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1
Introduction

Soot aerosols play a significant role in global climate change, as well as causing lung disease and other health issues.  Therefore, it would be beneficial to better understand the optical properties of such aerosols, so that the scientific community can monitor the distribution of soot particles in the atmosphere and refine global climate change models.  Additionally, the health risks posed by the presence of soot in the atmosphere in certain regions can be identified, and thus combated and treated more effectively.  This project’s goal is to determine the optical properties of various sizes of airborne soot and to find the effect that a transparent coating has on these properties.

Previous research has focused on dry soot measurements, or theoretical calculations of scattering and absorption.  However, soot particles in the atmosphere have been observed to have organic coatings that may account for up to 50% of the particle’s volume.  These coatings may be unburned diesel fuel or lubricating oil, and it is suspected that they considerably affect the optical properties of the soot particles.  To understand soot aerosols’ effects on global climate change and to develop accurate soot concentration monitoring systems, it is necessary to understand how coating changes the optical behavior of soot.

Soot mainly interacts with light either through absorption or scattering.  Depending on the relative strength of these two interactions, as well as the direction of the scattering, coated soot could either have a net cooling effect or a net warming effect.  Determining the optical properties of coated soot could aid the development of equipment to detect the size and concentration distribution of airborne soot.  This equipment would aid emissions regulation, as well as providing important information for health concerns.

This project is a continuation of the previous year’s physics clinic project, and was conducted in conjunction with a team at Sandia National Laboratories led by Dr. Hope A. Michelson and including Andy McIlroy (HMC ’85) and Mark Dansson (HMC ’06).  Several pieces of equipment we used are on loan from Sandia, and we were in regular contact with the Sandia team.  Additionally, our system setup was built to mimic Dr. Michelson’s setup at Sandia.

In the next section, this report will discuss the background for the project, including both environmental and health concerns.  Section 3 details the system setup.  Section 4 deals with the results for coating and both of the experiments we carried out.

2
Background


Since the Industrial Revolution, humans have released increasing amounts of carbon into the atmosphere.  While much of this carbon is in the form of CO2, a considerable amount of it is also soot suspended in the air.  Depending on the soot’s optical properties, either warming or cooling could be promoted, in addition to other effects on global climate change.  The presence of small soot particles in the air also contributes to a number of health issues.
2.1  Health Concerns


Recently, the health problems caused by soot particles have become an increasingly worrisome subject, in part because of advances in combustion technology.  Previously, diesel engines produced both large and small soot particles as exhaust, with the large soot particles visible as dense, black plumes of exhaust.  Today’s diesel exhaust appears cleaner because of engine modifications that aerate the fuel into smaller droplets before burning. This process produces smaller soot particles and cleaner-looking plumes.  However, small soot particles penetrate deep into the lungs.  This may stimulate asthma and other lung diseases, including lung cancer, or the particles may enter the bloodstream, where they are not easily excreted.  Therefore, the particles remain in the body as permanent irritants or, potentially, carcinogens.  A study from the Journal of the American Medical Association indicated that particles less than 2.5 microns in diameter can cause significant health problems when inhaled, reflected by an increased mortality rate from cardiopulmonary and lung cancer (Pope).
2.2  Global Climate Change

Compared to other factors, the effect of soot particles has a large uncertainty that could make the difference between a net cooling and net heating effect (Panel on Climate Change). When used in climate models, both the absorption and scattering properties of the soot are relevant to predicting their effect. For example, if absorption is the dominant effect, a net warming is forced, as more light reaching the atmosphere is converted into heat. On the other hand, atmospheric soot that scatters incident sunlight in the reverse direction (away from the Earth) will have a net cooling effect, whereas soot that mostly scatters light forward will have a more neutral effect, as it is similar to the light simply passing the soot.
Recent studies have shown that, apart from warming and cooling, particulate matter in the atmosphere has other effects on global climate change.  Part of this is an effect known as global dimming.  Soot and other particles released into the atmosphere as pollution have led to a decrease in the amount of sunlight that reaches the surface of the Earth.  This happens because water coalesces around soot and other particles released by industry or other means and form clouds.  Since the soot particles are small, the clouds formed are denser and more reflective to both light and heat.  Thicker cloud cover can either promote cooling or warming; during the day, light is reflected off the clouds, creating a cooling effect.  However, during the night, the clouds prevent heat from being re-radiated from the Earth, creating a warming effect.
In one case, researchers have found that the South Asian haze has weakened the sea surface temperature gradient on the Indian Ocean by cooling the northern Indian Ocean, as opposed to the warming trend of the equatorial Indian Ocean.  Using climate models, they concluded that the weakening of the surface temperature gradient could lead to a large decrease in rainfall in India, shifting the rain to sub-Saharan Africa (Chung and Ramanathan 2006).  This is one possible explanation for the recovery of the Sahel region following a severe drought during the late 1970’s and early 1980’s.
Furthermore, pan evaporation rates around the world have been decreasing over the past fifty years.  Pan evaporation is am experiment in which pans of water are allowed to sit in the sun where the water evaporates.  The pans are refilled each day to measure evaporation rates around the world.  Since evaporation rates depend strongly on the amount of sunlight that reaches the surface, this effect reflects how particulate matter in the atmosphere is preventing sunlight from striking the surface.  By decreasing the amount of sunlight that reaches the Earth, this global dimming effect may also be masking part of global warming due to greenhouse gas emissions, and reducing pollution in the atmosphere may actually increase the effect of global warming.  The presence of soot and other particles in the atmosphere have a direct effect on global climate change, and therefore it is in our best interest to investigate the properties of such aerosols.
While research has been done on the optical properties of non-coated soot particles, these results are potentially very different from those of coated soot particles. Because the coating can affect the particles’ optical homogeneity, absorption levels, and angle-dependent scattering properties, the net atmospheric effect of the coated soot may be different from uncoated soot. Furthermore, while models have predicted the effect of homogeneous mixtures of carbon and the coating material, these results are not applicable to actual soot, which has a more complex structure, where the coating forms an outer layer that can have various thicknesses and inhomogeneous compositions. Further work must be done to better understand the net effect of the coating on the optical properties of soot.
Past studies of the optical properties of soot have largely concentrated on size and shape characterizations of uncoated soot particles. For example, past experiments at Sandia National Laboratories using laser-induced incandescence (LII) have aimed to determine the particle size distribution based on their optical response to irradiation. While these studies have uncovered much about the morphology and general properties of dry soot, the effects of chemical coatings remain largely unstudied (Michelsen 14).
Understanding soot properties will also allow for the development of detection instruments that engine manufacturers can use to optimize their equipment to minimize harmful soot production. Of the available testing and detection methods, optical systems have the advantages of being relatively simple and efficient. For this reason, the use of optical measurements to characterize absorption and scattering from carbon aerosols is particularly important. They provide a way to study soot that is directly relevant to the climate studies, that is, through their interaction with light.

3
System Setup
3.1  System Overview

A schematic of our system is show below in Figure 3.1.  We produce soot using a setup that is intended to mimic Dr. Hope Michelson’s setup at Sandia National Laboratories.  After the soot is produced, some of the flow is directed to an exhaust box, where the flow is scrubbed and then flowed out into the room.  The other portion of the soot is sent down the experiment line.  First, it passes through a diffusion dryer to eliminate the water vapor created by combustion.  Then, the flow can either be directed first to the coating path, or directly to the experiments.
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Figure 3.1:  The optics table showing the soot production, coating stage, and optics experiments.

3.2  Soot Preparation

We make soot by burning ethylene.  Our burner and associated piping was built by Sandia National Laboratories to replicate the burner in Hope Michelsen’s laboratory at the Combustion Research Facility. With similar flow conditions, we can produce and study comparable soot particle distributions. Ethylene travels vertically through a central pipe surrounded by a laminar flow of filtered house air that stabilizes the base of the flame. The top portion of the flame is disturbed by a cross-flow that is directed perpendicular to the flame. This disturbs the combustion, thus producing soot particles. Since each of these components affects the soot produced, all are copied from the setup at Sandia.  In general, we have operated at the following flow rates:

Ethylene: 0.25 Lpm @ 2.00 V

Co-flow: 27.13 Lpm @ 2.50 V

Cross-flow: 63.60 Lpm @ 1.50 V
The house air goes through a triple stage filtering process to eliminate any undesired particles that might influence experimental results. The filters are 40, 5, and 0.01-μm filters, respectively, blocking off sequentially smaller particles.

After combustion, the soot passes down a cooling tube to allow the distribution to stabilize.  At the end of the cooling tube, the soot is sampled with ¼" copper tubing.  By manipulating a butterfly valve, we can change how much flow is sent down the tube and how much is sent to exhaust.  The entire sample line is plumbed with copper tubing to prevent particle loss.  Since the particles are mostly charged, with nonconductive tubing, static buildup would attract particles to the sides and trap them there.  Once the soot is sampled, it passes through a diffusion dryer to eliminate water vapor from combustion, and after the dryer, the flow can be diluted with house air.  Then, with a path control valve, the soot can be sent to the coating path or directly to the experiments.
The coating path has two Erlenmeyer flasks, one empty and one with oleic acid.  The soot flow can be directed to either of these flasks with a valve.  Both flasks sit in plastic tubs that are filled with water, and are warmed with a water bath that reaches up to 75° C.  The path through the empty flask replicates the path through the coating flask without coating the particles.  Since particles are lost to attraction to the glass sides of the flask, the empty flask is there so that we can compare data through the two flasks.
We chose to coat the particles with oleic acid for several reasons.  Oleic acid adequately mimics the optical properties of other organic compound coatings found on soot aerosols. It is also volatile enough to provide enough vapor within the coating chambers at moderate temperatures, but is not so volatile, however, that it will evaporate off of the soot particles before the optics experiments. Oleic acid is also nontoxic. Correspondence with Dr. Michelsen has indicated that oleic acid denatures at temperatures around 80oC, so temperatures should be maintained below this point at all times.
Since we were not seeing significant coating, we contacted Dr. Scot T. Martin, of Harvard University, and Yasmine Katrib-Kouchir, who authored a paper where nonvolatile core particles were coated with oleic acid.  E-mail correspondence with them indicated that we should be cooling the particles more gradually.  Therefore, we modified the exit pipe from the coating flask.  The pipe is about 1 m in length, and is wrapped with two separate pieces of heater tape.  The tape creates a more gradual temperature gradient, starting at around 75° C at the mouth of the pipe to around 25° C were it enters the valve control.

After leaving the flasks, the flow passes through a denuder, which removes stray oleic acid particles that are not coating soot particles.  After the denuder, all of the pipes are lined with heater tape and wrapped with aluminum foil.  This is done in case oleic acid is evaporating off the particles and coating the walls of the pipe.  The heater tape heats the walls so that any oleic acid that is deposited there will evaporate and continue along the flow.  The flow then goes to the two experiment setups: cavity ringdown spectroscopy (CRDS) and angle-resolved scattering.
3.3  CRDS

3.3.1  Theory

In CRDS, a laser beam with a Gaussian profile is coupled into a cavity formed by two identical spherical mirrors of small curvature. To align the cavity, the surfaces of the spherical mirrors must be parallel to each other and perpendicular to the beam axis where the beam hits the mirrors.
[image: image2.emf]
Figure 3.2: The ringdown cavity and Gaussian beam profile with exaggerated curvature.

Gaussian beams have a radial intensity distribution,
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where z is the distance along the beam from the beam’s origin, and 
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 is the radial distance from the axis of propagation (Saleh 80). The beam waist, W(z), is given by
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(3.2.1.2)

and is a measure of the beam’s width as a function of position along the translational axis. Gaussian beams have spherical wave fronts, as can be seen from the phase term for the full expression for the complex electric field amplitude as a function of 
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Here, 
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The radius of the wave front as a function of propagation distance is 
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The waist at focus, 
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The phase term in Eq. (3.2.1.3) indicates that the wave front of a Gaussian beam is spherical. This guarantees that a Gaussian profile is resonant within the proper cavity, formed by mirrors whose radii of curvature match the spherical wave front of the incident beam at that point. For a symmetrical cavity formed by two mirrors of radius of curvature R and separation d, the beam waist in the middle of the cavity, 
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The waist at the mirrors is 
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If both 
[image: image18.wmf]0
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 and W at a fixed distance are known, we can completely characterize the spatial dependence of the Gaussian beam (Saleh 80). The ringdown cavity mirrors have a reflectivity of 99.995% and have radii of curvature of 6 m and are placed at a separation distance of 50 cm. These give 
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 = 0.492 mm and Wedge = 0.502 mm. Thus, to maximize coupling into the fundamental Gaussian mode, the beam must have characteristics identical to those calculated here. However, due to the fact that the beam is converging only slightly from the entrance mirror to the central waist, a non-converging beam with a waist of 0.5 mm entering the cavity is a good first-order approximation of the input required to excite this mode.

3.3.2  Modes

Light resonating within a cavity satisfies the Helmholtz equation. The Gaussian beam is not the only solution to the Helmholtz equation with spherical wave fronts and thus is not the unique oscillatory mode of a cavity formed by spherical mirrors. Several of these higher-order transverse modes can be seen in Figure 3.3. They are labeled using TEMlm notation, with the fundamental Gaussian beam being TEM00. These other modes can prevent a consistent measurement of the ringdown time by causing inconsistent individual ringdown times (Romanini 540). 
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Figure 3.3: The higher order mode excitation in our cavity (resulting from incorrect beam dimensions). These images were obtained by directing the cavity output onto a webcam CCD and recording a movie of buildup events.

Thus, in order to excite the fundamental Gaussian mode in the cavity, the cavity and mode-matching optics must be properly adjusted. However, cavity variations due to thermal drift make this difficult.
The cavity length must be an integer multiple of the wavelength to be resonant. Once achieved, energy builds up in the fundamental Gaussian mode. If the cavity length is not equal to an integer multiple of the wavelength, higher-order modes may be resonant. The resonant frequency of a cavity as a function of its dimensions and transverse mode indices, l and m, and longitudinal mode index, q, is given by
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where
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and 
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 is the free spectral range (Saleh 336). For our cavity, the spacing between adjacent higher-order modes is approximately one-eighth the free spectral range. If the beam characteristics entering the cavity are not precisely matched to the fundamental Gaussian mode, these other higher-order modes can be excited as the cavity and the laser thermally drift through these resonant frequencies.
For a cavity formed by two mirrors of equal reflectivity, R, the ratio of the free spectral range, 
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and is known as the finesse of the cavity (Saleh 332). 
As the mirror reflectivity increases, the condition for resonance and thus transmission becomes much more selective. This is the principle behind the Fabry-Perot spectrometer. In CRDS, however, we try to keep the cavity locked in resonance for as long as possible, and to couple as much energy into the cavity as is needed to enable a good data acquisition rate and signal strength. We chose a HeNe laser over a laser diode as the light source for the CRDS experiment, because the spectral width of the laser diode is much larger than that of the HeNe. This excess width prohibits appreciable energy from being coupled into the cavity due to the cavity’s high finesse. The HeNe solves this problem, though it does place a more stringent requirement on the cavity length for the resonance condition to be met. 
3.3.3  Buzzer

To overcome the limitations of a high-finesse cavity for CW-CRDS, two main methods have been developed. One is to lock the source (typically a laser diode) to the cavity for continuous TEM00 excitation with an optical feedback system. The approach mimicked in our setup, developed by Romanini et al. at the Centre National de Recherche Scientifique, involves sweeping the cavity length through one FSR with a piezoelectric actuator (Romanini). Our setup uses an audible buzzer mounted to the piping or mirror‑holders of the cavity to vibrate the length of the cavity and increase the frequency of ring-up events.
3.3.4  Ringdown Time and Extinction

The approach taken to measure the ringdown time of a sample in CW-CRDS (both frequency-locked and piezo-driven) is to cut off the beam with an acousto-optic modulator (AOM) when the cavity intensity builds up sufficiently. Light intensity transmitted through the mirrors can be measured and is proportional to the light intensity resident in the cavity.  An exponential decay in intensity is expected as the light in the cavity is scattered and absorbed by the sample, and leaked through both cavity mirrors:
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The decay time constant, in terms of the cavity length, L, the total extinction effects of air and the sample, air and sample, their number densities, 
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, as well as the mirror reflectivity, R, is given by (Michelsen 2004) 
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Thus, measuring 
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will give us a value for 
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 if all of the other parameters are known. If the cross section for air is unknown, note that its effect is still accounted for in the empty cavity. This would produce the following,
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Thus, even when the cross section of the air is unknown, the effect due to the soot can be determined.
3.3.5  Controlling Beam Characteristics

A telescope system produces the correct beam width and focus at the cavity entrance to couple light effectively into the TEM00 mode.  A lens focuses the collimated beam to a minimal width within the acousto-optic modulator (AOM), since the cut‑off time for the AOM is proportional to the beam width and we want this to occur as rapidly as possible. A second lens, behind the first, approximately recollimates the beam. The AOM is thought to cause a small divergence of the beam. 
The AOM itself acts as an adjustable diffraction grating which deflects the beam. When radio-frequency (RF) power is applied to the AOM, the beam is split, sending up to 90% of the light to the first deflected maximum. When the RF is turned off, this deflection is no longer present. Thus, we use the first deflected maximum of the AOM output as the input to the cavity, and by switching off the RF power, we can cut off the beam entering the cavity on the order of 50 ns as seen in Figure 3.4.  
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Figure 3.4: Light intensity as measured by the PMT displaying the effect of the AOM switch-off. Note that the voltage is negative for positive light intensity, due to the PMT. The exponential fit gives a 1/e cut-off time of 44 ns. 
After the AOM-telescope system, two mirrors provide the degrees of freedom necessary to align the beam through the center of the cavity. An iris between these mirrors blocks all but the desired first deflected maximum beam coming from the AOM.  The two mirrors must be approximately parallel to each other where the beam strikes the mirror so that we can achieve resonance.  Once resonance is observed to occur within the cavity, the intensity can be measured by a photomultiplier tube (PMT). An amount of light proportional to the light resident within the cavity leaks out the back mirror (Saleh, 318).
Ringdown decay times are observed to vary. This variation can be reduced by recording ringdown events from only TEM00 modes. To this end, a post‑cavity spatial filter blocks off-axis light. The spatial filter consists of a microscope objective to expand the beam through an iris. The iris can be moved and closed to select only light from the center of the cavity output beam, thus blocking most of the non-TEM00 light. A second lens recollimates the beam.
A PC webcam is placed behind the iris, so that the positioning of the iris in relation to the laser beam can be verified. A beam splitter allows both this webcam and the PMT to be permanently locked into position. Using this combination, the ringdown signal and the characteristics of the beam incident on the PMT can be observed simultaneously.   The post-cavity optical setup is shown in Figure 3.5.
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Figure 3.5: Post-cavity optical filtering.
3.3.6 The Laser-Soot Interaction Length
Knowing the length over which the laser can be extinguished by soot aerosols is critical in understanding the ringdown time. The flow of soot past the 1‑in diameter piping of the cavity was found to be too wide for a detectable signal strength. In early ringdown measurements with the presence of soot, the signal attenuation was so great that it prevented triggering, requiring either dilution of soot or reduction of the interaction path length. The former would result in a weaker scattering signal, which was already critically low, so the latter option was favored.
To produce a well-defined and reduced interaction path length, a Teflon cylinder was inserted concentrically with the ringdown cavity axis, at the center of the cross. A 0.27‑in diameter hole was bored through the center of the Teflon plug along the axis of the laser beam to avoid interfering with ringdown, which should be approximately 0.5 mm in diameter. A 5/8‑in hole was bored perpendicular to the plug’s main axis, and aligned with the axis of the soot flow, providing a 5/8-in interaction path length at each reflection. With smaller pathways to the mirrors, the purge flows can be correspondingly lowered, and thus diminish the possibility of unintentional dilution. This is important because diluting the soot could negatively affect the scattering experiment’s ability to take measurements. Also, these plugs should eliminate the potential of soot accumulating within the cavity arms. 

3.4  Angle-Resolved Scattering

3.4.1  Pre-Soot Optics

We first used a laser diode with a wavelength of 633 nm and a power of 5‑10 mW. We were also concerned about the low intensity of scattering off low densities of soot, so we decided to use a different laser. When the particles are very small compared to the wavelength, the scattered intensity goes as the inverse of the wavelength to the fourth power (Bohren 133). We considered using a smaller wavelength laser, but ultimately chose a laser diode with a higher power of 100 mW with a wavelength of 658 nm because it was much more economical. 
The beam from the laser diode is initially directed through a telescope, which increases the size of the beam on the focusing lens. A wider beam allows for a tighter focus on the axis of rotation of the scattering arm. An iris after the telescope eliminates some of the stray light at the edges of the beam. After the iris is a Soleil-Babinet compensator, which allows us to rotate the polarization of the light to whatever angle we want, acting essentially as a variable waveplate.  Two mirrors are positioned after the iris to control the direction of the beam. A lens with a focal length of 35 cm focuses the beam onto the imaging point at the soot flow.  Currently, we are using a set of two polarizers, in addition to the Soleil-Babinet compensator, to control the polarization of the beam. One sits between the last lens outside of the Lexan box and the other sits directly in front of the detector on the scattering arm. This allows us to select either parallel or perpendicular polarization at a given time which is important because the scattering profile depends on polarization.
3.4.2 Scattering Arm
The rotation stage is used to control the angle at which we look at the scattered light. It is centered along the same axis as the soot flow and is rotated with a long rod that extends through the Lexan box approximately 1.875( degrees per quarter turn. There is some uncertainty in the rotation stage, so a camera is directed at the bottom of the stage so we can easily read off the angle.
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Figure 3.6:  Schematic of scattering arm optics.

The front iris is used to control the solid angle imaged. It is a calibrated iris, with tick marks indicating the diameter of the iris, so it is easy to reproduce that diameter and thus the solid angle imaged onto the detector.  The radius of the iris and its distance to the image point determine the solid angle.  Since the iris is positioned 5 cm from the axis of rotation, the solid angle can be calculated as follows:  
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(3.2.2.1)
Figure 3.7:  Solid angle calculation. The half-angle of the scattered light imaged by the lens is determined by the opening of the front iris.

Directly behind the front iris is the front lens.  It has a focal length of 3.2 cm. The light that comes through the iris is directed through the lens and focused through the back iris, centered on the beam waist. This iris reduces extraneous signal by blocking all light that is not coming through the front iris and lens. 
Behind the back iris is the back lens, with a focal length of 1.1 cm. This lens collimates the beam and projects it onto the detector. The original setup used a New Focus detector with the light directed from the end of the scattering arm to the detector through an optical fiber. The problem with this system was that it was very sensitive to small deviations in the angle of the fiber. The angle of acceptance for the fiber-lens combination is given by
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(3.2.2.2)

When we were using the New Focus detector, it was important that the beam be collimated before entering the fiber. With the large area detector, we instead want the beam to converge to make sure that all the light is detected. This detector is actually incorporated into the scattering arm, eliminating the need for the optical fiber. This drastically improved our detection ability and makes exact positioning of the arm optics less critical.  There is also a black hood over the detector to prevent any stray light from triggering the detector.
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Figure 3.8: Soot flow and scattering arm

3.4.3 Soot control

The soot flows into this experiment perpendicular to the table through a 1" stainless steel pipe. There is a 1/4" slot cut into the pipe at the level of the laser beam, which allows the soot to scatter light into the detector while minimizing soot diffusion into the surrounding area. A possible concern is that the halo around the beam coming through the slot is too large to pass through without scattering off the edges. This is a problem because the scatter off the pipe is much brighter than the scatter off soot. A solution to this problem may be to put an iris inside the Lexan box to reduce the size of the halo and prevent this scattering. 
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Figure 3.9: Beam with halo entering the slot.

The scattering arm and soot flow are housed in an 18"x18"x18" box made of Lexan, a clear plastic. The box allows us to contain the soot without contaminating the air in the lab. The box is held at slightly positive pressure by a flow of air into the box because this encourages the soot to stay in the pipe. The flow rate is adjusted with a flow controller to a level that minimizes soot fluctuations inside the pipe as well as soot flow out of the pipe, as judged by eye looking at the beam passing through the soot. 

There are two optical windows in the path of the laser, which we assumed allow the beam to pass through the box without distortion or scatter.  However, we had issues with a back reflection off of the rear window.  To rectify this, we made a Wood’s horn, which traps stray light.  This was done by heating a hollow glass tube and bending the tip down.  The glass comes to a point at the end of the tube.  Then, the glass was spray‑painted black.
3.5  SMPS
 
We use a scanning mobility particle sizer (SMPS) in order to measure the size and concentration distribution of the soot.  By flowing through the bypass and empty flask, we measure a baseline distribution, which we then compare to the distribution through the coating flask to determine how much oleic acid coating is on the particles.  The system consists of an electrostatic classifier (TSI model 3080) with 0.071 cm impactor, a differential mobility analyzer (DMA) (TSI model 308100), and a condensation particle counter (CPC) (TSI model 3025A).  We used a sheath flow rate of 3.0 lpm and an aerosol flow rate of 0.3 lpm.  The SMPS is on loan from Sandia National Laboratories.
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Figure 3.10: SMPS setup

The soot aerosol flows into the impactor on the front of the electrostatic classifier. It then flows down the axis of the DMA which is mounted on the side of the classifier. The DMA converts the polydisperse flow into a monodisperse flow (e.g. only one size of particle is allowed to continue in the flow). This flow then enters the CPC, where it comes into contact with 1-butanol vapor. The aerosol particles become coated and are then counted by the CPC. With both the information of what size particle was selected by the DMA and the number of particles counted by the CPC, a size distribution can be plotted.  

We sampled soot from several different points on the line to see if we were losing particles.  These points were: out of the diffusion dryer, out of the denuder, directly after the scattering box, and at the end of the exhaust line.  We found that sampling out of the scattering box and out of the exhaust line did result in different distributions, and this led to us re-plumbing the exhaust line with copper tubing.

4
Results
4.1  Coating

Our greatest difficulty turned out to be coating the particles.  Though we tried several different methods, we never saw a significant amount of coating according to the SMPS.  We tried having the soot input tube at the top of the flask and at the bottom of the flask, we added heating tape to the tubes, we temporarily placed a computer fan inside the flask to encourage mixing, we sampled the soot from the center of the cooling pipe, we wrapped the flask with bubble wrap to insulate it, we put an ice pack around the top of the flask, we redesigned the output pipe, and we varied the temperature of the water bath from 25° C to 75° C.  Though these variations changed the distribution in some way, we never saw the evidence of coating that we expected, namely a distribution that peaked at a significantly higher particle diameter.  It is possible that we are coating, but that the layer of oleic acid is thin enough that it is not seen by the SMPS.  Even though we did not successfully coat the soot particles, we did discover some things about coating in our efforts.

Flowing through the coating flask seems to cause the distribution to lose particles and peak at smaller particle size compared to both the bypass and empty flask distributions.  Figure 4.1 shows a typical distribution comparison; the soot flow was measured to be around 1.28 lpm.  The other flow conditions were the same as they usually are, as noted in section 3.2.

[image: image51.wmf]
Figure 4.1: Bypass, empty flask, coating flask distribution comparison

 We also found that the soot distribution varied with the temperature of the water bath.  On two separate days, we took data while heating the water bath up from room temperature to 75° C, and then letting it cool down again.  On the first day, we only took data out of the coating flask.  On the second day, we took data through the bypass line at room temperature, then again once we reached the maximum bath temperature to establish a baseline distribution.  In between, we alternated between the empty flask and the coating flask, flowing through the empty flask while heating up the water bath and switching to the coating flask once the bath temperature was stable.  In both cases, we see that the coating flask distribution gets lower and shifts to lower particles as the temperature increases.  On the first day, the distribution did not recover as we brought the temperature down.  On the second day, the distribution did not fully recover to what it was originally.  The soot flow in this case was 0.95 lpm.  The empty flask distributions became lower, losing particles, as the temperature increased, but did not shift to smaller particles.
[image: image52.wmf]
Figure 4.2: 7/11/06, varying water bath temperature

Unfortunately, since we could not coat the particles, we did not achieve the primary goal of the project.  Despite this, we obtained considerable amounts of data, both for CRDS and angle-resolved scattering, with dry soot.  Since we could have been coating the particles with a thin layer of oleic acid, we also took angle-scattering data when flowing through the coating flask to see if we could see any difference.
4.2  CRDS
We saw considerable variability in ringdown times from day to day.  We suspected that this variation is due to the mirrors being coated with soot particles, which lower the reflectivity of the mirrors and thus the ringdown times.  Additionally, when we switch from flowing soot to flowing without soot, it takes a long time for the soot still in the line to evacuate.  So, we ended up cleaning both mirrors several times throughout the course of the summer.  We took data both without any soot and with varying concentrations of soot.  Without soot, the signal is strong enough that we see consistent triggering.  With soot present in the cavity, at first the ringdown signal was attenuated to the point that the detection electronics could not resolve it above the noise while maintaining adequate filtration. To achieve adequate signal level, the soot can be diluted with filtered air, and the interaction path length shortened by the Teflon plug. The diluted soot flow must be stabilized and analyzed with the SMPS prior to the measurements to determine the new particle size distribution and density. Unfortunately, dilution negatively affects the scattering experiment, and thus CRDS and angular scattering measurements may have to be made at separate times.  

Different modes produce different ringdown times. Spatially filtering, modifying the PMT gain, and adjusting the trigger settings to ensure only the TEM00 triggers the data collection are crucial steps to minimizing this variation. The most consistent ringdown measurements can be attained by averaging hundreds of traces observed over about a minute, a time scale larger than the time between excitation of different modes.  Figure 4.3 shows a sampling of CRDS data, plotting τ, the ringdown time, against the time at which the data was taken. 
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Figure 4.3: Sample CRDS data showing multiple points

The ringdown times usually take some time to respond to changes in flow conditions.  However, it takes less time than the corresponding response in the SMPS.
[image: image54.wmf]
Figure 4.4: Sample ringdown plot
τ is the ringdown time, as described by equations (3.2.4.1) and (3.2.4.2).  By measuring τ, we can calculate the total extinction coefficient, sample.  
From day to day, we sometimes saw considerable variation in ringdown times.  Empty cavity ringdown times varied from as low as 15 μs to as high as 21 μs.  At our highest flow rate, around 1.6 lpm, ringdown times mainly stayed around 1 μs.  Other intermediate flow rates usually resulted in ringdown times from 7 to 11 μs.  However, ringdown times generally stayed consistent on a given day.  We took data over long periods of time that showed the ringdown times settling in at a given flow condition.  Figure 4.5 shows a set of data taken over an afternoon.  Ringdown time, represented by the circles, is plotted on the left axis and soot flow, represented by the red line, is plotted on the right axis.
[image: image55.wmf]
Figure 4.5: 06/26/06 ringdown data with soot flow

4.3  Angle-Resolved Scattering
To take angle scattering data we need a considerable amount of soot.  Therefore, our flow conditions are usually rather high on soot flow, and we usually do not take CRDS data at the same time.
Before taking data, we calibrated the setup using polystyrene spheres.  This process ensured that the beam would pass through the center of the axis of rotation of the scattering arm.  We expected the most significant scattering to take place in the forward scattering direction.  Scattering light off of polystyrene spheres allows us to calibrate our detection equipment. Measuring the relative intensity of light scattered from spheres at a range of angles is straightforward. Because we know through Mie theory what the absolute intensity at each angle should be when we scatter off spheres, we can therefore convert detection readings to absolute intensity values. We can then compare the scattering from soot to that of the spheres to determine the absolute scattering profile of the soot. 

Measuring the scattering from spheres has proved useful for other reasons. While looking at the relatively strong intensity scattered from spheres, we can check that our equipment is imaging the correct volume. Comparing the trends of the data with the predicted trends from Mie theory allow us to ensure our sample arm continually images on‑axis; identify absolute angle measurements; see effects of scattering from the soot pipe; and otherwise check our understanding of the setup. When we run soot through the experiment, it is impossible to adjust the components inside the pressurized Lexan box, so the spheres provide a convenient way to optimize the system.

We have prepared a scattering sample of 100 nm spheres and a sample of 500 nm spheres. The number density of the 500-nm spheres is 7.7×106  particles per mL; the number density of the 100-nm spheres is 0.96×109 particles per mL. Each solution is placed in a cylindrical glass vial and centered directly on the axis of the vertical soot pipe. We fit the predictions of Mie theory to the collected scattering data, with both the vertical and angular offset as fit parameters. The code to plot Mie theory curves in IGOR is itself adapted from the fortran code provided in the appendix of Bohren and Huffman, 1983. The code has been additionally modified to account for the finite width of our imaging lens — the effect of this lens is to effectively perform a convolution over a solid angle on the expected data, smoothing the variations of the curve. 
Before fitting the data with a Mie curve, we transform the data by multiplying the raw intensity by the sine of the scattering angle. This takes into account the changing size of the imaged volume as the scattering arm rotates, where D is the beam width, S is the length of the imaged volume that intercepts the laser beam, and θ is the angle between S and the line perpendicular to D. As it rotates, the imaged volume is not constant: it is at a minimum when θ = 90° and a maximum at θ = 0° and θ = 90°. 
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Figure 4.6: Imaged volume intercepted by laser.

Inside the vial, we placed a black plastic shield in order to eliminate back reflection.  Figure 4.7 shows results both with and without the shield.
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Figure 4.7:  Predicted and observed scattering off 500 nm spheres, perpendicular polarization.
We believe that the area of excellent agreement between the data and the predicted curves will be sufficient for calibration purposes; as shown in Figure 4.9, the data for both perpendicular and parallel polarizations agrees very well with theory from about 10° to 70°. At the larger angles, the data points have more variability and we believe that particles other than the polystyrene spheres, or clumped spheres, were causing this problem. We could see particles fall into the beam as we were taking data and noticed a corresponding jump in the scattering intensity measured. To minimize this problem it is important to ensure that the sphere solution is pure and that the plastic shield is clean before placing it in the vial. Prof. Haskell has a supply of spheres and can help in preparing the solution. 

For angle-scattering data, the detector on the scattering arm was only sensitive to detect a signal at a single order of magnitude above the noise floor.  For perpendicular polarization, we usually do not reach the noise floor, so it’s not a large concern.  For parallel polarization, however, the signal is lost in noise from between 60° and 120°.  In Figure 4.8, we see the background scattering compared to soot scattering.  Distribution 1 has a higher concentration of particles, while distribution 2 has a smaller overall number of particles, but a higher amount of particles at larger diameters.  This was achieved by reducing the cross flow for distribution 2.  Scattering depends very strongly on the size of the particles, as we see with distribution 2 particles scattering more.  Figure 4.9 compares the distributions, and Figure 4.10 compares parallel and perpendicular scattering.

[image: image59.wmf]
Figure 4.8: Comparing soot scattering to background
[image: image60.wmf]
Figure 4.9: Distribution comparison
[image: image61.wmf]
Figure 4.10: Parallel and perpendicular scattering comparison


We also used angle-scattering to see if we were coating the particles with a thin layer of oleic acid.  To do this, we took angle-scattering data flowing through the coating flask and through the bypass tube, using both parallel and perpendicular polarization.  In both cases, the data from the coating flask did not differ significantly from the bypass data.
[image: image62.wmf]Figure 4.11: Coating/bypass scattering comparison
The scattering for both the bypass and coating distributions are mostly the same, so we are not seeing any coating on the SMPS or in angle scattering.
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