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Flexible Printed Circuit Boards are viable for use in 
Panofsky quadrupole electron guiding, but they require 
pulsed power. Research can further explore the limitations 
of different designs and their use for Electron Beam 
Therapy application.

The next step with this research would be to conduct real 
life tests with electron beams to determine how well the 
quadrupole directs beams. We could also determine how 
the quadrupole performs when bent at various angles. A 
suitable power supply for driving the quadrupole would also 
need to be designed in order to provide the pulsed power.

In the future, better designs using thicker copper or using 
superconductors could be created to mitigate heating 
issues and allow for continuous operation without 
overheating. A separate cooling system using heat pipes to 
dissipate heat could also be used.

Flexible printed circuit boards were designed, 
simulated, and tested for potential use in Electron Beam 
Therapy (EBT) treatments. 

EBT is a cancer treatment currently administered to 
patients around the world. It is highly effective and valued 
for its ability to treat tumors without causing excessive 
damage to surrounding healthy tissue. This makes EBT 
ideal for surface tumors, but treatment can improve with 
greater precision and control of electron beam placement.
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Electrons are influenced by magnetic fields. This behavior 
is demonstrated in this research project using flexible 
printed circuit board (Flex-PCB) technology to induce 
magnetic fields via electric current. Flex-PCBs used as 
Panofsky quadrupoles guide electrons, focusing them in 
one axial direction.

A configuration of magnets as shown in Fig. 1 create a 
magnetic field focusing beams of charged particles.

Quadrupoles can be created using either permanent or 
electromagnets. Electromagnets are generally preferred 
as they are more easily controlled, allowing adjustment of 
the amount of current going through to achieve a desired 
magnetic field strength.

Quadrupole fields linearly vary with the distance from the 
beam axis. The field gradient of the quadrupole describes 
how fast the field strength changes with respect to 
distance from the center. 
A higher value for this parameter means that particles feel 
a stronger force towards/away from the center.

❖ Determine magnetic properties of design using 
FEMM.

❖ Use Python to simulate electrons passing through multiple
      quadrupoles.
❖ Create Gerber files to send to the PCB factory for fabrication.

Figure 1: A quadrupole created 
by four permanent magnets with 
magnetic field direction.

Figure 2: Magnetic force diagram 
of quadrupole configuration. 
Forces focus in vertical direction, 
and push away from the center in 
the horizontal direction. 

D. C. Meeker, Finite Element Method Magnetics, Version 4.2
Magnetic field of an idealized quadrupole with forces.svg. 
(2021, June 1). Wikimedia Commons, the free media repository.
Magnetic quadrupole moment.svg. (2020, September 27). 
Wikimedia Commons, the free media repository.

Figure 7: (Left) A 
picture of the 
quadrupole under 
test, with alligator 
clips to provide 
current. (Right): A 
picture of the same 
quadrupole but 
imaged with a 
thermal camera. 
The PCB is getting 
slightly warm in the 
picture.

Figure 8: A plot of the temperature of the quadrupoles versus the 
amount of current passing through them. The temperature 
increases quadratically with respect to the current as predicted by 
Joule’s Law of Heating. Due to outgassing, only a temperature 
increase of 10 degrees is allowed. The data shows that pulsed 
power is necessary for our PCB quadrupoles to reach the required 
field strength, otherwise overheating would occur with DC currents.

Figure 4: Our heating simulation results (shown by the colored lines) 
versus experimental results (shown by the data points). The 
simulation tracks the experimental results closely.

Figure 5: Particle tracing with electrons traveling at 10 MeV. (Left) 
View from the side. The electrons are following the bent quadrupole 
(with a 1 meter radius of curvature), and the electrons are focusing 
at around the 0.03 meter mark. (Right) View from the top. The 
simulation clearly shows that the electrons are defocusing, as 
predicted. 

❖ Joule heating of PCBs was simulated and 
current density limits extracted.

❖ The limiting current density was used in magnetostatic 
simulations to find the magnetic characteristics of these devices.

❖ Particle tracing simulations were then performed to investigate 
efficiency of guiding electrons at different curvatures of the 
flex-PCB.

❖ PCBs were bought and tested with various 
amounts of current.

❖ Thermal response was recorded using FLIR OnePro thermal 
cameras.

❖ The results were compared to expected results from simulations.

CREATE A PCB DESIGN
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SIMULATE IN COMSOL MULTIPHYSICS

TESTING OUR DESIGNS  
Objectives

❖ Design smaller, cheaper, and easier to manufacture 
quadrupoles using Printed Circuit Board (PCB) 
technology.

❖ Test characteristics of these PCB quadrupoles to 
determine if they are feasible for use in real 
applications using simulations.

❖ Check if the quadrupoles still work even if they are 
bent. 

❖ Measure thermal response with manufactured PCB 
designs.

Figure 3: A cross 
sectional magnetic 
FEMM simulation of a 
flex-PCB Panofsky 
device with current 
running out of the 
page. The field lines 
are similar to that of an 
actual quadrupole.

Figure 6: The test 
setup used consists 
of a 12V power 
supply (1), a buck 
converter (2), steel 
wire as a variable 
resistor, (3) and a 
multimeter to 
measure current (4). 
The quadrupole 
being tested is at (5).
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ABSTRACT
Electron beam therapy (EBT) utilizes electrons to kill cancer cells 
with up to 60% less radiation affecting surrounding healthy tissue 
compared to photon-based radiation therapies. EBT typically uses 
cm-scale beams; this project focuses on using Panofsky quadru-
poles to guide sub-millimeter beams in a flexible and changeable tra-
jectory so that beam placement, and therefore treatment outcomes, 
are improved. Flexible Printed Circuit Boards (PCBs) were designed 
in a Panofsky quadrupole-like geometry, which consists of parallel 
copper traces that generate a quadrupolar magnetic field. The flex-
ible material of the PCB allows for manipulation of electron beams 
in hard-to-reach areas for deeper tissue treatment. Joule heating of 
the PCBs was simulated in COMSOL Multiphysics, and the limit-
ing current density extracted. The limiting current density was used 
in magnetostatic simulations to find the magnetic characteristics of 
these devices. Particle tracing simulations were then performed to 
investigate efficiency of guiding electrons at different curvatures of 
the flex-PCB. Flex PCBs were fabricated for testing and the thermal 
response of the PCBs was experimentally measured using a FLIR 
OnePro thermal camera.
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