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Abstract 
 

The microbeam system at the Radiological Research Accelerator Facility (RARAF) 
currently has a beam spot size of 0.8 microns in diameter. While this spot size is small enough to 
hit a targeted spot in the nucleus of a cell with a high degree of certainty, researchers at RARAF 
hope to accurately target even smaller components of cells in the future. This paper discusses a 
technique used to measure fluctuations in the magnetic field in the vicinity of the microbeam 
endstation, which cause the beam to be deflected. The deflection of the beam relates to an 
uncertainty in the beam spot, essentially increasing the size of the spot. Using the Honeywell 
HMC2003 3-axis Magnetic Sensor Hybrid integrated circuit, measurements were made to reach 
a better understanding of the magnetic field fluctuations and begin developments in 
counteracting these fluctuations to decrease the uncertainty in beam spot size. Fluctuations in the 
magnetic field were found on the submicron level that warrant further investigation into how 
these fluctuations may be counteracted.  
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1 Introduction  

The Radiological Research Accelerator Facility (RARAF) at Nevis Labs is a research 
group dedicated to testing the effects of radiation on cells. RARAF is one of the few facilities in 
the world with charged-particle and photon microbeams capable of delivering exactly one or 
more particles per cell in a highly localized spatial region.1 These microbeam techniques allow 
one to select a certain region of the cell, such as the nucleus, and guarantee that the selected area 
is the only one that will receive radiation. Currently, an area of diameter 0.8 micrometers is the 
smallest possible region size that can be selected while still guaranteeing accuracy. The main 
motivation for decreasing the microbeam spot size is to accurately deliver radiation to smaller 
components of the cell, such as the mitochondria. The projected goal is to decrease the beam spot 
size down to a diameter of 50 nanometers.  

The 0.8 micron limitation arises from uncertainty in the exact location of where the 
charged particle will land. This uncertainty is due to a number of different factors, one of which 
is fluctuation in the magnetic field in the path of the beam. When the local magnetic field around 
the beam line fluctuates, the particles are slightly deflected, therefore causing an uncertainty in 
where the particle will hit the sample. My project for the summer was to develop a system that 
could measure these fluctuations in the magnetic field and analyze the results to determine if the 
fluctuations provide a major contribution to the limitation on the spot size.  

I began this project by assembling a circuit around the Honeywell HMC2003 3-axis 
Hybrid Magnetic Sensor integrated circuit. I developed a LabView program that took continuous 
readings of a voltmeter that was connected to the circuit. I analyzed the data readings over both 
short and long term scales to better understand the significance of the fluctuations. Lastly, I 
calculated the amount of deflection that fluctuations are causing and considered its importance 
on a submicron scale.   

2 The RARAF Microbeam 

 The microbeam this paper will focus on is known within RARAF as Microbeam II. It is 
an alpha particle microbeam. The process of creating an alpha particle microbeam begins with 
the ionization a helium atom. After stripping the helium atom of its electrons, the atom holds a 
charge of +2e. This particle consisting of two protons and two neutrons is known as an alpha 
particle. The alpha particle then goes through the facility’s accelerator, which is a 5 mega-volt 
singletron accelerator. Although the accelerator has a maximum voltage of 5 MV, it is typically 
ran at 3MV, meaning that when an alpha particle goes through the accelerator, it leaves with an 
energy of 6 mega-electron volts. The accelerator works by sending the particle through 
oppositely charged conducting plates, shown in Fig. 1. The particle gains a certain amount of 
energy based on the voltage difference between the two plates. In order to accelerate a particle to 
a high energy, one needs a large voltage difference between these two plates. Multiple parallel 
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plates are collated within the accelerator and have lower and lower voltages applied to them 
using very large resistors until the last one is grounded. The voltage difference between the plate 
pairs is variable to allow for adjustment of the particles’ energy as it leaves the accelerator.  

 

       

  Fig. 1      Fig. 2 

Fig. 1 shows one of the oppositely charged parallel plate pairs. Fig.2 shows the particle accelerator in its entirety. 

After being accelerated, the beam goes through the electrostatic quadrupole triplet lenses. 
A quadrupole is a combination of four electrodes, two positively charged and two negatively 
charged, which are configured in a diamond shape. The charge on the electrode is alternating, so 
the positive electrodes are opposite from each other, and the negative electrodes are opposite 
from each other. Keeping in mind that the beam is positively charged, when it goes through the 
quadrupole, the alpha particles are repelled by the positive electrodes and attracted to the 
negative ones. This creates an effect of stretching the beam out to be long and thin, as it is 
compressed in one direction and elongated in the other. A single lens has three quadrupoles 
inside of it, each one offset by 90 degrees from the previous one. This technique allows the beam 
to be compressed from three different angles, which along with adjusting the voltage on the 
electrodes, maximizes the focusing of the beam. In the Microbeam II system, there are two of 
these quadrupole triplet lenses which are stationed approximately 2 meters apart. The 
observations of this project were taken in this area between the two lenses. Below is a picture of 
one of the two electrostatic quadrupole triplets.  
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The final component of the microbeam system is the beam deflector. The beam deflector 
works in conjunction with the particle detector located on the microbeam endstation. Once the 
detector detects the exact number of particles that were prescribed for a given cell, a signal is 
sent to the beam deflector. The beam deflector then initiates an electric field, which deflects the 
path of the beam away from the moveable stage.  

 

  Fig. 3: A general schematic of the microbeam system at RARAF. Note that the picture is slightly 
misleading, as the two lenses are not connected, but rather a few meters apart.    

  The microbeam system is then automated through a computer program. Before an 
experiment begins, the program is calibrated to ensure the beam spot is where researchers expect 
it to be. This calibration takes into account the initial external conditions, including the effect of 
magnetic fields on the beam. The location of the beam is then given a coordinate with respect to 
the cells on the stage. This procedure is known as “zeroing” the beam. The beam typically needs 
to be “re-zeroed” once every three hours to account for changing external conditions. Once the 
calibration is complete, the microbeam is ready to be used for an experiment.   

3 Theory 

The purpose of this theoretical model is to calculate the deflection distance a single alpha 
particle will undergo in the presence of an incident magnetic field. I began by constructing a 
model in which the alpha particle is travelling in positive z-direction. I then implemented the 
Lorentz Force law:  

F = q (v × B).    (1) 
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Since the particles’ velocity is entirely in the z-direction, the equation can be simplified to  

F = q (vzByî +  vzBxĵ),   (2)  

where î signifies the x-component and ĵ signifies the y-component. Since all magnetic field 
measurements were to be taken in the x-direction, I considered only the ĵ component of the force 
on the particle. I applied the ĵ component of Equation (2) to Newton’s second law of motion, and 
the result was 

qvzBx = m · ay .    (3) 

Since the magnetic field can be measured, the two unknown parameters in this equation are vz  

and ay. However, because the kinetic energy of the particle is known, using the kinetic energy 
equation K=½ mv2, the velocity of the particle can be easily calculated. Therefore, if both sides 
of Equation (3) are divided by the mass of the alpha particle, the particle’s acceleration in the y-
direction due to the incident magnetic field can be calculated. I then applied this calculation to 
the equation      

r = ½·at2 + v0t + r0.    (4) 

Again considering the y-component of this equation, the only unknown parameters are r, the 
deflection distance, and t, the amount of time the particle is subject to the magnetic field. For the 
purpose of this model, an approximate calculation for the time is sufficient. The distance d, 
which is the length over which I am observing these fluctuations, is 0.3 meters. Since the 
particle’s speed is known, we can use the equation d = v · t to calculate the approximate time the 
particle experiences a force due to a magnetic field. Assuming that r0, the initial location of the 
particle in the y-direction, and v0, the initial speed of the particle in the y-direction, are both equal 
to zero, Equation (4) reduces to r = ½·at2. Now, applying Equation (3) to this simplification, the 
end result is  

     ry = qvzBx· t2/2m.   (5) 

Below is a table of the values of the parameters used in calculations: 

Charge of alpha particle q 3.2 x 10-19 C 

Mass of alpha particle  m 6.64 x 10-27 kg 

Kinetic energy of particle K 6 MeV  

Velocity of particle vz 1.70 x 107 m/sec 

Time t 1.25 x 10-5 sec 
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Using these values, Equation (5) becomes a function of the deflection distance in terms of the x-
component of the magnetic field: 

     ry = 0.1276·Bx .   (6) 

However, one must take into consideration that the beam will still travel through the second lens 
before it reaches the stage. The adjustment needed for this is called a demagnification factor. The 
electrostatic triplet lens’ demagnification factor is 8. By dividing Equation (6) by 8, we obtain 
our final result for the deflection of an alpha particle in the y-direction at the microbeam 
endstation due to fluctuations between the two lenses: 

     ry = 0.01595·Bx..    (7) 

4 Experimental Set-up  

4.1Magnetic Sensor Circuit 

The primary component of the circuit I constructed for the use of measuring magnetic 
fluctuations is the Honeywell HMC2003 integrated circuit. This chip is designed as a 3-axis 
magnetic sensor that produces an analog output of 1 Volt per Gauss and 2.5 V at 0 G. The 
sensors have a detection range from 40 microGauss to ±2 Gauss. 

The magnetic sensor chip uses three Permalloy magneto-resistive sensors and custom 
interface electronics to measure the strength and direction of an incident magnetic field. 2 These 
sensors are placed in Wheatstone bridges to produce an output. A Wheatstone bridge is a circuit 
element consisting of three resistors of known value and one unknown resistor. Using the three 
known resistor values and Kirchoff’s Laws, the unknown resistor value is determined, which in 
this case is the magneto-resistive sensor. In the HMC2003 chip, this information is then 
converted into a voltage, which is displayed by the output.  

    

   Fig. 4        Fig.5 

Fig 4 shows the on-chip circuitry.     Fig 5 shows the pin-out diagram of the chip and its sensor coordinate system. 
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After developing an understanding of the functionality of the chip, I designed a circuit 
that would work for the specific purpose of this project. Below is the full diagram of the circuit. 

 

Fig. 6: Circuit Diagram 

 The first element of the circuit is the HMC2003 magnetic sensor chip described above. It 
is connected to a 12 volt power supply. The reference voltage is connected to an operational 
amplifier acting as a voltage follower. This element works to diminish the effects of high input 
impedance being sent into the second operational amplifier by the Vref pin. The output of the 
voltage follower is connected to the (+) input of the op amp. The (-) input is connected to the X, 
Y, or Z output, depending on which coordinate of the magnetic field one wants to observe. The 
second op amp is functioning as a differential amplifier, which effectively reduces noise to clean 
up the X, Y, and Z output signal. Another beneficial function of this differential amplifier is that 
it changes the output reading in a 0 G field to 0 volts, where it was previously 2.5 Volts. This 
aids in simplifying analysis of the data. After completing the construction of the circuit, tests 
were run to ensure its functionality. There was difficulty in testing how well the circuit was 
working because one would need to place it in an area with a known, constant magnetic field. 
Consequently, the way I tested the circuit was first by ensuring that the sensor was centered on 0 
volts. I began by observing the initial reading from the circuit. I rotated the circuit until the 
voltmeter read 0 volts. I proceeded to rotate the circuit again until it was a full 180 degrees from 
its starting position. If the voltmeter read a value that was the negative of the initial reading then 
I knew it was working properly. I verified these steps for all three coordinates and was confident 
the circuit worked correctly.  
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4.2 LabVIEW Program  

LabVIEW is a system design platform and development environment for a visual 
programming language.3 The program allows users to construct systems with virtual instruments 
(VIs), manually selecting the wiring between each one. I used LabVIEW for the purpose of 
instrument control and data collection.  

Using a Prologix GPIB-Ethernet controller, I connected a Keithley 617 electrometer to a 
computer. I used the Keithley 617 for its voltmeter capabilities. Through LabVIEW, I interfaced 
the Keithley instrument to write out to a Microsoft Excel file. In the program, I created a 
connection that formatted the instrument reading to be compatible with the computer. I 
programmed a continuous loop that collected data readings at a variable sample rate, meaning 
that the user can choose the amount of time between each recorded reading. The readings are 
then sent to an Excel spreadsheet, where the data can be viewed graphically with respect to time.  

As helpful as this program was for my project, it will potentially carry greater 
significance in the future for the RARAF group. While many people at RARAF use Keithley 
instruments on a regular basis, before this summer, there was not a program developed to 
automatically record readings onto a spreadsheet. Hopefully, moving forward, this LabVIEW 
program will be able to improve the data recording and analysis on many future RARAF 
projects.        

5 Data/Results 

  Data samples were taken in the Microbeam II room directly underneath the endstation 
table. The x-axis was aligned such that the positive x-direction was pointing at the door of the 
microbeam room. Since my only concern is the fluctuation of magnetic fields in the x-y plane, all 
measurements were taken from the X output. Measurements of the magnetic field were taken on 
two different scales: an hour-long measurement with recordings taken every second, and a 24-
hour measurement with recordings taken every minute. The first recording was taken on July 
17th, 2012 beginning at 11:50 AM, shown in Fig. 7. The magnetic field was observed for one 
hour, measurements were taken once every second. The next recording was a 24-hour 
measurement taken on July 17th as well, beginning at 1:01 PM, shown in Figure 8. A second one 
hour measurement was taken on July 19th beginning at 9:40AM, shown in Figure 9. Finally, a 
second 24 hour measurement was taken on July 19th beginning at 11:00AM, shown in Figure 10. 
Unfortunately, the second 24 hour measurement does not continue further, because a comparison 
of the two 24 hour measurements, shown in Figure 11, displays a possible trend in the long term 
fluctuations of the magnetic field.   
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   Fig. 7: One hour measurement made on 7/17 starting at 11:50am. 

 

 

Fig. 8: 24 hour measurement made on 7/17 starting at 1:01pm. 



10 

 

 

Fig. 9: 1 hour measurement made on 7/19 starting at 9:40am. 

 

 

Fig. 10: 24 hour measurement made on 7/19 starting at 11:00am. 
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Fig. 11: Comparison of the two 24 hour measurements 

6 Analysis  

Much of the work needed for the analysis of this project has been explicitly shown in the 
Theory section. The remaining task is to plug in the values of the largest fluctuations that 
occurred in the samples. Shown above, the largest fluctuation for the one hour sampling was 
approximately 15 milliGauss and for the 24 hour sampling, approximately 120 milliGauss. After 
converting these values into Tesla units, they are substituted for Bx to get values for the 
displacement of the beam in the y-direction. The table below shows the fluctuation and its 
corresponding displacement of a single alpha particle.  

Measurement Fluctuation Displacement 

1 hr measurement 15 mG ry = .024 microns 

24 hr measurement 120 mG ry = .190 microns 
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7 Conclusion 

The remaining question is how significant are these fluctuations? The answer depends 
entirely on the scale being considered. If the scale is on the order of the current microbeam spot 
size, then it is most likely the case that these fluctuations are not significant. Similarly, little 
significance should be attributed to the drifting behavior over long time scales seen in both of the 
24-hour measurements, because RARAF “re-zeros” its calibration approximately every 3 hours. 
However, if the scale is on the order of 50 nanometers, which is the goal for the future 
microbeam spot size, these fluctuations can have a very significant impact on the spot size. This 
project confirms that in the process of constructing the 50-nanometer beam spot, further research 
into these fluctuations and how to counteract them is warranted.    
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