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ABSTRACT

Teaching the Practical Principles of Fourier Optics
in an Undergraduate Laboratory

David Anderson
Department of Physics and Astronomy, BYU
Bachelor of Science

With an evolving world, pressured by events such as the outbreak of COVID-19, educational
laboratory courses need to evolve to fit a more online-based teaching regimen. Presented here
is an affordable and portable teaching laboratory setup that will provide students with hands-
on experience with diffraction patterns in the far-field region of space, digital signal processing,
sampling and signal-to-noise using a double pinhole diffraction apparatus. The inexpensive ( $150)
optical setup includes a laser, a single pinhole for spatial filtering, a double pinhole, a camera,
and a pair of lenses, all attached to a 1 meter long optical rail. This simple apparatus allows for
easy packaging and shipping. To capture and analyze the images, the free software ImagelJ is used.
Though aimed for undergraduate university laboratory classes, this laboratory can easily be adjusted
to accommodate pre-secondary and secondary school classes.

Keywords: [Fourier Optics, Undergraduate, Secondary, Pre-Secondary, Laboratory Procedures,
Imagel, Diffraction Patterns]
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Chapter 1

Introduction

1.1 Background and Motivation

Classes have been slowly taking a more online approach for many years, but COVID-19
accelerated the transition. To meet with the ever-changing demands of education, I helped with the
development of a portable and inexpensive lab that can be adjusted to meet the needs of students
from middle school through college. It is a simple and portable experiment that allows students to
explore the basic principles of coherent imaging and Fourier optics in a hands-on setting. Students
will attempt to capture the diffraction pattern created from a double pinhole aperture and then use
the diffraction pattern to determine the spacing and diameter of the aperture. The simple apparatus
consists of a laser, double pinhole, pair of lenses, and a camera, all aligned on a basic optical rail
as shown in Figure 1.1. The low cost and high portability of the apparatus makes it ideal for a
take-home-lab, as part of a remote or virtual outreach effort, or used at schools with lower budgets.
The portability of this lab was first tested during the fall semester of 2020 on the Physics 245
class when classes were completely remote after Thanksgiving break at Brigham Young University.

Students were sent home with the kit and interacted with professors and teaching assistants via
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Figure 1.1 Labeled experimental setup, green color is to depict laser trajectory. Also
included are additions of the focal lengths f1 and 2 and images resembling the double
pinhole aperture and the desired image on the detector.

Zoom at Brigham Young University after the Thanksgiving Holiday.

Physics students should get a wide range of exposure and practice in many different fields while
pursuing their education. In an undergraduate’s first-year classes, they get taught the concept of
diffraction patterns and have labs that provide them with the opportunity to produce these patterns
using a double slit pattern and a laser. Largely these experiments do not delve into the advanced
analysis of diffraction imaging and do not prompt students to research diffraction imaging further.
[7]

Diffraction imaging is an important topic that spans across multiple educational fields. Biologists
use macro-molecular crystallography, a diffraction-based technique similar to coherent diffraction
imaging to obtain he structure of proteins and use phase retrieval programs to reconstruct the image
[1]. In physics, diffraction imaging is used in x-ray crystallography [4]. Each of the aforementioned
applications require varying proficiency of software and equipment, but each need a similar, solid
understanding of imaging and image processing.

With this laboratory, we hope to spark the interest of students in this ever-growing field of

research.
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1.2 Principles

This laboratory requires an understanding of three important principles: a Fourier transform
model of diffraction, dynamic range and noise reduction. As this lab is meant to reach many

different levels of students, only the basics of each of these principles will be reviewed.

1.2.1 Fourier Optics

A diffraction pattern forms when coherent light passes through an aperture or as it passes
around an object. When light reaches the far- eld, the electric eld can be approximated using the

Fraunhofer equation:

ikekzd 57 £

5oz E(re0)e 21 gr0 (1.1)

E(r;2)
wherer andrare respectively the positions in the diffraction and aperture pisiaghe propagation
distance from the diffracting objedt,= 3'9 is the wavenumber, ari(r® 0) is the electric eld
immediately after passing through the aperture which is at times referred to as the exit wave [5].

This approximation can further be simpli ed. When the light is coherent, the exit wave is simply

the aperture function which will be calle®(r9.
A(r9= E(r%0) (1.2)

Second, imaging detectors do not measure the electric eld, but instead measure the intensity as it
is received by the detector. This means tiBt¢an be written as the norm squaree?() which will

get rid of some of the more complicated elements of the equation:
k z Ky 0
; Ni2 o izrr 2.
JE(r;2)j? ] 202 A(r9e dr92: (1.3)
The nal simpli cation is applied by combining the Fourier transform integral
4
— 1 iuv 4,
FIf(Wlw v= P f(uye ™ dy (1.4)
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with the diffraction intensity as
. . 2 . k .2.
JB(r2i® | SF AC «f* (1.5)

This order of equations shows that the intensity of the far- eld diffraction eld is equivalent
to the norm square of the Fourier transform of the aperture function. Or in other words, given the
amplitude (simply the square root of the intensity) and phase at each point in the diffraction pattern,
one can perform an inverse Fourier transform and attempt to retrieve the aperture or object from
which the light was diffracted.

When a lens is introduced after the aperture, then the diffraction pattern in the lens' back focal
plane is proportional to a Fourier transform of the aperture. [2] This principle is important because
for many aperture sizes and for visible light, the far eld can be multiple meters away which would
require a large experimental setup. This would also lead to a very large diffraction image which
would be hard to t on a common image detector such as a CCD.

From this relationship, we can derive the equations for double and single aperture diffraction:

E
2D ; 1.
—; (16)

where2D is the distance between two slitss the spacing between two adjacent frindess the

wavelength of light, and is the distance from the lens to the detector, and

1:22 f1 |

where Way is the diameter of the rst-order fringes (the inner-most ring) anid the diameter or
width of the slit (as shown in Figure 1.2.

For the full derivation and explanation of these principles refer to references: [2, 11].
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Figure 1.2The overlay of what was measured as the Airy disaY and fringe spacing
(s) as seen on my diffraction pattern (Figure 3.3a) and the respective lineout (Figure 3.3b).
Exact measurements were of the distances were made using ImageJ.

1.2.2 Measuring Techniques

The above equations can only be used on a diffraction pattern if said diffraction pattern is
reliable. In order to produce a reliable diffraction pattern, students need to understand the principles
of dynamic range and noise reduction and how they relate to a diffraction patterns both quantitatively

and qualitatively.

Dynamic Range

All image detectors have a maximum and minimum intensity that can be read, and the ratio of
these two values is known as the dynamic range. A common topic when referring to dynamic range

is saturation. Saturation is when the intensity of the signal is higher than what can be read by the
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Figure 1.3 Simulation showing the effects of saturation levels on a diffraction image. The
saturation increases from left to right and with it, dimmer higher-order fringes come into
view. Simulations courtesy of Nick Porter.

detector. Saturation can be avoided by a number of different physical methods including the use of:
LEE lters, a slit attenuator, or a potentionmeter. Another option for controlling the intensity of
the signal is to decrease the exposure of the detector or to adjust the gain, though these options are
generally reserved for more expensive detectors.

In general, saturation is considered bad when it comes to imaging as it decreases the reliability
of the captured signal and can even damage the detector. Figure 1.3 shows the simulated bene ts of
increasing the overall intensity of a diffraction image despite saturating the Airy disc. The higher

overall intensity brings out the dimmer features of the higher-order fringes of the diffraction pattern.

Noise Reduction

Noise reduction is critical to coherent imaging because it increases the signal-to-noise ratio and
therefore increases the reliability of a captured diffraction pattern. There are two primary methods
involved in noise reduction, background subtraction and image summation. Background subtraction

is the process of subtracting the constant noise captured by a detector at any point in time. This
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