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2.2 Particle Accelerator 

 For this experiment we will be using a NEC 1.1MV tandem electrostatic particle 

accelerator, shown in Figure 6. This particle accelerator has the ability to accelerate 

protons to energies of 2.2MeV. For our experiment we will be using protons, so we will 

start with hydrogen gas which is fed into a quartz bottle. A radio frequency discharge of 

100mHz is supplied to the hydrogen gas in the quartz bottle to produce a plasma of 

positive ions. This occurs by stripping the electrons from the proton in the hydrogen gas. 

A voltage difference, in the range of 2-6 kV, accelerates the protons from the quartz 

bottle into the Rb furnace as shown in Figure 7. In the Rb furnace, a low density vapor of 

Rb is produced. The atoms of this Rb vapor have very loosely bound valence electrons. 

Through charge-exchange collisions, the protons gain two extra electrons producing H
-
 

before being injected into the main section of the accelerator shown in Figure 8. 

Figure 6: A picture of the Union College 1.1MV tandem Pelletron particle accelerator. 

The particles begin on the right side of the figure in the ion source and then are 

accelerated through the tank and magnetically steered until they reach the scattering 

chamber at left end. 

Ion Source 

Accelerator Tank 

Magnetic Steering 

Scattering Chamber 
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Figure 7: Schematic of the ion source Hydrogen gas being fed into the quartz bottle 

across which 2-6kV potential difference can be applied. This extracts the H
+
 into the Rb 

furnace where the ions pick up two electrons through charge exchange collisions 

becoming H
-
 and injects them into the accelerator.

8 

 

Figure 8: A picture of the inside of the accelerator tank showing the terminal shell in the 

middle which has a static positive charge and causes the negatively charged protons to be 

accelerated towards it with 1.1MeV of work being done on the protons. Then, low 

density nitrogen gas is bled to the terminal which strips the electrons and the protons are 

then accelerated away from the terminal with another 1.1MeV of work being done on the 

protons. 

 

He H 
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The accelerator itself is a tandem electrostatic machine with a positive terminal 

potential of up to 1.1MV. The Pelletron charging system charges the terminal by 

induction and the chain inside of the pressure tank consists of metal pellets connected 

together by insulating links. The negatively charged inductor electrode pushes electrons 

off the pellets while they are in contact with the grounded drive pulley. Since the pellets 

are still inside the inductor field as they leave the pulley they retain a net positive charge. 

The chain then transports this charge to the high-voltage terminal where the reverse 

process occurs. When it reaches the terminal, the chain passes through a negatively 

biased suppressor electrode that prevents arcing as the pellets make contact with the 

terminal pulley. As the pellets leave the suppressor, charge flows smoothly onto the 

terminal pulley giving the terminal a net positive charge. When the protons with their 

extra negative charges enter from one side they are accelerated through the first half of 

the accelerator which has a 1.1 MV potential difference and 1.1 MeV of work is done on 

the proton by the terminal. At the terminal a low density nitrogen gas is bled in from an 

outside source and this strips the protons of their two electrons, again through charge 

exchange collisions. The protons are then accelerated through the second half of the 

accelerator and this results in another 1.1MeV of work on the proton. We can then 

calculate the total work being done on the particle using the following equation 

            (     )   (    )  (      )       (     )         [7] 

where the first term is the work done across the source, the second term is the work done 

across the low energy portion of the accelerator and the third term is the work done 

across the high energy portion of the accelerator. We can then use this to find how fast 

the protons are moving using the following equations 

                      
          

   
             (   )     [8] 

We then solve this equation to get a value of 1.0023 for γ and we can then solve for the 

velocity of the proton using the following equation 

   √
    

                          [9] 
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Note that we did not need to take into account relativistic effects since the protons are 

traveling fast at a speed less than 0.1c. Our beam of protons now has an energy of 

2.2MeV and a speed of 2.048×10
7 

m/s as it enters the steering magnets and scattering 

chamber.
 

 After the proton beam leaves the accelerator it then passes through two sets of 

quadrapole magnets which are used to shape the beam as shown in Figure 9. We made 

the beam circular since the deposit spots were roughly circular. While our accelerator 

should have accelerated all our protons to have energy of 2.2MeV, there may still be 

other particles, such as N, O, or Rb, or protons of different energies due to the spread in 

the energy of the beam. We filter the particle beam to get the protons that have energy of 

2.2MeV by magnetically steering the protons we want into the scattering chamber. 

Finally the beam enters the scattering chamber where the samples are placed in a three 

sample target ladder and the Amptek X-ray detector is located 135 degrees from the 

incident direction as shown in Figure 10. The samples are placed on a target ladder 

connected to a mechanical arm that can move the slide in a place perpendicular to the 

beam, parallel to the beam and can be rotated through the beam. The ladder holds up to 

three samples at a time so we can take data on one sample and then move the mechanical 

arm so that we can take data on the next sample. Once the proton beam hits the sample 

the X-rays are emitted through the PIXE process and are then detected by the Amptek X-

ray detector in the scattering chamber. There is a 76µm Be window in front of the 

detector in order to remove the low energy x-rays and scattered charged particles 

(protons).  
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Figure 9: Picture of the quadrapole magnets used to shape the beam and the steering magnets 

which are used to turn the beam towards the target. In this picture the magnetic field is pointing 

down the page, the beam is moving right to left and the force on the beam is therefore out of the 

page by the Lorentz Force Law.
 

 

Figure 10: Picture on the left is of the scattering chamber with the incident beam entering 

from the left and continuing to the Faraday cup on the right. The picture on the right is 

the inside of scattering chamber showing the target ladder that holds the sample and the 

nose of the Amptek X-ray detector which is on the right.
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2.3 Calibration and Data Analysis 

 In order to quantitatively analyze data collected from our aerosol samples we 

needed to calibrate our X-ray spectrum and determine the H-value needed in equation 5 

by using standards. We used a program called Amptek ADMCA to display the detected 

X-rays from the standards being hit by the beam of protons. The program would stop 

collecting data once we had collected 1µC worth of charge from the beam on target and 

we did this for 7 standards: Al, Au, Cu, Fe, Ge, Pb, and Ti to span the elements we think 

are in our aerosol samples. Graphs of intensity of x-rays versus channel number were 

plotted. A representative sample of Aluminum is shown in Figure 11. To convert the 

channel number into energy (in keV) we recorded the channel number corresponding to 

the peak for each standard and used a table
9
 to find the energy of each peak based on 

equation 4. We then plotted the energy (in keV) versus the channel number for the peaks 

of each standard as shown in Figure 12. Many of the spectra have several peaks which 

correspond to the different transitions of that element and also any backing that was used 

to make the standard, like Ca. We find that the relationship is linear and therefore can use 

the equation from the line of best fit in order to get a conversion from channel number to 

energy in keV as shown in the equation 10 below. We find 

              (         )           [10] 
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Figure 11: Spectrum for representative sample of the x-ray Al standard showing the 

number of counts or x-ray intensity versus the channel number. The peaks for the Al are 

labeled with their corresponding x-ray type and the peaks to the right of the Al peaks are 

due to Ca from the backing of the standard. 

 

Figure 12: Plot of the energy (in keV) versus the channel number as determined from the 

peak of each x-ray standard and table of each peaks energy. The fit is used to convert the 

channel number into energy (in keV). 
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Having collected our x-ray spectra, the data is transferred to GUPIX. GUPIX is a 

PIXE analysis tool that determines the concentration of the elements detected using the 

calibration data from figure 12 based on equation 5. In order for GUPIX to calculate the 

concentrations using equation 5, the H-value, which is an experimental parameter equal 

to the solid angle of the detector is needed. Rather than measuring the solid angle of the 

detector we used the H-value to calibrate our system by initially setting the H-value to 1 

and determining the initial concentration of our standards. Then we can determine the 

corrected H-value by dividing our initial concentrations by the actual concentrations 

recorded on the standards, as shown in Table 1. If we graph the elements’ atomic number 

versus the corrected H-value we see that the relationship is linear as shown in Figure 13. 

Finally we averaged all of our new H-values to get a final H-value of 0.000743. After 

calibrating all our programs, data was collected on our aerosol samples. Each sample 

collected x-rays until we collected 30µC of charge; we collected more charge than the 

standards since the amount of Pb will be very small and so we need to collect more x-

rays in order to properly detect it. We then used GUPIX to determine concentrations of a 

range of elements from Al-Pb. We also ran a blank Kapton foil so that we could subtract 

the background from our samples. 

 

Element 
(Z) 

Actual 
Concentration 
(ng/m2) 

Concentration 
with H=1 
(ng/cm2) 

new H value 
(CH=1/Cactual) 

Al (13) 48100 34.3 0.000713 

Au (79) 45600 34.7 0.000761 

Cu (29) 60500 44.5 0.000736 

Fe (26) 54800 39.8 0.000726 

Ge (32) 49000 36.5 0.000745 

Pb (82) 52800 42.3 0.000801 

Ti (22) 55800 40 0.000717 

  Average  
H-value 

0.000743 

Table 1: The actual concentrations of standards, concentrations from GUPIX with 

an inital H-value of 1 and our calculated H-value 
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Figure 13: Calculated H-value from each standard versus the atomic number of 

each standard. The fit tells us that the H-value is nearly constant so we can approximate 

the actual H-value by simply taking the average of our calculated H-values. 

 

3 Results and Anlaysis 

 After collecting our data we plotted the energy or intensity spectra, which have x-

ray counts versus energy, of each stage along with the blank Kapton foil and use our table 

of peak energies in order to see which elements were present in each sample as shown in 

Figure 14. After examining the spectra for which elements were present we used GUPIX 

to determine the concentrations of these elements in ng/cm
2
. From equation 6, along with 

values from after collection shown in Table 2, we calculated the concentration in terms of 

ng/m
3
, as shown in Figure 15. The sets of data are labeled so the first term represents the 

sampling site, the second number is the month it was taken and the last number is the 

year it was taken. All of our data sets showed concentrations of Br and Pb in stage 1 

(0.25µm particle size)  and stage 2 (0.5µm particle size) which corresponds to particle 

sizes that can be inhaled into the lungs and cause damage
10

. The fact that we see both Br 

and Pb in these stages is evidence that the Pb is most likely from aviation fuel emissions, 

because it contains lead(ll) bromide, an additive to aviation fuel. If this had been an 

emission from industry or some other source we would only see Pb and no Br. To look at 

all our samples taken we plotted together the Pb and Br concentrations for stages 1 and 2 
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as shown in Figure 16 and 17 respectively. We first noticed that the set S1_06_09 

contained no Br on either stage and had a lot more Pb in stage 1 than any other of the 

sets. We do not know why this is, it could have been related to the fact that this set was 

taken 4 years previous to the other sets. Until we discover the cause of this difference we 

chose to exclude this set from further data analysis. We also noticed in stage 1, sample 

sets S1_12_13 and S1_01_14 showed higher Br concentration than Pb concentration and 

that in stage 2 these were the only sets that had both Br and Pb. We believe the reason 

that these two sets had most of their Br and Pb in the second stage has perhaps to do with 

the temperature and the change of season. The drop in temperature and increase in 

pressure could have caused the particles to be deposited on a different stage or maybe the 

particles themselves formed differently under colder conditions. Next we made a table 

comparing the Br/Pb ratios from stage 1 for sets 06-10 and stage 2 for sets 12 and 01 

since they were the samples with the largest amounts of Br and Pb. We then averaged 

these ratios to get an average Br/Pb ratio of 0.443±0.029 as shown in Table 3. 

 

Figure 14: X-ray intensity versus energy spectrum for stage 1 (0.25µm particle size) of a 

sample collected at the Union College boat house in June 2013 showing number of 

counts versus energy in keV. The blue line represents the spectrum from blank Kapton 

and the red is the actual aerosol data on the Kapton backing. The elemental peaks are 

labeled by x-ray type and notice the only L series transition is from the Pb. 
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S1_06_09 S1_06_13 S2_07_13 S1_08_13 S1_10_13 S1_12_13 S1_01_14 

t(min) 2656 2875 2880 2850 2880 2781 2944 

flow(m3/min) 0.001 0.001 0.001 0.001 0.0008 0.001 0.001 

flow uncert 0.00005 0.00005 0.00005 0.00005 0.0002 0.00005 0.00005 

Pstd(mmHg) 760 760 760 760 760 760 760 

Tstd(K) 298 298 298 298 298 298 298 

P (mmHg) 754.634 758.698 763.778 760.73 762.762 766.318 766.572 

P uncert 2.54 2.54 5.08 3.81 3.81 1.27 2.54 

T (K) 293 298.6 296.3 294.1 288 266.89 264.67 

T uncert 1.7 1.15 0.55 0.55 1.7 2.22 6.11 

Table 2: Measured values of time, flow, temperature, and pressure during which the 

samples were being collected. These values are used in equation 6 in order to calculate 

the concentrations in terms of ng/m
3 

as shown in the next figure  

 

Figure 15: Concentrations for the first five stages (sizes 0.25μm - 4μm) of a sample 

collected at the Union College boat house in June 2013 showing the concentration in 

ng/m
3
 versus Z where each color represents a different size particle. 
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Figure 16: Concentrations of Br (blue) and Pb (orange) from the first stage (0.25µm) of 

each sample set. 

 

Figure 17: Concentrations of Br (blue) and Pb (orange) from the second stage (0.5µm) of 

each sample set. 
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Sample 
Set 

Br conc 
(ng/m3) 

Pb conc 
(ng/m3) 

Br/Pb ratio 

BH06_13 16.56±8.33 50.73±19.32 0.326±0.039 

JB07_13 5.33±5.32 14.52±9.93 0.367±0.116 

BH08_13 8.47±5.99 30.87±14.36 0.274±0.066 

BH10_13 4.76±6.30 9.47±10.83 0.503±0.090 

BH12 9.46±7.12 20.19±13.04 0.468±0.050 

BH01 15.02±8.47 20.91±12.41 0.719±0.021 

  Average ratio 0.443±0.029 

Table 3: Concentrations of Br, Pb, and ratio of Br/Pb for all sample sets, where S1 and S2 

are the first and second sampling site respectively and the following numbers are the 

month and year they were taken. Sets 06-10 are from stage 1 and sets 12 and 01 are from 

stage 2. 

 

Conclusions 

 Our goals for this experiment were to examine aerosol samples collected near the 

Schenectady County Airport to see if we could find any Pb, if Pb is detected can we 

identify it as being tetraethyl lead used by aviation gas and whether or not the Pb 

concentrations vary by season or by location with respect to the airport. In all our sets of 

samples we consistently found Pb in stages 1 and 2 which corresponds to particles on the 

scale of 0.25-0.5μm. These size particles can be inhaled into the lungs and therefore if 

there was enough of a substance, it could cause one harm
10

. However, the most amount of 

lead we are seeing is on the order of 100ng/m
3
 which is insignificant when compared to 

the most common elements present in the aerosol samples, such as Si and Ca which are 

on the order of 10000ng/m
3
. We also notice that the Pb in the set taken at sampling site 2 

is considerably lower than that of the sets taken at sampling site 1 around the same time. 

We believe this is due to the fact that sampling site 2 is perpendicular to the main runway 

so there is less air traffic in that area compared to sampling site 1 which is directly in the 

takeoff path of the main runway. We can therefore conclude that the location with respect 

to the main runway and take off patterns will affect the amount of emissions detected. 

We also consistently see Br in stages 1 and 2 of our sets of data which is 

characteristic of aviation fuel emissions due to the use of lead(ll) bromide. Therefore we 

can correctly identify this Pb in the air as aviation emission since if it had been from 
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industry or some other source we would not see the Br. However, we only see Pb in our 

first set of samples taken in 2009. We also notice that this set has a much larger amount 

of Pb compared to the other sets. We have concluded that this set of data is an outlier 

perhaps due to the fact that it was taken 4 years before the other sets of samples. We also 

noticed in stage 1 that sample sets S1_12_13 and S1_01_14 had more Br than Pb and that 

in stage 2 these were the only sets that had both Br and Pb. We believe the reason that 

these two sets had most of their Br and Pb in the second stage has to do with the 

temperature and the change of season. Since the impactor works by depositing the 

different size particles using the flow of air and pressure, the drop in temperature and 

increase in pressure could have caused the particles to be deposited on a different stage. 

Another possibility is maybe the particles themselves formed differently under colder 

conditions, since the colder it is the denser the atmosphere will be causing different 

formations of particles. This is all speculation and we need to research this area further 

and gather more data. 

Finally we compared the amount of Br to Pb using a ratio and took the average, 

excluding our first set of data, in order to compare our value to known values of Br/Pb for 

leaded gas emissions. We got an average value of 0.443±0.029 for our Br/Pb ratio and the 

measured value from O’Connor et al in Perth Australia during the 1970’s was 0.59±0.05
 

while the measured value in the US was 0.25±0.03
1
. While our results do not match that 

from Perth Australia it is also not consistent with the measured values in the US. If we 

take into account that in Perth they had a lot more leaded gas emission due to the use of 

leaded gas by automobiles at the time, the ratio may be different from ours since only 

small aircraft are using leaded fuel in our area. On the other hand, the US ratio is for an 

area with leaded fuel only being used by small aircrafts, so why doesn’t our value match 

this. It could possibly be because our samples were taken in such close proximity to the 

main runway whereas we do not know the exact locations of the previous studies made in 

the US. We also noted that O’Connor et al noticed that the Br/Pb ratio during the mid-

winter was larger than the ratio during the mid-summer
2
. We do notice an increase from 

June through January for our data, excluding the set taken in August. We believe the set 

of data from August does not follow this trend, because while collecting particles the 

impactor’s flow rate dropped off, which could affect our concentration results.  
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We initially wanted to answer 4 questions: can we detect any Pb in the air 

samples by particle induced x-ray emission spectroscopy, if Pb is detected, can we 

identify it as being from tetraethyl lead used in aviation gas, and whether or not the Pb 

concentrations vary by season or by the location with respect to the airport. We were 

definitely able to detect Pb in all of our air samples in the area with concentrations on the 

order of 30ng/m
3
. We also detected Br in the samples and a ratio of 0.443±0.029 for 

Br/Pb. Based on previous studies in the 70s this is somewhat consistent with emission 

from aviation fuel; however no recent studies have been made on this subject. We also 

observed that the ratio of Br/Pb was larger during the mid-winter than in the mid-summer 

which agrees with previous studies. Finally, we found that if the location of the sampling 

site was directly in line with the main runway, more Pb was observed than from a 

sampling site that was perpendicular from the main runway. Overall we find our data to 

be consistent with previous studies and we believe that the Pb that we find in the air to be 

originating from the local airport’s aviation emission. We plan on taking more data in 

order to get a better idea of the seasonal variations and to get a more accurate value for 

our Br/Pb ratio. 
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Appendix 

 

Figure A1: X-ray intensity versus energy spectrum for stage 2 (0.5µm particle size) of a 

sample collected at the Union College boat house in June 2013 showing number of 

counts versus energy in keV. The blue line represents the spectrum from blank Kapton 

and the red is the actual aerosol data on the Kapton backing. 

 

Figure A2: X-ray intensity versus energy spectrum for stage 3 (1µm particle size) of a 

sample collected at the Union College boat house in June 2013 showing number of 

counts versus energy in keV. The blue line represents the spectrum from blank Kapton 

and the red is the actual aerosol data on the Kapton backing. 
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Figure A3: X-ray intensity versus energy spectrum for stage 4 (2µm particle size) of a 

sample collected at the Union College boat house in June 2013 showing number of 

counts versus energy in keV. The blue line represents the spectrum from blank Kapton 

and the red is the actual aerosol data on the Kapton backing. 

 

Figure A4: X-ray intensity versus energy spectrum for stage 5 (4µm particle size) of a 

sample collected at the Union College boat house in June 2013 showing number of 

counts versus energy in keV. The blue line represents the spectrum from blank Kapton 

and the red is the actual aerosol data on the Kapton backing. 
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Figure A5: X-ray intensity versus energy spectrum for stage 6 (8µm particle size) of a 

sample collected at the Union College boat house in June 2013 showing number of 

counts versus energy in keV. The blue line represents the spectrum from blank Kapton 

and the red is the actual aerosol data on the Kapton backing. 

 

Figure A6: X-ray intensity versus energy spectrum for stage 7 (16µm particle size) of a 

sample collected at the Union College boat house in June 2013 showing number of 

counts versus energy in keV. The blue line represents the spectrum from blank Kapton 

and the red is the actual aerosol data on the Kapton backing. 
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Figure A7: X-ray intensity versus energy spectrum for stage L1 (0.06µm particle size) of 

a sample collected at the Union College boat house in June 2013 showing number of 

counts versus energy in keV. The blue line represents the spectrum from blank Kapton 

and the red is the actual aerosol data on the Kapton backing. 

 

Figure A8: X-ray intensity versus energy spectrum for stage L2 (0.12µm particle size) of 

a sample collected at the Union College boat house in June 2013 showing number of 

counts versus energy in keV. The blue line represents the spectrum from blank Kapton 

and the red is the actual aerosol data on the Kapton backing. 
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Figure A9: Concentrations for the first five stages (sizes 0.25μm - 4μm) of a sample 

collected at the Union College boat house in June 2009 showing the concentration in 

ng/m
3
 versus Z where each color represents a different size particle. 

 

Figure A10: Concentrations for the first five stages (sizes 0.25μm - 4μm) of a sample 

collected at Sampling Site 2 in July 2013 showing the concentration in ng/m
3
 versus Z 

where each color represents a different size particle. 
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Figure A11: Concentrations for the first five stages (sizes 0.25μm - 4μm) of a sample 

collected at the Union College boat house in August 2013 showing the concentration in 

ng/m
3
 versus Z where each color represents a different size particle. 

 

Figure A12: Concentrations for the first five stages (sizes 0.25μm - 4μm) of a sample 

collected at the Union College boat house in October 2013 showing the concentration in 

ng/m
3
 versus Z where each color represents a different size particle. 
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Figure A13: Concentrations for the first five stages (sizes 0.25μm - 4μm) of a sample 

collected at the Union College boat house in December 2013 showing the concentration 

in ng/m
3
 versus Z where each color represents a different size particle. 

 

Figure A14: Concentrations for the first five stages (sizes 0.25μm - 4μm) of a sample 

collected at the Union College boat house in January 2014 showing the concentration in 

ng/m
3
 versus Z where each color represents a different size particle. 
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