)                                                          (b)


 
       (c)

Figure 9 The semi-empirical model illustration of gallium ions from the FIB at different scale and function of energy. 

Monte Carlo Simulation from IONiSE demonstrates the scattering pattern of gallium ions from the FIB at 1, 30 and 200 keV as seen by (a), (b) and (c) of Figure 9, respectively. The red line on top represents the surface of the target materials.The cone-shaped interaction volume of ions is much smaller and has a more shallow penetration depth than electrons from the same target material of carbon. Furthermoere, a comparative study obtained from the calculation of Monte Carlo Simulaiton of electrons and IONiSE from Table 5 at different beam energy illustrate the relationship between electrons and ions. The penetration depth for both electrons and ions increase at higher beam energy. However, electron beams penetrate deeper than ion beams for almost about 10,000 times. The SE yield tends to increase very sharply for ions but continuously decrease for electrons. The BSE yield is absent for ion, but present with the little amount for electrons and tend to decrease at higher beam energy.
Table 4 The comparative study among the different interactions from the 1, 30 and 200 keV from the FIB, SEM and STEM
	Source of particles
	FIB
	SEM
	FIB
	SEM
	FIB
	STEM

	Beam energy (keV)
	1
	30
	200

	Penetration depth (nm)
	≤ 10
	30
	≤ 20
	8618
	260
	2009463

	SE yield
	0.27
	1.88
	1.98
	0.17
	4.77
	0.06

	BSE yield
	0
	0.12
	0
	0.05
	0
	0.03


[image: image32.png]& IONiSE [

File Metrology Lithography Trajectory Tools Help

Ton Source Gatium =]
Nitogen 3
Target Material | Oxvgen
Fluorine B
Neon

Energy (Kev) (30

Tilt 0
Thick Bulk
Number 1000

IONISE

Progres: - I

The estimated Range is :70nm
The computed Backscatter lon ield is :0%
The computed SE Yield is - Total SE :0.934  SE1:0.878 SE2:0.056




       [image: image33.png]3 IONiSE

[

File Metrology Lithography Trajectory Tools Help

Progress

lon Source Gallum  ~|

Target Material

Energy (Kev)

The estimated Range is :60nm
The computed Backscater lon ield is :0%
The computed SE Yield is - Total SE :1.025  SE1:0.951

Tilt 0

Thick Bulk
Number 1000
I
SE2:0.064





(a)                                                                                (b)

Figure 10 The illustration of a thousand trajectory of gallium ion traveling within the FIB at 30 keV during milling the internode of switchgrass specimen embedded in the epoxy resin and locating in the 3 mm in diameter of the oyster grid

Picture (a) from Figure 10 approximately shows the interaction volume and the scattering trajectory between ion and Epoxy resin at the density of 1.08 g/ ml embedded into the specimen. Meanwhile, the approximate plant cell walls density of yellow poplar and loblolly pine is 1.472 and 1.5 g/ml, respectively [Kellogg et al., 1969. The simulation of how gallium ion interacts with the specimen is shown by picture (b). 

Table 5 The comparison of gallium ions from the FIB interacted with Epoxy resin and plant cell wall at 30 keV
	  Interactions
	Epoxy Resin
	Cell Walls

	Penetration depth (nm)
	70
	60

	SE yield
	0.93
	1.03

	BSE yield
	0
	0


The range is a function of energy and the density of materials. The penetration depth of the ions in epoxy resin is deeper than plant cell wall as a result of the lower density materials. Therefore, the FIB mills out the Epoxy resin first and left cellulose fiber behind. This result help establish the promising application of the Ga FIB ions as a potential selectable beam marker that will help peel out and dig in the epoxy resin that cover the biological specimen surface. The relationship between the materials density and the interaction of the beam helps the study of nanophase biological materials sciences.  
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(e) 
Figure 11 The strong interaction of the ion beams from the FIB help reveal the underneath surface of the specimen
Focused Ion Beam (FIB) was used to prepare the thin section for the STEM to reveal the internal structure of cellulose fibers locating within switchgrass’ cell walls as presented in the secondary electron series of images in Figure 11. The dark field image from Figure 11 (a) shows the impact from the FIB to a group of plant cell walls. The secondary electron image (b) and (c) show the leftover of plant cell walls ultrastructures and cellulose fibers after the FIB mill the Epoxy resin out of the thin cross section. The arrangement of the fiber is perpendicular to the focal plane of the specimen as shown by picture (d) and (e). This study found the arrangement of the cellulose microfiber similar to the primary wall or S1 layer at the approximate size of 2-3 nm in diameter. 
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(g)

Figure 12 The internode of switchgrass specimen embedded in epoxy resin and milled with the Ga ions of the FIB (c-h) 
The micro and nano scale of switchgrasses’ water transport channels from the STEM at 200 keV present the different field of view for picture (a)-(g). The white cloud as seen in picture (c), (d), (e) and (f) is the left over of epoxy resin from the ion millings of the FIB. The tracheid with the approximate size of 100 nm in diameter for picture (f) and the endoplasmic reticulum (ER) was revealed in the curvy layers. 

Conclusion


The result from the interaction helps provide the better understanding and support in accordance with what is going on in the image. The different of beam energy and density of materials strongly affect the result of the interaction which ultimately represented in the image. The quantitative data of the range, SE and BSE confirm the relevance between the interaction and the image formation. The electron beams of electron microscopes and ion beams from the FIB provide some different characteristic as how they interact with biomass materials. The different mode of operation between the SE and ZC present different field of view as well as different result from different types of materials. The secondary electron image with the high beam energy of the STEM at 200 keV profoundly help providing the resolution in order to minimize the charging effect of non-conductive biomass and polymer specimen as well as obtaining the higher resolution of the image.  The detector conduct different amount and pattern of the interaction which ultimately confer some of the differences in topographical contrast, dimensional volumes and the stage of charge balance. By taking one shot from only one type of detector could lead into the misunderstanding of the experiment and the outcome assessment. In order to make the right selection and application of the tool, the knowledge and understanding of the interaction going on within the ultra high vacuum should also be seriously taken into account. Different beam energies could result in the stopping power, chromatic aberration, and penetration depth beneath the specimen surface.
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