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Chapter 1: Introduction 

Since the beginning of the 20
th

 century and the 1908 publication of Gustav Mie’s 

famous paper involving gold nanoparticles [1], the world of nanomaterials started to pose 

unique questions and in the past few decades has become a highly intense field of study. 

The questions that arise when comparing the transition from atomic and molecular 

physics to that of bulk materials has given this field of nanomaterials the strength and 

depth it deserves. 

The term nanoparticle, or any of a number of associated terms (nanocluster, 

nanocrystals, small particles etc.), traditionally refer to particles containing less than 10
7
 

atoms or molecules. These sizes give the nanoparticles some of their interesting 

properties such as the high numbers of particles on the surface of the cluster compared to 

the number inside the cluster. This makes the nanoparticles potentially useful structures 

for catalytic considerations. An additional property of nanoparticles is that their size is 

below the wavelength of visible light. This has the implication that the particles cannot be 

imaged readily by traditional optical microscopes but it also gives rise to their unique 

absorption and scattering properties. A good example of these properties is the colored 

glass seen in many medieval churches in Europe (though the physics behind these 

properties was not addressed until Mie). One final use that is of very big interest is the 

use of the nanoparticle’s unique properties to serve as biomarkers which can aid in the 

medical field among others. 

A further aspect of this nanoparticle research is how the nanoparticles are 

produced and what form do they take after they are produced. Many different techniques 

have been developed for producing these nanoparticles such as molecular beam epitaxy 
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(using a mismatched lattice as seed locations for the nucleation from a gas vapor which 

allows for self assembly of the nanostructures), chemical growth (chemically separate the 

nanoparticle material from a precursor which enable the nanoparticles to form) and laser 

ablation (producing a vapor by directing a laser to a target material which then nucleates 

into the nanoparticles) to name a few of the more popular techniques. The corresponding 

collection method also encompasses a wide variety techniques and range from 

nanoparticles produced in liquid, deposited as solids on substrates, capsulated in glass 

matrixes or produced as aerosols. 

In this dissertation, I am going to examine three different experiments relating to 

the properties of the nanoclusters as well as the characteristics of producing them. The 

first two experiments investigate the size distributions of the produced nanoclusters. One 

will investigate the effects of the silver nanoclusters produced in the Laser Ablation of 

Microparticles (LAM) process and if there are any noticeable differences in the 

production of the nanoparticles using either pulsed nozzles or continuous working (CW) 

nozzles. The second of these two size distribution experiments will investigate the log-

normal size distribution that is produced in the LAM process and in particular the lower 

end of the log-normal distribution and how it changes when a solid target collection 

process is removed. The third experiment will investigate enhancements to the second 

harmonic generated (SHG) light using silver and glass nanocomposites with polarized 

split-beam femtosecond laser fields. 

The layout for this dissertation will address the theory of cluster formation and 

ionization in chapter 2. In chapter 3, I will discuss the experimental setups involving the 

production and detection of the nanoparticles used in these investigations. In chapter 4, I 

will present the results of the distribution experiments. Chapter 5 will discuss the theory, 
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experimentation, results and further goals of the nonlinear optical experiments involving 

the silver nanocomposites. Finally, Chapter 6 will include general remarks as well as 

some proposed improvements and extensions of these experiments. 
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Chapter 2: Nanocluster Generation and Ionization 

Before one can study nanoclusters and the corresponding region between the 

atomic and bulk material regimes, one must first produce a sample of nanoclusters. 

Because of their small size, these nanoparticles normally have to be produced in a 

specific process that will ensure that the nanoparticles that are created are useful for the 

experiments that will follow. In the following chapter, I will discuss the theory behind the 

two main techniques which we produce the nanoclusters in our lab as well as briefly 

describe some other comparable techniques that have been used in similar experiments. 

The chapter is divided into two main sections, the first section deals with clusters from an 

atomic gas source while the latter half focuses on creation of nanoparticles from metallic 

solids. 

2.1 RARE GAS NANOCLUSTERS 

In this section, I will describe the creation of nanoclusters from a rare gas source. 

The primary means of creating nanoclusters from (clusters with under 10
7
 atoms) a gas 

source involves expanding the gas through a supersonic nozzle. This tends to be the 

preferred method due to the ease of producing these small clusters. One of the main goals 

creating these clusters is to test the size distribution changes to the nanoclusters due to 

different configurations of the supersonic nozzle. 

2.1.1 Supersonic Nozzle: Expansion, Cooling, Accelerating and Design 

As stated above, the main way of producing rare gas clusters is through the use of 

a supersonic nozzle. The supersonic nozzle has three major functions. The first function 

is to ensure that the gas is directed towards the target in a controllable way. The second 

function is to cool the gas via the expansion of the gas through the nozzle. The final 
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function is to produce a velocity distribution of the molecules and nanoclusters that can 

be predictable and repeatable. 

 

2.1.1.1 Super Sonic Expansion and Cooling 

When a nozzle separates two regions of different pressure (e.g. separating a gas 

tank from a vacuum chamber) the gas naturally wants to move from the higher pressure 

region to the lower pressure side. When this happens, the thermal energy of the molecules 

can get converted into translational kinetic energy which, by nature, will cause the gas to 

cool. This cooling process causes condensation of the gas to occur. When the gas 

condenses, nanoclusters are formed and are held together by van der Waals forces [2]. 

However, total condensation of the gas only happens with high pressures and low 

temperatures. Any deviations from these conditions will cause the gas to obtain only 

partial or possibly no cluster formation. Typical cluster experiments similar to the ones 

that we conduct will only cluster about 20% of the total mass. These mean cluster size 

and the clustering ratio can be predicted based on experimental parameters such as 

backing pressure, effective nozzle diameter, temperature and the condensation parameter 

of the gas [2-5]. 

 The effective condensation parameter, which can be used to predict the clustering 

results, is given in reference [6]: 

             
      

       (2.1) 

Where k is a gas constant (e.g. 5554 for Xe), p0 is the backing pressure measured in mbar, 

deff is the effective diameter in microns (see section 2.1.1.3), and T0 is the initial 

temperature of the gas measured in Kelvin. These lead to the predicted average particle 

size of given by: 
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 (2.2) 

 

It should be noted that Equation (2.2) was originally fitted by Hagena et al. [3] but was 

adapted to its current form for pulsed nozzles by Dorchies [5]. Using the condensation 

parameter, *, give us clusters only if the value is greater than 200 (for partial clustering 

of the gas) and 1000 for complete condensation [4]. 

 

2.1.1.2 Gas Accelerations and Velocities 

One major consequence of the supersonic expansion (besides cooling) is the 

acceleration of the gas. As the gas flows through the nozzle, the thermal energy changes 

to kinetic energy due to the small cross section of the nozzle. This increase of kinetic 

energy is caused by the increasing velocity from the continuity of gas through the orifice. 

If the pressure difference is high enough and the nozzle is small enough, the gas will be 

accelerated to until it reaches its Mach speed through the nozzle (e.g. helium flowing 

from one atmosphere down to 10^-5 mtorr produce a velocity for the particles of about 

1700 m/s). When this happens, a jet boundary will form due to the supersonic expansion. 

Studies on supersonic nozzles and gas expansion have shown that different regions of the 

gas jet correspond to different velocities (see Figure 2-1).  
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Of particular interest is the location of the Mach disk which is the point with the velocity 

of the gas is equal to the Mach velocity and separates a region of high velocity closer to 

the nozzle and low velocity further beyond the disk. Previous studies by Ashkenas et al. 

[7] and Anderson et al. [8] have measured the location of the Mach disk to be given by: 

 
     

       
      

  

  
 (2.3) 

For our cluster studies, one of the main constraints is to keep the active parts of the 

experiment inside the region between the Mach disk and the nozzle to help control the 

gas flow and determine the kinetic energies of the gas. 

 

2.1.1.3 Nozzle Design 

The geometry of the nozzle can also be useful in controlling some of the 

dimensions of the gas expansion. Previous work done has shown that for different types 

of nozzles, the nozzles that have smaller cluster growth correspond to nozzles that allow 

for faster expansion near the end of the nozzle (see 1, 2, and 3 from Figure 2-2). 

Similarly, nozzles that confine the gas more after the smallest section of the nozzle 

opening will cause higher local pressures for longer distances which promote larger 

cluster (see 4, 5, and 6 of Figure 2-2) [2, 9-11]. The two designs that our group worked 

 

Figure 2-1: Supersonic expansion through a nozzle. 
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with for these experiments included the Flat Plate Nozzle (design 2) and the Conical 

Nozzle (design 6) as both nozzles were able to be produced in-house. 

When using the divergent nozzles, the nozzle diameters have to be modified in 

order to be applicable for the previously listed equations. An effective nozzle diameter 

can be calculated using: 

      
      

      
 (2.4) 

Where the angle, , is the half angle of the cone [3]. For example, a divergent nozzle 

with a minimum opening of 150 m and a 30° cone angle will have an effective nozzle 

diameter of 400 m. All of this combined enables larger clusters to be produced without 

increasing the amount of gas that flows through the nozzle.  

 

2.1.2 Isotope Consideration with Clusters 

A further complication to producing nanoclusters that is not readily apparent is 

that most gas clusters are formed using atoms that contain different isotopes. When the 

 

Figure 2-2: Different Nozzle Geometries [12]. Short Convergent Nozzle (1), 

Ideal Aperture (Flat Plate Nozzle) (2), Capillary Aperture (3), Laval 

Nozzle (4), Convergent-Divergent Nozzle (5), Divergent Nozzle 

(Conical Nozzle) (6). 
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atoms for a gas are resent there is a spread in the mass of due to the extra neutrons 

present in the different isotopes. For many cluster studies this becomes a problem when 

the detector is based on mass and not on size of the cluster (e.g. Mass Spectrometers). For 

example, the main gas that we use in the experiments is xenon which contains nine stable 

isotopes (seven of which have natural abundances above 1%). This will cause the mass 

spread for the xenon monomer (single xenon atom) to be ~8 amu (ignoring isotopes that 

have less than 1% natural abundance) but for the dimer (a cluster of two atoms) this 

spread jumps to 16 amu. This will continue for larger clusters and finally this peak 

broadening will lead to individual cluster peaks becoming indistinguishable. In Table 2-1, 

the natural isotopes with their corresponding abundances for xenon are shown. 

  

 

Mass 

(amu) 
124 126 128 129 130 131 132 134 136 

Abundance 

(%) 
.095 .089 1.91 26.4 4.07 21.2 26.9 10.4 8.86 

Table 2-1  Xenon Natural Stable Abundances (CRC) [13] 
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2.2 METALLIC AND SEMICONDUCTOR NANOCLUSTERS 

Producing nanoparticles from solid sources has been an ongoing field of interest 

over the past few decades. Various methods of producing these nanoclusters have been 

developed such as Ion Bombardment [14], Inert Gas Evaporation [15, 16], Pulsed Arc 

Clustering [17], and finally, the primary one that is used is Solid Target Laser Ablation 

[18-25]. This section, however, will describe a deviation from this standard solid target 

ablation that has been developed and utilized in this lab, Laser Ablation of Microparticles 

(LAM). The nanoclusters that are created have been used in numerous experiments that 

require a degree of size control as well as a level of purity. After the description of LAM, 

I will discuss some of the benefits of this process that make it a good candidate for some 

nanocluster experiments. For the scope of these experiments, again, probing the 

distribution of the produced nanoparticles is a main interest. 

2.2.1 Solid Target Ablation 

Work done by Smalley and others has shown that nanoclusters can be produced 

using laser ablation of a solid target. The process involves hitting a solid source with an 

intense laser pulse. The pulse causes rapid heating and vaporization of the material on the 

surface. This vaporization comes in the form a plume that is supersaturated which will 

cause clusters to form through homogenous nucleation [26]. Because the laser pulse 

rapidly heats the surface, the produced nanoparticles have temperatures in the range of 

700-900 K [27, 28]. This method suffers from a small technical issue in that it is the laser 

would cause a hole to be produced in the sample causing that part of the target to become 

stale (limiting the plume that was produced) thus limiting the number of clusters that 

were produced. The way that this issue was overcome was implementing a moving target 
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in for from a rotating rod or disk. This would ensure that the laser impacted on a fresh 

section with each consecutive laser pulse [18-24]. 

 

2.2.2 Laser Ablation of Microparticles 

The LAM is a process of producing nanoparticles from an aerosol feed containing 

spherical microparticles. The microparticles are entrained first in the carrier gas using a 

device called a drum feeder. The gas is moved to the ablation region where a laser 

impacts the microparticles causing them to explode into atoms and finally the atoms 

recombine to produce the nanoclusters. Figure 2-3 shows the steps of the LAM process. 

Further details will be found in the following sections.  

 

 

Figure 2-3: Pictorial of the LAM Process. Microparticles are introduced into the 

laser focus. The laser hits the microparticles, ablates the spheres. The 

ablated microparticles rapidly cool. Finally, the cooling causes the 

the formation of nanoparticles. 
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2.2.2.1 The LAM Process 

The first step in the LAM process is to entrain the microparticles in the carrier gas 

to form an aerosol. Silver microparticles (feed stock) are loaded into the reservoir of the 

powder feeder. A gas moves though the powder feeder and over the microparticles. The 

microparticles are forced into the gas flow and become part of the flow (described in 

more detail in chapter 3).  

The microparticle aerosol is directed into a region containing a laser focus 

(ablation cell). When the laser interacts with the microparticles a series of events take 

place. The first thing to occur is that the laser pulse impacts on the surface of the metal 

microparticle causing rapid heating and vaporization. This is followed very closely 

behind by a plasma forming if the intensity of the laser is high enough for to induce the 

breakdown in the microparticle [29]. For silver microparticles, such as the ones used in 

these experiments, the laser has to have a fluence of 1 J/cm
2
 or higher to cause the dense 

plasma and the following shockwave to form. Associated with the plasma is the 

shockwave that begins to propagate through the microparticles. This will cause the 

particle, at the front of the shockwave, to compress, heat, and vaporize. The expanding 

microparticle that is left in the wake of the shockwave is ideal for the newly released 

atomic constituents to undergo homogenous nucleation. The nanoparticles are formed 

from this nucleation process but are quenched before the nanoclusters grow too large due 

to the non-equilibrium conditions associated with the process. Simulations showing this 

behavior have been completed by Carls and Brock [30, 31], Lee [32], and Chandler [33]. 

Since this entire process takes place nearby the location of the microparticle, the newly 

formed nanoparticles are still entrained in the carrier gas and can be moved to other 
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locations for further experimenting such as the in situ Time-of-Flight experiments which 

will be described later in Chapter 3 [34].  

 

2.2.2.2 Log Normal Distribution 

Even though the LAM process can produce particles of differing mean diameters 

depending on certain experimental parameters, the distribution of the particles remains 

relatively predictable. For a particular set of conditions the size distribution will follow a 

log-normal distribution. This distribution was predicted by Granqvist using the argument 

that the interactions of particles only occurs in a binary fashion and that the change of 

volume is based on the pervious volumes but with a randomness associated with it [15, 

35]. The coalescence process will be described below. 

The change of volume after any given step is equal to some random fraction of 

the volume after the interaction. This can be shown as: 

              (2.5) 

This can be rearranged to: 

          
       (2.6) 

Generalizing this to take into account n iterations yields: 

             
  

 

   

 (2.7) 

To remove the product notation and get it to a recognizable form, we now take the natural 

logarithm of both sides which has the effect of changing the multiplication into a 

summation. 

   
  

  
        

  

 

   

 (2.8) 
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We make the substitution: 

 

    
  

  
 

         
  

 

   

 
(2.9) 

The form of the right side of the pervious equation has the form that allows us to now 

invoke the central limit rule to get the Gaussian distribution that come about naturally 

from a large set of independent random events. 

      
 

       
  

 
       

     (2.10) 

Because of the change of variables the substitution for the distribution function becomes: 

      
 

       
  

 
            

     (2.11) 

By knowing that the volume of the clusters is related to the diameter (V = ax
3
) and that    

and    are both similarly related, the final substitution can be made 

      
 

        
  

 
            

      (2.12) 

where  and 
 are related to the average value and the standard deviation for the log-

normal distribution, x is the particle diameter, and d(x) is the distribution function of the 

nanoparticles as a function of diameter. The actual average diameter () and standard 

deviation () are given along with the position of the peak of the distribution (mode) by: 

 

       
   

  

            
      

    

                          
 

(2.13) 

Previous results obtained in our group have support to this model [29, 36, 37]. 

These experiments have shown that we have the ability to use the LAM process to 

change the average size of the distribution but our ability to look at the smaller masses 
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produced in the process have been limited by the resolution of the electron microscopes 

used to image the nanoparticles. Figure 2-4 shows a TEM image of silver nanoparticles 

created using the LAM process and imaged using a 80 kV FEI Tecnai Spirit TEM. The 

resolution of the TEM is around 2 nm which correspond to nanoparticles containing 

~1000 or more atoms.  

 

 

Figure 2-4: TEM image of Silver Nanoparticles. An 80 kV FEI Tecnai Spirit 

TEM was to image nanoparticles. The LAM process using a He 

carrier gas was used to produce the nanoparticles and the particles 

were collected near first extractor grid inside the vacuum chamber. 
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Figure 2-5 shows the distribution of the TEM image of the silver nanoparticles produced 

by LAM along with the corresponding log-normal distribution fit of the nanoclusters. The 

distribution of the image shows that the nanoparticles produced using this setup has a 

mean diameter of 4.94 nm with a standard deviation of 2.76 nm. The most likely mass in 

the distribution has a diameter of 3.30 nm  
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Figure 2-5: Corresponding Log normal distribution of silver nanoparticles. The 

TEM image was analyzed using the ImageJ software package. The 

data set shows a typical distribution for the experimental parameters. 
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It should be noted also that the silver nanoclusters will suffer from the same 

isotope overlapping problem as xenon. However, silver does not have a large of a isotope 

spread (only 2 amu) so the overlap issue is not as extreme as in xenon. In table 2-2, the 

two isotopes can be seen to have almost a 50/50 split in their abundances. 

 

2.2.2.3 LAM Control Parameters 

The final note that should be made on the LAM process is to address specifically 

the parameters that can control the average and the standard deviation of the log-normal 

distribution.  The previous studies that have been mentioned have indicated that the 

laser fluence does not play a significant role in the size distribution as long as the fluence 

is maintained above the critical value. The carrier gas molecule, as well as the carrier gas 

pressure, however, plays a much more substantial roll. The heavier the molecules in the 

gas are, the larger the nanoclusters. The same effect can be seen if the gas pressure is 

increased. Both of these parameters will cause ablation process to not spread out nearly 

as much as in lighter or less dense carrier gases. This forces the nanoclusters to maintain 

a closer proximity to each other and allows further coalescence that would not be possible 

with lower gas parameters. In the current experiments, we wanted to shift the size 

distribution to the smallest size as possible so we ran using a helium carrier gas operating 

at 1 atm. This is well described by Becker et al. [29] and Nichols [34]. 

 

Mass 

(amu) 
107 109 

Abundance 

(%) 
51.839 48.161 

Table 2-2  Silver Natural Stable Abundances (CRC) [13] 
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2.3: OPTICAL INTERACTIONS WITH NANOCLUSTERS 

Once the nanoclusters are created in a predictable way, one can begin to study 

properties associated with the clusters. Because these nanoclusters fall in the cross over 

region between atomic and bulk materials, many of their optical interactions do not 

follow either of the two regimes completely. This allows for many different types of 

experiments to build up a knowledge of this transition region. Some of the many 

questions that have been posed involve probing the region between quantized levels in 

atoms to the band structure seen in bulk material [38], the existence of resonances due to 

the unique cluster size [39] and the changes that can be seen in optical nonlinear 

properties [40-44] to name a few. In the following chapter we will look at two of these 

questions: How do the energy levels change of nanocluster when the size of the 

nanocluster changes and how can nanocluster be used to enhance second order optical 

signals? 

2.3.1 Multi Photon Ionization 

One of the areas of interest involves the ionization and associated energy levels in 

the clusters. The process of ionizing an atom, molecule, or cluster in its most basic idea 

involves delivering a quantity of energy to an electron so that the electron has enough 

energy to be able to get over the electric potential that binds it to the particle. One of the 

most basic methods of doing this is by illuminating the particle with a light source that 

can provide this minimum amount of energy, Ei, via an individual photon. The energy 

associated with an individual photon is: 

    
   

  
 (2.14) 

The condition for ionization follows then that Ei ≤ E.  
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This is not the complete picture, however. There is the possibility that two or 

more photons can provide enough energy to over come the potential barrier. This will 

modify the ionization criteria to become: 

        (2.15) 

This multiphoton ionization (MPI) process does have a draw back. The ability to 

deliver the necessary photons to the atoms involves a cross section that tends to diminish 

greatly with the increase of the number of photons. The ionization rate, W, goes as:  

      
  (2.16) 

n is the multiphoton ionization cross section for n photons and F is the photon flux 

density of the photon source [45, 46]. The values for the multiphoton ionization cross 

sections are typically around 10
-50

 cm
4
/sec for 2 [46] and 10

-73
-10

-83
 cm

6
/sec

2
 for 3 [45-

47]. Because the intensity is raised to the power of the number of necessary photons, 

there is a method of overcoming the small cross sections. This is normally done with the 

use of a laser and increasing the intensity at the ionization place (e.g. producing powerful 

lasers with a smaller laser focal spot). 

 If the photon energies match an electronic resonance inside the particles, then the 

ability to ionize that particle will increase. For example Morellec [48] and Crance [49] 

showed the laser intensity required to produce a certain amount of ions drops when a 

resonance is achieved for cesium atoms. Most work done with resonance enhanced 

multiphoton ionization (REMPI) has been limited to the arena of atoms but some work 

done by Echt et al. on xenon clusters has investigated MPI (but at multiple frequencies) 

of clusters [50]. 
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2.3.2 Silver Ionization 

Of particular interests to these experiments is the ionization process of silver.  In 

Table 2-3 the ionization potentials for clusters ranging from the monomer up until a 

cluster containing 30 silver atoms can be seen [38]. The wavelengths that we use are 

provided by a Nd:YAG laser with quadrupled wavelength of 266 nm (more description of 

the actual experiment in Chapter 3). At this wavelength, the energy of an individual 

photon is 4.66 eV which would imply that the two photon ionization process will be 

necessary to produce silver cluster ions. If the double Nd:YAG light was used instead, the 

energy per photon would decrease to 2.33 eV. Because all of the clusters fall in the range 

of two photon ionization, a separate ionization regime (e.g. three photon ionization) is not 

needed. 

  

 

N IP (eV) N IP (eV) N IP (eV) 

1 7.57 11 5.59 21 4.92 

2 7.66 12 5.85 22 5.32 

3 5.66 13 5.40 23 5.15 

4 7.16 14 5.90 24 5.46 

5 5.74 15 5.40 25 5.10 

6 7.16 16 5.71 26 5.32 

7 5.69 17 5.66 27 5.10 

8 6.19 18 5.82 28 5.40 

9 5.20 19 5.32 29 5.10 

10 5.85 20 5.64 30 5.58 

Table 2-3  First Ionization Potentials of Silver Clusters (   
 , N=1-30) 
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Chapter 3: Experimental Setups 

3.1 TIME-OF-FLIGHT MASS SPECTROMETERS 

To test the small size and the small mass scales of the nanoparticles produced by 

LAM, we must turn to a detection method that has the ability to detect very small masses 

on the order of a few amu’s. Common ways like SEM and TEM microscopes are limited 

to the wavelength of the electrons and thus cannot easily see smaller than one or two 

nanometers [51]. We turn our attention towards mass spectrometers to gain this 

resolution. One of the most common experimental setups for particles of these sizes is the 

Time-Of-Flight Mass Spectrometer (TOF-MS). Below we will describe some of the 

theory of the TOF-MS along with the implementation in our particular experiments. 

 

3.1.1 Time-of flight Mass Spectrometer 

Most mass spectrometers work by separating different masses using some force 

that is proportional to the objects charge (e.g. the Coulomb force or the Lorentz force) to 

accelerate the particles.  

 
        

           
(3.1) 

Thus the acceleration is proportional to the charge to mass ratio of the individual 

particles. For the Coulomb force, this can be seen explicitly as: 

 

 

 
       (3.2) 

The Time-Of-Flight Mass Spectrometer (TOF-MS) design utilizes this acceleration to 

cause different masses to achieve different velocities such that the larger particles will be 

accelerated to smaller velocities than the smaller, faster particles.  
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(3.3) 

The larger particles have a lower acceleration (thus lower velocities) inside the TOF-MS 

so they take longer in time to reach the detector. 

 

   
      

   
 

   
 

 
 

(3.4) 

By determining the arrival times of the different particles, the masses of the particles can 

be inferred. In essence the TOF-MS is nothing more than a specialized stopwatch with 

arrival times being determined by their mass.  

A traditional TOF-MS consists of two parallel grids separated by a small distance. 

The particles are introduced between the grids where they are subsequently ionized by 

one of a few different methods (e.g. photoionization, electron ionization). The grids are 

kept with a potential difference between the two causing the now charged particles to feel 

a Coulomb force directed towards one of the grids. The particles then fly through the grid 

where they continue on a path towards a time sensitive detector where the signal is 

collected. The traditional TOF-MS is normally built with a small design modification that 

was introduced by Wiley and McLaren in 1955 [52] and has been used in most TOF-MS 

since then [16, 23, 53-55]. 

The Wiley-McLaren TOF-MS has one major change to the traditional TOF-MS. 

Instead of just one acceleration region, Wiley and McLaren proposed two subsequent 

acceleration regions. The purpose of the addition of the second region is to increase the 

resolution of the TOF-MS by accounting for position, time and kinetic energy 
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distribution of the particles in the ionization region [52]. The design we worked with in 

these experiments implemented the double acceleration region and actual dimensions 

were modeled in two dimensions by Lang [56] and Chen [57]. 

 

3.1.1.1 Current TOF-MS Design - Wiley-McLaren Design with a Reflector 

The nanoparticles are carried from the ablation region through the 150 m 

supersonic nozzle where they are accelerated to a speed of ~1700 m/s. The supersonic 

beam then passes through a 590 m skimmer. This lowers the pressure in the detection 

chamber (MCP Chamber) to 1.2 * 10
-5

 torr by reducing the volume of the carrier gas 

entering the chamber. Once the beam passes through the skimmer it continues on to the 

Wiley-McLaren Time of Flight Mass Spectrometer (TOF-MS). The beam passes through 

the first grid at normal incident where a twice doubled Nd:YAG laser (described in more 

detail in Section 3.2.2) impacts on the nanoparticles and ionizes them through a multi-

photon ionization process between the first two grids. The charged nanoparticles are now 

accelerated towards the second grid. The distance between the two grids is 10.4 mm and 

the voltage drops from 166 volts on the first grid to 100 volts on the second. The grids are 

composed of a nickel mesh (Buckbee-Mears Electroformed MN17) that has a 

transmission of >90%. The ions pass through the second grid and are accelerated again 

towards a third grid that was held at ground. During this phase the ions pick up most of 

their velocity due to the large voltage drop over the distance of 10.7 mm. Once they pass 

through the third grid they enter a free flight region where the masses continue to 

separate due to their mass-to-charge ratio determined velocities. They then enter the 

reflector region which consists of a pair of grids position at a 45° angle with reference to 

the gas beam. The two grids are separated by a distance of 8.7 mm and have a voltage 
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difference of 180 volts. This voltage increase caused the ions to be directed from a 

horizontal to a vertical direction with no change to their individual kinetic energies. They 

then continue through another free flight region, further separating the nanocluster size, 

until they approach the microchannel plate (MCP).  

 

 

3.1.1.2 Micro-Channel Plate Detector 

The Micro-Channel Plate Detector (MCP) is a detector that uses the impact of a 

positive ion to release a corresponding electron that becomes amplified as the signal 

progresses through the detector. The design of the detector consists of a honeycomb 

layout of many small channels (similar to a pack of drinking straws) that release a 

cascade of electrons whenever an electron impacts the side of the channel. Many MCPs 

use two different rows of channels and vary the orientation of the two to maximize the 

effectiveness of the detector. The particular design of our MCP is chevron style MCP 

 

Figure 3-1: Schematic of the current TOF-MS with Reflector. Normal 

dimensions and settings are as follows: d1-4=10.4, 10.7, 23.4, and 8.7 

mm with voltages of V1-5=166, 110, 0, 0, and 180 V respectively. 
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(Photonis) with a base potential of 300 volts above ground and a difference across the 

two plates of a total of 1850 volts. The MCP is housed in a grounded mesh that aids in 

the elimination of background ions being pulled into this relatively strong potential well. 

According to Gilmore and Seah, with the voltages that are used on the MCP, the relative 

efficiency of the detector is a little less than 5% for the larger nanoparticles (≥2000 amu) 

[58]. The home built design of the MCP can be seen in Figure 3-2. 

 

3.1.1.3 SimIon Simulations 

Using the PC program SimIon Version 8 [59], we were able to model our 

modified Wiley-McLaren TOF-MS to help determine grid voltages similar to the 

previous work done on this detector by Lang [56] and Chen [57] but now adapted for 

three dimensions instead of two.  In Figure 3-3 you can see the initial position of the 

 

Figure 3-2: Chevron MCP diagram. A schematic of the path that the ejected 

electron will follow is shown in a). The actual design of the plates as 

it appears in the actual setup is shown in figure b).  
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ions in the lower right section between the first two extraction grids. The particles have 

an initial velocity that is determined by the supersonic jet expansion. The particles are 

accelerated towards the left and enter the reflector where they change direction and are 

forced into the upward direction into the second free flight region and eventually towards 

the large cylinder on top which houses the MCP. Due to the design of the reflector, many 

of the very large ions are not able to make the turn and move through the back side of the 

reflector or impact on other section of the reflector if lower voltages are used. This can be 

compensated if higher voltages are used however due to arcing, these voltages cannot be 

made higher than 1 kV. 
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3.1.2 Micro-Channel Plate Detection and Associated Electronics 

The signal from the TOF-MS consists of two sequenced signals. The first signal, 

the start signal, is defined as the time when the particles are ionized between the 

extraction grids. The second signal, the stop signal, comes from the ionized particles that 

 

Figure 3-3: Reflector Style TOF-MS. This model used 100 ions with masses 

from Ag1
+
- Ag1000

+
 (108-10800 amu). The ions all shared the same 

initial velocity determined by the Mach speed of helium. The larger 

masses can be seen to intersect the solid components of the TOF-MS 

and do not make it to the detector. 
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arrive at the MCP and release a corresponding pulse. The difference of time between the 

start and stop signals can then be used to determine the mass of the particles. 

The start signal from the photodiode (FND100), which is aligned to detect some 

of the stray light produced by the Nd:YAG laser, is sent to a Discriminator (Phillips 

Scientific Model 708 Octal, 300 MHz) to form a standard NIM pulse. From the 

Discriminator the start signal travels along to the Time-of-Flight PCI Counting card (Fast 

ComTec Model P7886 PCI card) where it will start a clock. 

The stop signal is determined from the pulsed produced when the ions impact on 

the MCP. From the MCP the stop signal is sent to an Amplifier (Phillips Scientific Model 

777 8 Channel Variable Gain Amplifier) where the signal is strengthened, discriminated, 

and then finally passed on to the Time-of-Flight PCI Counting card. 

The Time-of-Flight PCI card uses the MCDWIN (version 2.92) program to 

compare the start and stop signals and place these signals up into user-selected bins for 

counting. The majority of the data sets that were collected had the detection range of 

approximately 7000 bins, a delay offset of 18,000 ns and a normal bin size of either 64 or 

128 ns of flight time per bin. These settings give the detector a range of up to ~136,000 

amu. 

 

 

  



29 

 

3.2 RARE GAS CLUSTER EXPERIMENTAL SETUP 

3.2.1 Overview 

In order to accomplish the Multi-Photon Ionization (MPI) experiments of the rare 

gas clusters using the TOF-MS, we need assemble all the components together. The main 

components that go into this experiments consist of a target gas (either molecular or an 

aerosol of microparticles), a means of get the gas to the chamber, a process of to produce 

the nanoclusters from the gas, a way to ionize the nanoclusters and finally a mass 

dependent way to detect the ions. 

The first three requirements (target gas, gas injector, and nanocluster creation) are 

all accomplished using a compressed gas cylinder in conjunction with a supersonic 

nozzle (two different designs). The mass dependent detector is the TOF-MS that has been 

previously described. The spectrometer and grids need to be kept in vacuum (to reduce 

contamination and to protect the detector due to the high voltages involved) and the 

supersonic nozzle needs to have a high pressure change so we have designed a multi-

chambered differentially pumped vacuum system. The final component of the setup is the 

ionization process. In our experiment we ionization the particles through MPI by means 

of a Nd:YAG laser. Figure 3-4 shows a block diagram of the rare gas experimental setup. 
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3.2.2 Laser (Nd:YAG) 

The ionization laser that is used in this experiment is a Nd:YAG Q-Switched laser 

produced by Quanta Ray Inc. We use the doubling setting from the DCR 2 to produce 

532 nm light. The laser is set to a fixed frequency of 10 Hz, pulse length of 8 ns and has 

an average power between 65-80 mJ per pulse of the 532 nm light. The laser is directed 

towards the target chamber using a series of optics which included a telescope lens pair 

(converging-diverging set) to reduce the spot size to half the diameter. 

 After the telescope, the beam is loosely focused on an BBO crystal to double the 

light for a second time. The 266 nm beam that is produced has an energy of 4.0 mJ/pulse. 

 

Figure 3-4: Rare Gas Cluster Experiment Block Diagram. 
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Both the 532 nm and the 266 nm light can be kept or removed using different color 

filters. 

The final optical elements in the beam include a pair of 90° prisms to serve as a 

periscope which directs the beam to the vacuum chamber and a spherical lens (quartz, 

focal length of 30cm) that focuses the light between the extraction grids inside. 

 

3.2.3 Chamber and Vacuum System 

The vacuum chamber is composed of three different sections (see Figure 3-5). 

The first section is the differentially pumped section of the vacuum system that contains 

the supersonic nozzle and the conical skimmer. The second section houses the TOF 

extraction, acceleration, and reflection grids. The third piece of the vacuum system 

contains the MCP detector.  



32 

 

 

3.2.3.1 Differential Pumping Chamber 

The first section that the nanoclusters travel through is the differential pumping 

chamber. The chamber has an input and an output along with the flange that the vacuum 

pump attaches to. The carrier gas enters through the supersonic nozzle and exits through 

a conical skimmer (described in Section 3.2.6). This section is maintained at 70 mtorr by 

a roots blower (Ruvac W251) which in turn is back by an roughing pump (Alcatel 2063). 

The high speed roots blower is needed to remove the gas that is deflected from the flow 

 

Figure 3-5: Diagram of the vacuum system. The orange components are the 

supersonic nozzle and the skimmer. The red components are the 

acceleration and reflecting grids. The yellow component is the MCP 

detector 
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by the skimmer. The pressure in this chamber is measured using a convectron gauge. The 

main purpose of this section is to skim off part of the gas beam to maintain the low 

pressures in the other two sections of the vacuum system. 

 

3.2.3.2 TOF Chamber 

The second chamber of the vacuum system is the TOF chamber. The skimmer 

marks the transition from the differentially pumped chamber to the TOF chamber. In this 

section of the vacuum system, the extraction grids for the TOF_MS are housed. The 

chamber has two diffusion pumps that deal with the large gas load that enters through the 

skimmer from the differential pumping chamber. The smaller of the two diffusion pumps 

(the one that is placed directly under the extraction grids) is a diffusion pump (Varien 

VHS 4) that runs at a speed of 940 l/s of He. The second diffusion pump is housed further 

back in the chamber along the flow of gas and is a larger diffusion pump (Varien VHS 6, 

1930 l/s of helium) than the first. The second pump is required to be the larger of the two 

diffusion pumps because most of the gas that flows into the chamber passes over the first 

diffusion pump and terminates near the second pump. Both diffusion pumps are back by 

a single roughing pump (Alcatel 2033). The pressure is measured using both a 

thermocouple gauge for high pressures and an ion gauge for the low operating pressures.  

 

3.2.3.3 MCP Chamber 

The final section of the vacuum system is the chamber that houses the MCP 

detector for the TOF-MS. The MCP requires that the maximum pressure when operating 

at 2*10
-5

 torr or less to prevent damage. This chamber is differentially pumped using a 
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turbo pump (Pfeifer Balzers TPU 240) that has a pumping speed of 240 l/s for He which 

is backed by a roughing pump (Edwards 30). The main chamber and the detection 

chamber are separated by a plate with a 1.75 inch opening. This plate enables to the 

accelerated ions to reach the detector while helping to keep the background gas in the 

previous chamber. The detection chamber is kept at 1.2*10
-5

 torr. The pressure in this 

chamber is measured using an ion gauge (Granville Phillips) right before and after the 

data collection part of the experiment is taken but not during the run. During the run, the 

ion gauge needs to be turned off do to the ions from the ion gauge moving and impacting 

on the MCP causing the detector to saturate.  

 

3.2.4 Nozzle Design 

Two different types of nozzles are used in these experiments. The first nozzle 

used is a pulsed nozzle design which would allow the gas to be injected from the supply 

lines into the chamber in a periodic manner. The second nozzle design is a continuously 

working (CW) nozzle that serves as the injector into the system but is constantly open. 

 

3.2.4.1 Pulsed Nozzles 

The pulsed nozzle consists of a solenoid valve coupled with a conically shaped 

opening. The pulsed nozzle works by utilizing a magnetic solenoid valve (General Valve 

Series 9) driven by a pulse generator (BNC Model 8010) connected to an amplifier that 

was designed in-house. The valve uses a nylon poppet to create the seal with the nozzle 

opening (see Figure 3-6).  
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Figure 3-6: Pulsed Nozzle with General Valve Series 9. The valve consisted of two 

different size and strength springs, a solenoid, an armature, and a nylon 

poppet. The poppet would fit into the armature and form the seal on the 

nozzle. The armature itself could be moved using the solenoid to create the 

desired opening times. 

The duration and frequency of the nozzle can be varied directly and monitored by 

an oscilloscope.  By using the input connection on the pulse generator, the nozzle can be 

triggered using the output signal from the Nd:YAG ionization laser. This allows the gas 

to be injected into the chamber so that the laser will hit the gas pulse at the right time. 

The nozzle opening itself was a 0.5 mm conical nozzle with a half cone angle of 15° (see 

Figure 3-7) which yields a deff of 3.798mm from Equation (2.4).  
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For the required chamber pressure of ≤ 2*10
-5

 torr, we could run the pulsed nozzle at a 

pressure of up to 1500 torr with a duration of 500 microseconds at the 10 Hz laser shot 

frequency. The delay that was found to work the best was 700 microseconds. 

 

3.2.4.2 Continuous Working Nozzle 

The supersonic nozzle we use is a conical nozzle with a 15° cone angle and a 

minimum opening diameter of 150 m. The entire nozzle was attached to a quarter inch 

Swageloc connection where it could be roughly aligned with the rest of the system. A 

steel spacer tube is located in between the nozzle and the outside flange to help set the 

distance between the nozzle and the skimmer. The conical nozzle replaced the original 

 

Figure 3-7: Conical Nozzle for the pulsed nozzle setup. The nozzle was designed 

to be able to fit two different styles of openings (it could be sealed 

directly to a flange or it could be placed on threaded tube inside the 

chamber). The nozzle was also made of copper to aid in the 

adaptation of experiments using a cooled nozzle if desired. The 

nozzle was also separate from the valve so that different geometries 

and size nozzles could be easily substituted or the nozzle could even 

be connected without the valve. 
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CW flat-plate nozzle that was purchased from Lenox Laser. The two nozzles are shown 

in Figure 3-8.  

The cone angle was chosen to minimize the spread of the gas as it leaves the opening of 

the nozzle. By choosing the 15° half cone angle we are able to maintain higher densities 

in the beam than what would be normally achieved with a standard flat plate nozzle 

without increasing the gas pressure inside the vacuum chamber [60]. 

 

3.2.6 Skimmer 

The skimmer that is used to help collimate as well as reduce the pressure in the 

back chambers is a Beam Dynamics .059 mm diameter orifice model 1. The skimmer is 

placed 0.5 cm from the nozzle and aligned with respect to the accelerating grids and the 

nozzle using laser alignment and by visually confirming alignment using some clean 

isopropyl alcohol that has been passed through the nozzle and the skimmer towards an 

indexing card. The current skimmer, along with the originally used skimmer can be seen 

in Figure 3-9. The tips of the skimmer maintain a sharp edge to ensure that the quality of 

 

Figure 3-8: Two different designs for nozzles used. The top is the homemade 

conical opening nozzle (150 m diameter, 15° half cone). The 

bottom nozzle was purchased from Lenox Laser (flat plate, 150 m 

diameter). 
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the beam does not diminish as it passes through the skimmers. The skimmers act as the 

divider between the differentially pumped chamber and the TOF-MS chamber and are a 

major aid in achieving the differential pumping scheme. 

 

  

Figure 3-9: Beam Skimmers. First skimmer used (shown at the right) was produced in 

house. The skimmer has a knife edge with an opening of 1 mm. The knife 

edge is formed from the intersection of two cones with different angles (see 

Appendix B). Skimmer was replaced by the curved model (shown on the 

left) due to the size of the opening being too large and not providing enough 

differential pumping. 

The skimmer opening was the means to maintain the pressures needed inside the vacuum 

system so the current skimmer design replaced the homemade one. The original nozzle 

had a 1 mm orifice and could not maintain the required vacuum pressures. 
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3.3 EXPERIMENTAL MODIFICATIONS TO THE TOF SETUP FOR LAM 

The second component of the nanocluster experiments is to analyze nanoparticles 

of metallic and semiconductor materials. This involves adding the LAM process to the 

existing setup. Some of major changes had to occur included the addition of the ablation 

cell and the use of the ablation laser. The addition of these two will only replace the rare 

gas supply from earlier experiments but the rest of the vacuum system as well as 

ionization laser and the TOF-MS will remain the same. Figure 3-____ shows a block 

diagram of the modifications to the setup. 

 

 

 

Figure 3-10: Block Diagram of Silver LAM experiment. 
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3.3.1 Ablation Laser (XeCl Excimer Laser) 

In order to achieve the laser ablation of the microparticles an Excimer Laser 

(Questek Model 2500) is used in these experiments. The laser provides a large but 

relatively uniform spot size that can be manipulated to our needs. The Excimer laser 

operates with a Xenon-Chloride gas mixture to achieve these requirements. The laser 

runs at 200 mJ per pulse with a repetition rate of 10 Hz while producing pulses with a 

length of 8 ns at the characteristic 308 nm wavelength. 

 

3.3.1.1 Fluence 

In order to achieve the minimum fluence of 2 J/cm
2
 for the silver nanoparticles, 

we are limited in the spot size we can achieve. Because the microparticles are entrained 

in a carrier gas and constantly moving through the focus of the laser, we need to ensure 

each shot would ablate as much material as possible. A pair of lenses is placed just before 

the ablation region. The focal spot was not placed directly on the ablation region but 

rather was placed so that the spot size on the ablation region achieved cross section that 

matched the gas beam cross section. The first quartz lens is a 20 cm focal length spherical 

lens. The second quartz lens is a 5 cm cylindrical lens. The two lenses in series produced 

a spot size of 0.13 cm wide by 0.53 cm high. This spot size and energy per pulse give a 

fluence of 2.9 J/cm
2
 which ensures that most of the laser spot reaches the minimum 

fluence (even into the edges of the focus). 

 

3.3.1.2 Laser Timing 

The two lasers, the ablation laser and the ionization laser, both must be timed in 

order to obtain meaningful data. The repetition rate limitations of the XeCl laser cause 
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only about 16% of the microparticles to be ablated. The microparticles that are ablated 

are the only sections of the aerosol that contain the nanoparticles due to the lack of 

mixing in the laminar flow. In order to detect the nanoparticles, we must make sure that 

the ionization laser is fired only when the section of nanoparticles are present in the 

detection region. This is achieved by using external triggers for each laser in conjunction 

with a master timer.  

The master timer consists of a pair of pulse generators (BNC Model 8010) hooked 

up in series. The first pulse generator is used to shape a set of 10 Hz pulses that will act 

as the trigger pulses for the electronics that follow. One set of these pulses are used as the 

trigger signal for the ablation laser. The output trigger signal from the pulse generator, a 

matching pulse set, is sent to the input trigger of the second pulse generator. Similarly, 

the second pulse generator (now firing relative to the first pulse generator) provides a 

trigger for the Nd:YAG ionization laser. By varying the delay of the input and output 

signals of the second generator we can achieve any timing delay, D, needed between the 

two lasers. Figure 3-11 shows a timing diagram for the aerosol generator (described 

later), ablation laser and the ionization laser. 
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A typical set of spectra detailing the time delay between the ionization laser and 

the ablation laser can be seen in Figure 3-12 for silver nanoparticles. The delay setting of 

10 ms corresponds to the timing delay when the created nanoparticles were located in the 

laser focus when the ionization laser fired (seen in Figure 3-13). Further time-of-flight 

mass spectra experiments were all conducted using this delay setting. The actual 

electronic delay setting was not recorded from the pulse generators but rather was 

determined from the photodiodes that detected the actual laser pulses (described below). 

This was done to remove any internal delays in the electronics of the pulse generators as 

well as the electronic delays in the laser circuits.  

 

Figure 3-11: Timing Diagram. The three signals are shown with their relative 

delays. The delay, D, between the two laser pulses is set by varying 

laser triggers until the maximum signal is obtained.  
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Figure 3-12: Timing spectra. The spectra were produced by delaying the time 

between the ablation laser and the ionization laser in order to find the 

delay, D, which allows the ablated material to reach the ionization 

region. Each spectrum was integrated over 2000 laser shots. 
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Figure 3-13: Silver Peak Evolution. The three peaks corresponding to the first three silver 

clusters found in the spectra in Figure 3-12 are plotted as a function of time. 

The delay time of 10 ms shows the largest silver signals which indicate the 

correct laser delay setting. 

 

3.3.1.3 Photodiodes 

The photodiodes that are used to detect the ablation laser light as well as the light 

from the ionization laser were again FND100s. The detectors were placed to catch stray 

reflections from other optical elements that are in the path of the beam. The photo-

detectors served two purposes. The first is a way to time the delay between the laser 

firing. The second, described before, gives the Time-of-Flight Mass Spectrometer the 

necessary start signal.  
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3.3.2 LAM Cell 

Laser ablation of microparticles is achieved using two different cells, namely the 

horn cell and the quartz cell. The quartz LAM cell that is used in these experiments has to 

meet certain requirements, namely: ability to direct the laser at the microparticles, entrain 

the microparticles on the carrier gas, and direct the now created nanoparticles to the 

supersonic nozzle. Below will describe the various ways we achieved these requirements. 

 

3.3.2.1 Quartz LAM Cell Geometry 

The quartz LAM cell consists of three main sections: the nozzle end, the quartz 

tube, and the skimmer end. The tube of quartz glass is the middle section and has an inner 

diameter of 0.980 inches and a length of 2.930 inches (GM associates). The quartz tube 

 

Figure 3-14: Picture of LAM Quartz Cell. The blue glow is from the ablation 

laser and the green spot is the area where the microparticles are 

actively being ablated. 
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keeps the gas, the microparticles, and the nanoparticles inside the cell while letting the 

ablation laser to be sent through the cell with minimal changes to the laser pulses.  

On the front end of the quartz tube attaches a stainless steel end cap. The end cap has two 

openings to allow two different gas flows to be coupled into the cell. The first inlet is 

located at the very center of the end cap and will serve as the way to flow the carrier gas 

with the microparticles into the ablation cell (center flow). This entrance has a nozzle 

attached to the inside face of the end cap which is approximately 1.25 inches long. The 

end of the nozzle has an oval shaped opening of 0.135 inches horizontally by 0.05 inches 

vertically. The end of the nozzle is polished to be a knife edge to help produce a laminar 

center flow. The other gas entrance is located off center and will serve as the co-flow 

(coaxial sheath) gas inlet which also helps keep the center flow laminar and confined. 

 

Figure 3-15: Picture of Ablation Cell. 
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The back end of the quart tube attaches to a similar end cap as the front. The main 

difference is that the nozzle is replaced with a skimmer of similar shape but with a 

horizontal axis of 0.315 inches and a vertical axis of 0.145 inches. Center flow outlet 

again has a Swageloc attachment to provide easy connection to the vacuum chamber. The 

dimensions of the skimmer are chosen so that the center-flow is able to match the gas 

load that goes through the supersonic nozzle downstream of the cell. Finally the spacing 

between the nozzle and the skimmer is approximately 1 cm. This length provides a large 

enough region to direct the laser through while maintaining a close enough distance to 

ensure that the center flow easily maintains its laminar flow. 

 

3.3.2.2 Flow Rates and Flow Velocities 

The ablation cell contains two streams. The center flow contains the 

microparticles and the newly created nanoparticles. The co-flow serves to hold the center 

 

Figure 3-17: Ablation Cell Nozzle and Skimmer Design. The ablation cell 

contains two similar pieces, the nozzle and the skimmer, that are 

nearly identical in design. The Swageloc that is seen clearly on top is 

for the co-flowing gas. 
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flow in a laminar regime and preserve the approximate cylindrical shape of the center 

flow. In order to achieve the laminar center flow, the two flows must be matched so that 

the linear velocities of both gases match each other at their joint boundary. The center 

flow was set at 70 mL/min which forces the co-flow rate to be 1500 mL/min. At these 

rates the linear velocity of the center flow through the cell is 0.34 m/s. 

 

3.3.2.3 Powder Feeders and Drum Feeders 

We use two methods for seeding the microparticles in the carrier gas. The first 

method, the powder feeder, uses a small opening in the carrier gas line that can be filled 

with microparticle powder. The feeder is agitated to allow some material to continually 

fall into the gas and flow vertically towards the nozzle. The vertical section of flow 

allows the big clumps of material to settle out. The second way of entraining the 

microparticles into the carrier gas is the drum feeder which is currently being employed 

in these experiments. It consists of a small hollow steel cylinder with a piece of rubber 

stretched over the bottom like a drum head. The top of the cylinder is capped with a piece 

of clear acrylic to serve as both a window and a way to load the stock material into the 

drum. The acrylic window is sealed to the rest of the system using a nested o-ring. Near 

the top of the cylinder are two ¼ inch openings that serve as the inlet and outlet of the 

carrier gas. On the bottom side of the drum head is a solenoid (a modified General Series 

Valve 9) that produces a pulse on the bottom rubber piece (similar to a drum beat). The 

pulse causes the rubber to move up which ejects some of the material into the upper 

section of the cylinder where it becomes entrained in the carrier gas and can be directed 

towards the ablation cell. Below are two figures showing the drum feeder. 
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3.3.3 Background Signal 

In order to get useful spectra from the TOF-MS we first must measure the 

background signal. The first issue with the background is the ion gauge that measures the 

pressure at the MCP detector. As it was stated before, the ion gauge saturates the MCP 

detector due to the high number of ions that are constantly being produced. This is easily 

fixed by turning off the ion gauge when the actual experiment is running. 

 

 

Figure 3-17: Side view of drum feeder. The bottom piece is missing the solenoid 

that provides the pulses on the stretched rubber drum head. The clear 

acrylic cap can be seen with the o-ring seal to prevent material from 

escaping. The Swageloc fittings and connectors that attach to the gas 

line and the ablation cell can be seen as well. 
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The second issue is the background that is generated by the diffusion pump oils. 

The oil molecules that reach the ionization region of the TOF-MS are accelerated towards 

the MCP detector in the same way as the ionized nanoclusters. These background ions 

produce background signal that has a “fingerprint” TOF spectrum corresponding to their 

individual chemical structures. The two main oils that are used in the diffusing pumps are 

1,1,3,5,5-Phentaphenyl-1,3,5-Trimethyl Siloxane and Phenyl Methyl Siloxane which can 

be seen in Figures 3-18 . 

 

The oils can be fractioned into smaller components which will also reach the detector in a 

time that matches their mass to charge ratio. A characteristic yet incomplete list of these 

fractions can be found in Figure 3-19.  

 

 

 

Figure 3-18: Diffusion Pump Oil. The presence of the two oils shows up in the 

background spectra along with their corresponding fractioning 

masses. 
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Figure 3-19: Oil Fragments from the diffusion pumps and their corresponding 

masses. 
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The two benefits of the background are the ability to give an external way of calibrating 

the TOF-MS so that unknown masses can be correctly identified. The other benefit is that 

the oil from the diffusion pumps do not cluster like the samples we are studying which 

means that the spectra is completely background free past the mass of the 1,1,3,5,5-

Phentaphenyl-1,3,5-Trimethyl Siloxane molecule which has a mass of 546 amu. 

A typical background spectrum can be seen in Figure 3-20. The spectrum 

demonstrates the fractioning masses of the oils listed above. 
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Figure 3-20: Background Spectrum of the TOF-MS. A selection of the standard 

diffusion pump oil peaks observed in the spectrum are labeled using 

the fragments shown in Figure 3-19. 
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In the pulsed nozzle experiments, the background was less significant when the 

actual experiment was running. This was presumptively due to the pulses of gas 

“blowing” away the oils from the ionization region. This happens much less in the CW 

nozzle experiments due to the smaller nozzle diameter and thus the smaller peak gas 

flow.  

In a final attempt to help eliminate the background signals, we inserted a series of 

apertures that matched the focusing ionization laser with the hopes of reducing the 

scattered light from the vacuum chamber windows and thus reducing a possible 

ionization source. This, however, had a very minimal effect on the background. 

 

3.3.4 Solid Target Ablation Cell 

A solid target ablation cell was produced to be used in solid target ablation 

experiments but never implemented. The normal quartz LAM cell was modified slightly 

to accommodate the addition of the solid target. A copper rod was placed next to the 

nozzle and skimmer inside the quartz tube. The horizontal position on the opposite side 

of the laser was chosen so that the laser hitting the rod would produce a plume of 

nanoparticles into the center-flow.  

The copper rod contained a threaded end so that the rod could be rotated 

providing a fresh surface for every laser shot to combat some of the issues that Smalley 

and his collaborators had encountered and resolved [24]. The solid target ablation cell can 

be seen below. 
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Figure 3-21: Solid Target Ablation Cell picture. The nozzle and the skimmer both 

maintain the same location but the copper rod is inserted to the right. 

The laser would be focused on the rod from the left which enables 

the plume of nanoparticles to be created in the center flow. The rod 

can be rotated to keep a fresh section of material in the ablation path. 
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Chapter 4: Nanocluster Distribution Results 

4.1 NOZZLE OPERATION EXPERIMENT  

Once we completed the experiments to check the differences between a pulsed 

nozzle and a continuous working (CW) nozzle, we found that, at the lower mass scales, 

very few differences in the size distributions that were observed. The main question was 

if the stagnation time in the nozzle was responsible for increasing the size of the silver 

nanoparticles and by extension failing to produce small detectable nanoparticles. 

Previous results given by Lang (see Figure 4-1) show the size distribution from a pulsed 

conical nozzle [56].  
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Figure 4-1: Pulsed Conical Nozzle TOF-MS for Silver nanoparticles produced 

by LAM. Only the silver monomer, dimer and trimer can be seen 

[56]. 
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The pulsed nozzle distribution only shows silver clusters relating to the monomer, dimer 

and trimer but fail to produce anything larger within the range of the spectrometer. 

 The experiments that were run using the pulsed conical nozzle showed very 

similar results. Figure 4-2 shows the silver TOF-MS results using a very similar conical 

nozzle but with the CW design.  

Again only the spectrum containing the monomer, dimer and trimer were ever seen. 

There is a major difference that can be seen in the spectrum however namely the relative 

signal to noise ratio. The pulsed nozzle shows almost a full suppression of the noise 

0 107 214 321 428 535 642 749 856 963

0

50

100

150

200

250

Ag
3

+

Ag
2

+

Ag
1

+

In
te

g
ra

te
d
 I
o
n
 C

o
u
n
t 
(a

rb
.)

Mass (amu)

 

Figure 4-2: Continuous Working Conical Nozzle TOF MS for Silver 

nanoparticles produced by LAM. Only the silver monomer, dimer 

and trimer can be seen. 



57 

 

where as the CW nozzle shows a much greater signal from the noise. This can be 

attributed to the nozzle differences. The pulsed nozzle had an opening that was 500 m 

where the CW nozzle only had a 150 m opening. As stated in Chapter 3, the major 

source for the noise is the diffusion pump oils. The gas flowing through the nozzles 

blows the oils out of the ionization region thus suppressing them. The smaller nozzle 

diameter for the CW nozzle produces less gas flowing through the nozzle and is not as 

efficient at removing the background. 

We questioned the mass range of the detector when silver clusters heavier than 

the trimer were not observed for either nozzle geometry. However, data points taken from 

previous xenon TOF spectra indicates that larger clusters can be observed. Figure 4-3 

shows a mass spectrum of xenon taken with the same pulsed nozzle that was previously 

used by Lang. It can clearly be seen that xenon peaks up to clusters contain 16 atoms are 

being produced. With the average mass of 131 amu for xenon, this would correspond to a 

minimum range for the detector of just short of 2100 amu or silver clusters as large as 20 

atoms. It should be noted that a one nanometer silver nanoparticle contains about 40 

atoms where as a 2 nm and 3 nm nanoparticle contain about 300 and 1000 atoms 

respectively.   
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A similar spectrum using the CW nozzle was taken and compared and shows almost 

identical peak heights to the pulsed nozzle spectra (see Figure 4-4). There is still the 

background noise issue and some of the higher peaks failed to become distinguishable 

from the noise. 
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Figure 4-3: Xenon time of flight spectrum with the pulsed nozzle design. Xenon 

clusters from Xe1 through Xe16 can clearly be seen. It should be 

noted that Xe13 is slightly larger due its “magic number” geometry 

[50]. 
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Figure 4-4: Xenon time of flight spectrum with the continuous nozzle design. 

Xenon clusters from Xe1 through Xe5 can be seen.  
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4.2 LOG-NORMAL DISTRIBUTION EXPERIMENT 

The silver TOF spectra also give us some indication of the log-normal distribution 

that results from the LAM process. The previous studies done using TEMs were possibly 

limited both in the collection process of the nanoparticles as well as in the resolution of 

the microscope. Using supersonic jet impaction has the consequence of selecting out 

particles below a certain mass (see work done by Nichols [34]) when depositing 

nanoclusters on solid targets. However, the lack of peaks on the low mass side (aside 

from the monomer, dimer and trimer) is consistent with both the previous done 

experiments using TEM (with a resolution of ~1 nm) measurements as well as the theory 

regarding cluster growth. The lack of the peaks corresponding to small clusters would 

indicate that the supersonic jet impaction techniques used to generate the TEM 

micrographs do not limit the observed size distribution of the particles in an observable 

way but rather, that those small clusters are failing to be produced. 

The presence of peaks corresponding to the monomers, dimers and trimers 

however are not predicted by the nanoparticle model. This theory only deals with the 

growth of the particles [15, 35] and not the detection of the particles. The internal cluster 

energies acquired in the MPI process unfortunately tend to be greater than the 

dissociation energy and thus the clusters have the ability to be break apart. A simple 

diagram of how the process works is as follows: 

 
      

     

           
       

            
                         

Mother Cluster 
            
     Excited Cluster  

            
      Fragmentation 

(4.1) 

The mother cluster gains more energy than ionization potential such that it forms an 

excited cluster. The cluster then now has enough energy to both ionize the cluster as well 

as cause the cluster to fragment [61, 62]. Some of the extra energy is also removed with 
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the ejected electron. The laser fluences used in our experiments a much higher (~500 

mJ/cm
2
) than the fragmentation thresholds (.1-.3 mJ/cm

2
) indicated by Mandich and 

Rinnen [27, 28] (however it should be noted that these energies and fluences are similar 

to other TOF cluster studies such as work done by Echt [50]). Work presented by Klots 

[63, 64] and Schmidt et al. [65] suggest that this is an evaporation process that will allow 

the clusters to eject small constituents (e.g. the monomers and dimers). This work is 

supported by the work done by Huda and Ray [66] whom have shown that the stable 

components ejected correspond to single, pairs and triplets of atoms and thus accounting 

for the three visible peaks we see in our experiments (the corresponding dissociation 

energy for these fall in the range of ~1-3 eV). Since the evaporation process is isotropic, 

there should be a broadening of these peaks due to the kinetic energy associated with the 

evaporation process which is seen in our data. The final piece of this argument is the 

ionization of the small fragments but these can be explained when one considers the 

temporal length of the pulse and that the front edge of the pulse can cause the evaporation 

while the middle and the end of the pulse can induce the ionization. This is important 

because the charge associated with the ionization/fragmentation process tends to ionize 

the heavier fragment and not the lighter ones. This still leaves the relatively large 

nanoparticles that are predicted by the log-normal distribution which corresponds well to 

the narrow mass spread in the LAM process but again, those masses are unable to be 

detected with the current TOF-MS.  

Another possible reason that the monomer, dimer and trimer appear is that there is 

some residual silver gas that was produced in the laser ablation process that does not 

form into nanoparticles. Nichols et al. suggest that the LAM process consists of two 

modes, the shock wave mode, which was discussed before, as well as a surface 
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evaporation mode which precedes the shockwave (this process is more prominent at 

lower ablation laser fluences) [67]. If the fluence is below the threshold (such as at the 

beginning of the laser pulse), then the evaporation process will occur until the fluence 

reaches a high enough value to produce the shockwave. With this information, the laser 

has a temporal distribution that would allow for the evaporation process to occur but the 

prominent process will still be the shockwave (the fluences used in these experiments 

were similar to the mid to high range of the fluences noted in the paper by Nichols). If we 

assume that 1% of the microparticle atoms do not contribute to the nanoparticles (e.g. 

those occurring from the evaporation process and do not nucleate), then these atoms go 

through the supersonic nozzle where they expand. If this happens with the experimental 

condition listed previously, then the silver will have a partial gas pressure of ~1 atm 

leading to a Hagena number, *, of less than 0.1, well below the minimum value of 200 

which is required for clusters [4, 68]. This, however, still suggest that we produce the 

large nanoparticles but the small observed peaks in our signal come from the residual 

atoms that do not contribute to the nanoparticle production. 

In order to bridge the gap between the small sizes that were investigated in these 

experiments and the sizes seen in previous TEM experiments, some changes to the 

detector should be made to accommodate this unique size range. A different detector 

geometry and simulation can be found in Chapter 6 along with other proposed 

experiments. 
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Chapter 5: Nonlinear Optical Properties of Silver Nanocomposites 

5.1 SECOND ORDER OPTICAL PROPERTIES 

One class of optical properties that has been recently explored with increasing 

enthusiasm is that of nonlinear optical properties. Recently there has been some work 

done investigating optical interactions with nanoclusters such as the tuning of resonances 

to enhance the nonlinear susceptibilities of nanoclusters [40] and well as using the small 

sizes of the nanoclusters to gain enhancement to various optical properties [41, 42, 69-72] 

to name two. The world of nanoclusters provides us with a new realm of materials that 

can be highly tuned and studied. Following will look into the theory behind the use of 

spherical nanoclusters to enhance second harmonic generated light. 

This particular experiment aimed to further the nonlinear optical enhancement 

that Stoker was able to achieve by rotating a sample of silver and NdAlO3 

nanocomposites. He showed results consistent to the work done by Simon et al. for their 

angle dependent surface-plasmon coupling [73]. In the rest of this chapter, I will describe 

the experiment to further enhance the second harmonic optical signal generated in the 

same nanocomposites along with the corresponding theory, results and discussion. 

5.1.1 Spherical Symmetry and Second Harmonic Generation 

Work done by Dadap et al. [69, 72] and Brudny et al. [70, 71] have shown 

theoretically, though with two different approaches, that for particles smaller than the 

wavelength of light that the Second Harmonic Generated (SHG) frequency is mainly a 

response to the nonlocal electric dipole as well as a localized electric quadrupole. Later, 

work done Figliozzi and his collaborators have developed a method of enhancing the 

second-order nonlinear response of centrosymmetric nanoparticles by taking advantage 
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of the electric field interaction with the gradient of the electric field in silicon 

nanoclusters [41]. The process of obtaining this enhancement is as follows: 

The second order polarizability of the nanocrystal has two components. The first 

component is from the dipole moment of the particle interacting with the electric field. 

The second term arises from the quadripolar interaction with the gradient in the electric 

field. For an array of nanoparticles, this takes the form of: 

             
    

 

 
       

    (6.1) 

Two incident beams are directed towards a spot on the sample. The first beam is 

polarized in the vertical (y) direction and propagates in the forward (z) direction. The 

second beam is directed as the sample to make an angle, a, with the first beam, both lying 

in the same horizontal plane. The beam propagates in the forward and horizontal plane. 

These can be written as: 

 

           

           

                                       , 

                        

(6.2) 

The sum frequency (SF) polarization density can be given as: 

       
   

                                       
                (6.3) 

 The first term vanishes due to the dot product between E1 and k2 which lie 

orthogonally and leaves us with only the second term to contribute to the SH polarization 

density 

                 (6.4)  

After substituting equations (6.2), the result is: 

                                             (6.5)  
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After simplification, we are left with 

                    (6.6)  

Thus Eq. (6.6) shows that the maximum signal in the forward direction will be 

when the value of  becomes 90° or when the polarizations of the incoming beams are 

orthogonal. The underlying signal enhancement is due to the large electric field gradients 

produced by the gradient of the electric field (which is now directly related to the 

wavelength) of the rotated second beam [41, 42]. 
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5.2 SHG EXPERIMENT DESCRIPTION AND SETUP 

In order to investigate the optical properties of the nanoparticles, we created a 

modified pump-probe style setup. The setup consists of four major components: a 

Femtosecond Ti:Sapphire Laser and the beam compensator, a set of delay stages , the 

target sample (silver nanoparticles), and a photon detection source (a spectrometer and an 

optical multichannel analyzer or a photomultiplier tube). Figure 5-1 shows a block 

diagram of the experiment setup. 

  

 

 

Figure 5-1: Block diagram of the silver fluorescence lifetime setup. For the 

polarization dependence setup, the silver nanoparticles take the roll 

of the nonlinear crystal instead of a separate optical element unique 

to only one side of the beam line. 
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5.2.1 Femtosecond Ti:Sapphire Laser and Compensator 

The laser used for the optical property experiments is a KM Labs Ti:Sapphire 

Femtosecond Laser with a bent geometry design. The Ti:Sapphire Laser is pumped by a 

Coherent Verdi V10 Nd:Vanidate Laser. The Ti:Sapphire laser has a repetition rate of 87 

MHz and a pulse with of 69 fs FWHM. 

Once the laser pulses exit the laser, they are directed to a pair of prisms and a 

reflector that create a Prism Compressor which provide a negative chirp to the pulse to 

compensate for the positive chirp the pulse will gain when they go through the optical 

components further down the beam line (e.g. lenses and the sample substrate). This will 

lengthen the beam temporally in such a way that the bluer components of the pulse to 

have a shorter path length than the redder components which will cause the blue to 

precede the red in time. When the stretched beam reaches the dispersive elements in the 

system, the blue components will travel slower through them allowing the red side of the 

beam to catch back up and thus the beam will be recompressed down to an ultra-short 

pulse width. In Figure 5-2 one can see the SHG signal from an autocorrelation which 

gives us the pulse width at the sample of 69 fs FWHM. 
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5.2.2 Delay Lines 

The beam was separated into two beam arms using a 50/50 beam splitter. One 

beam was directed to a course delay line consisting of a flat mirror on a hand operated 

translation stage. The beam was then directed towards the sample. The second beam was 

directed at two mirrors set at 90° apart to form a retro-reflector. These two mirrors were 

placed on a motorized translation stage operated by a GPIB interfaced Zaber Motor. The 

translation stage had a total travel length of ~.8cm which would correspond to an optical 

delay range of 53 picoseconds. The motor was controlled, via the GPIB interface, with a 
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Figure 5-2: Autocorrelation of the Ti:Sapphire laser in Beta Barium Borate 

(BBO). The deconvolution of the two Gaussian input signals 

produce a pulse duration of 69 fs FWHM. 
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LabView program designed to operate and record the position of the motor with the 

corresponding spectrum recorded by the detector. This setup provided a means to 

perform an autocorrelation on the beam to both measure the pulse width accurately as 

well as ensure that both beams pulses would occur in the same spatial location at the 

same time. The full beam path with all the optical elements can be seen in the Appendix 

C. 

 

5.2.3 Target Sample 

The target samples that are used were produced by our research group using LAM 

deposited on a sapphire substrate in a direct-write process [34]. This line of silver 

nanoparticles was then coated in a glass of NdAlO3. The original stock material for the 

silver nanoparticles was microparticles produced by DuPont that had an average diameter 

of 2 micrometers. These particles were seeded in a helium carrier gas were they were 

ablated using a KrF Excimer ablation laser running above the fluence threshold. The 

newly created nanoparticles were deposited on the sapphire substrate using a supersonic 

nozzle that had been placed over the movable substrate. As the nanoparticles were 

produced and implanted on the substrate, the substrate was linearly translated to produce 

a line of silver nanoparticles. The cross section of the line allows for a gradient in the 

particle concentration of 0.5 nm/m. The nanoparticles were then coated in the NdAlO3 

glass using pulsed laser deposition (PLD) to create the nanocomposite materials. The 

glass used in the PLD was made using a rather drawn out process of crushing and mixing 

the sample by hand, pressing the sample back into a pellet using a hydraulic press and 

firing at increasing high temperatures for hours in a box furnace and then repeated the 

whole process a half a dozen times. The samples were made and previously analyzed by 
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David Stoker [40]. Using the results from Stoker, the experiments conducted in this 

research use only the section of the line that was primarily a mono-layer of nanoparticles. 

The laser was directed at the sample in a way where the laser first went through the 

substrate then interacted with the actual sample in order to avoid absorption of the signal 

in the substrate (see Figure 5-3). 

 

 

5.2.4 Detector 

The detector that is used for these experiments is an Optical Multichannel 

Analyzer (OMA) in conjunction with an optical spectrometer. The OMA that is 

 

Figure 5-3: Focus of laser onto sample. The sample is placed in the path of the 

beams so that the beams themselves travel through the sapphire 

substrate first and then interact with the silver nanoclusters. The 

filter can be removed or added as needed. In the case of the cross 

beam setup, the filter is not required due to the spatial separation of 

the three output beams. 
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specifically used is an Princeton Research model 1420 OMA and the spectrometer was a 

standard Instruments SA, Inc. spectrometer with a grating of 300 grooves per mm and a 

blaze angle of 500 nm. The light that is collected from the sample is imaged onto the slit 

of the spectrometer with a lens that matched the f/# of the spectrometer to provide the 

best signal. We cool the OMA to -10 C to help to reduce the dark noise in the system. 

The range of the spectrometer is limited so grating has to be move periodically to capture 

the whole signal. Figure 5-4 shows the SHG spectrum from the silver nanoparticles along 

with the fluorescence signal. The breaks in the spectrum are due to the mismatch when 

the grating was shifted to capture the whole wavelength.  

 

Figure 5-4: Silver Fluorescence Spectrum. The fluorescence spectrum from the 

silver nanoparticles using a two photon excitation from at 800 nm 

Ti:Sapphire Femtosecond laser. The strong peak at 400 nm 

corresponds to the second harmonic generation of the laser in the 

silver sample. The spectrum was taken using multiple spectra that 

were later reconstructed together to show the full spectrum. This was 

used due to the limited spectral range of the spectrometer. 
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The grating that is used, like all gratings, has a polarization dependence which causes 

different reflectivity based on vertical versus horizontal polarizations. Figure 5-5 shows 

the polarization dependence measured using only small modifications to the setup that 

was described above.  
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Figure 5-5: Polarization dependence of the spectrometer and the OMA. The 

signal follows the expected sine squared function. 
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5.3 RESULTS AND DISCUSSION 

After completed the initial experiments involving the second harmonic generation 

using silver nanocomposite, we found that the composite showed signs of signal 

enhancement with respect to the polarization changes of the initial two beams. As one of 

the two input beams was rotated through 360° while the other beam kept the same 

polarization, the output signal varied drastically. The variation in the detected signal was 

different than what was predicted however (see Equation (6.6)). Over the 2 rotation, the 

detected signal should follow the predicted sine squared relationship and thus display two 

distinct peaks: one at 90° and the other at 270°. The signal that was collected showed two 

additional peaks, one at 0° and another 180°, in addition to the two peaks corresponding 

to an orthogonal beam configuration.  The data set displayed in Figure 5-6 shows the 

integrated data taken by the detector for each rotation angle. At each point, a spectrum 

displaying the 400 nm SHG signal was obtained and integrated to give the integrated 

photon count.  
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There are two additional sets of data that need to be considered to obtain 

conclusive results. Due to a failure in the pump laser, these two additional data sets were 

never obtained. The first necessary piece of information needed to help reconstruct the 

actual data points is the rotational polarization response to the substrate that supports the 

silver nanoparticles. There most likely is a signal produced from the substrate that needs 

to be accounted for that will mask the actual nanocomposite response. The second piece 

of information that is needed is a way to account for the spectrometers polarization 

response. The polarization response of the grating and optical components of the 

spectrometer were previously shown this chapter. This signal does show there is factor of 
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Figure 5-6: Polarization Dependence of SHG Signal in Silver Nanoparticles on a 

Sapphire substrate. The angle measures the rotation between the two 

laser beams. 
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two variation over the 2 rotation but only illustrates the response of the detector if the 

input signal is known. Since the SHG signal is generated by the input signals and is not 

the input signal itself, a phase factor in the signal is undetermined. For example, if the 

input beams cause a /2 rotation similar to a type one nonlinear crystal, then the two 

extra peaks would be suppressed leaving the expected signal. However, if the phase shift 

is zero, then the peaks that remain after the analysis correspond to a parallel polarization 

of the input beams. These two corrected signals can be seen in Figure 5-7 and 5-8 with 

the corresponding sine squared fit. These two, however, still do not take into account the 

first issue that was discuss, that of the substrate response.  
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Figure 5-7: Corrected cross SHG signal for a detector response with a phase 

shift of /2. 
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Figure 5-8: Corrected cross SHG signal for a detector response without a phase 

shift. 
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5.3.1 Experimental Improvements and Future Work 

A much more practical solution to the convolution problem would be to make use 

of a detector that does not have a polarization response. The way that Figliozzi et al. 

accomplished this was through the use of a stand-alone PMT or CCD (without the grating 

in the spectrometer) [41, 42]. By using this they were able to eliminate the detector 

response (the substrate response was still convoluting the signals and had to be taken 

account). This group lead by Prof. Downer was kind enough to lend me some time on 

their system to attempt this correction but technical issues with their pump lasers as well 

as lab upgrades prevented me from obtaining any additional data sets that would aide in 

the analysis. The preliminary information obtained however does warrant further 

investigation when additional resources become available. 
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Chapter 6: Conclusion and Future Work 

6.1 DISCUSSION 

As I have present in the previous chapters, we were able to advance some of the 

fundamental research done with nanoparticles. The work concerning the use of a pulsed 

nozzle compared to a continuous working nozzle showed that the particles produced 

followed the same distribution over the range of our detector. We also were able to see 

that the log-normal distribution maintained its expected shape at low mass sizes (see 

Figures 2-5 and 4-2) with only a small deviation that can be explained with a cluster 

dissociation process. Finally we were able to obtain some preliminary results that show 

enhancement of a second order optical signal using a duel polarized beam approach. In 

the final sections of this dissertation, I will suggest a few improvements to the 

experiments that were attempted as well as some future experiments that would help to 

answer some of the questions surrounding nanoclusters. 

6.2 NEW DESIGN OF TOF-MS WITH REFLECTRON 

As stated before, one of the biggest problems with the TOF-MS was the inability 

to detect large masses (above 2000 amu) necessary to perform a detailed analysis of the 

log-normal distribution.  

The main problem deals with the efficiency of the MCP detector. Work done by 

Gilmore and Seah [58] have shown that the efficiency of the detector is mass dependent 

and that the efficiency falls off with increasing mass (see Figure 6-1). 
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This can be countered by increasing the kinetic energy that the impacting ions contain. 

The standard way to accomplish this is to hold the acceleration grid at a higher potential 

causing the ions to obtain higher kinetic energies. The design of the current detector 

limits the potential of a maximum below 1 kV otherwise an electrical arc is formed, 

damaging the grids. Since the velocity of the ions goes as the square root of the potential 

[56], in order to gain the desired efficiency, a huge voltage is required. 

Not only do the voltages on the acceleration grids have to be increased but a 

similar change in the reflector is needed addressed. Only a small range of ion masses will 

be properly deflected towards the detector with high enough energy to be detected. As the 

voltages get higher the reflector must also be increased in voltage. Since the higher 

 

Figure 6-1: MCP Detector Efficiencies for different accelerating voltages 

measured by Gilmore and Seah [58]. 
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masses have more inertia going into the reflector, they in turn need more distance to 

change direction than the smaller mass ions. Work done by Bergmann, Goehlich, Martin, 

and Schaber [53-55] (based on work originally done by Karataev et al. [74]) detail a 

different geometry TOF-MS that can handle both small and large ion masses by using 

much higher voltages and giving some more experimental controls than what we are 

currently using. The two main differences between our current design and their setup is 

the inclusion of focusing and directing ion optics as well as the use of a “reflectron” 

design instead of the reflector that we use. 

 

6.2.1 Simulations of a Reflectron Style TOF-MS 

Below is a SimIon simulation of the detector described by Bergmann et al. [53-

55]. The voltages used are much higher (~8 kV) than the voltages we are currently using 

(~ 3 kV) which gives the needed kinetic energy in order to increase the efficiency of the 

MCP detector. The simulated clusters range through the entire range of sizes from single 

monomers to clusters containing 10
3
 atoms. A minor difference with this setup is that the 

clusters are not injected through the first grid but orthogonal to their future ion path but 

the focusing ion optics compensate for this. The focusing optics also allow for a finite 

size distribution for the ionization site while still maintain a very high degree of particles 

on target (in the simulation shown in Figures 6-2 through 6-4 less than 2% of the ions 

simulated failed to reach the detector). 
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Figure 6-2: Reflectron TOF-MS. The size clusters range from 1-10
3
 atoms with 

an initial velocity and distribution comparable to the current 

experiments. 
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Figure 6-3: Reflectron TOF-MS. The accelerating grids and ion optics can be 

seen on the bottom and the MCP detector can be seen on top. The 

masses are injected orthogonal to the ion beam path thus causing the 

ions to for a fan pattern between the first and second grids. 

 

Figure 6-4: Reflectron TOF-MS. The ions can be seen entering the reflectron 

and getting reflected backwards and slightly upwards towards the 

detector. 
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6.3 RESONANCE ENHANCED MULTI-PHOTON IONIZATION EXPERIMENT 

An interesting extension to the current experiments that could be preformed, 

assuming that different size nanoparticles can be consistently reproduced and detected, 

would be to delve into the realm of nanoparticle resonances. Looking at Resonance 

Enhanced Multi-Photon Ionization (REMPI) would be a natural progress of this 

experimental design. Figure 6-5 shows a block diagram how the current experiment can 

be easily adapted to include a variable wavelength dye laser. 

The presence of a current dye laser on the same optical table in our lab would make this 

transition quite accessible. This would allow us to vary the wavelength over the range of 

a particular dye or dyes to see if there are any fluctuations in the detected ion signals. If a 

 

Figure 6-5: Block Diagram of the proposed REMPI experiment. 
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resonance occurs, the effective MPI cross section could jump by orders of magnitude thus 

giving a similar response in the number of collected ions [48]. One advantage of 

combining REMPI with at TOF-MS is that we would be able to detect, in parallel, 

multiple nanocluster sizes over the wavelength range with very little work. 
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Appendices 

APPENDIX A: CONICAL NOZZLE 
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APPENDIX B: CONICAL SKIMMER 
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APPENDIX C: BEAM PATHS FOR THE SECOND ORDER OPTICAL EXPERIMENTS 

 

 

Figure C-1 Front half of the beam line. The delay line can be seen including 

both the automated delay stage as well as the course delay. The chirp 

corrector is also visible. 

 

Figure C-2: End of the beam line. The reference beam and the signal beam can 

be seen. The system can be modified to do either a cross beam 

design or a collinear beam design. The system can also be setup to 

run fluorescence lifetime measurements but substituting in the 

appropriate optics into the beam. 
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