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Abstract- This paper presents a compound lens experiment
design suitable for upper-division undergraduate
laboratory courses in which teams of students constructed
and measured the properties of Galilean beam expanders.
Skill in developing Galilean beam expanders is useful for
undergraduates who will build a magneto-optical trap in a
follow-on course. This laboratory experiment was
performed by third-year undergraduate students in our
applied optics course and provided students with the
opportunity to gain knowledge about lasers, lenses, and
alignment of optical components prior to their laboratory
work building a magneto-optical trap.
Index Terms – Galilean Beam Expander, Magneto-Optical Trap,
Linearization, Converging Lens, Diverging Lens.
INTRODUCTION
While advanced photonics experiments, such as quantum
mechanics experiments with single photons, have been
incorporated into advanced physics laboratories since the early
2000s, the magneto-optical trap was selected just last year as
one of ALPhA’s advanced laboratory immersions which can
lead to wider dissemination in undergraduate laboratory courses
[1-3]. Recent work incorporating optics research skills into
advanced undergraduate laboratory courses has been published
by Busch (2019), Turchiello et al. (2017), Leung et al. (2017),
Ashby et al. (2017), and Bechhoefer et al. (2002) [4-8]. Busch
describes an experiment to incorporate spectroscopy of neon in
the advanced undergraduate laboratory in which students gain
technical skills in the area of optics, lasers, and radio-frequency
electronics [4]. Turchiello et al. present a nonlinear optics
experiment for the undergraduate laboratory [5]. Leung et al.
(2017) quantify the spatial resolution of a digital camera [6].
Ashby et al. (2017) introduce a quantum mechanics experiment
into the undergraduate laboratory [7]. Bechhoefer et al.
introduce optical tweezers into the undergraduate laboratory
[8].
This paper presents an accessible experimental design to
introduce undergraduates enrolled in an applied optics course to
beam expanders which they will encounter while designing and
building a magneto-optical trap (MOT) in a subsequent
laboratory course. Analysis of the experiment is carried out
according to typical methodologies in undergraduate
experiments [9]. Beam expanders have applications in a variety
of areas in optical physics including materials and medical
physics, interferometry, laser scanning and remote sensing, and
fundamental optical physics [10-15].

BACKGROUND
As part of an experimental thread within an undergraduate physics
program, students will construct a MOT as a capstone exercise.
The MOT was first realized in 1987 and, as the name implies, relies
on a combination of inhomogeneous magnetic fields and optical
selection rules to produce a cooling effect [16-17]. The relative
ease of construction and robustness of the trap has made the MOT
the least expensive method for producing cold atoms (<1 mK) for
further atomic physics experiments [18]. The lasers used for the
MOT are tuned to the proper frequency to produce the cooling
action, and their polarization is set before the beam is directed
towards the trap vacuum chamber [19-20]. Prior to entering the
chamber, the incoming 1-mm beam must be expanded to the final
trap size, between 15-25 mm, by the use of a Galilean beam
expander (also referred to as a laser beam expander) as shown in
Figure I below [19-20]. The experiment detailed here provides
undergraduate students with a series of learning experiences to
enable their construction of the Galilean beam expanders in the
follow-on course to produce differently sized beams at the trapping
chamber.

FIGURE I

DIAGRAM OF A MOT

MOTIVATION
In our applied optics course, Galilean beam expanders are used to
measure the focal length f2 of an unknown lens, and students are
exposed to how to use Galilean beam expanders to expand a laser
beam in a follow-on course.
In this experiment, we used Galilean beam expanders to
obtain multiple trials (and multiple sizes of expanded beams). We
decided for the purposes of the laboratory to do multiple trials; we
gave the students opportunities to pair lenses with different values
of f1 with a lens with an unknown value of focal length ( f2) until
the expanded output beam is collimated. Students then used

experimental technique to extract a value of the focal length f2
and compare it with the value provided by the manufacturer.
Multiple trials enabled the students to gain hands-on
experience that complemented the knowledge they gained in the
classroom. Multiple trials also provided several opportunities
for the students to engage with the concepts and gain a deeper
understanding of lenses and alignment of optical components.
In this laboratory, the linearization process is used to
determine the value of f2 of the lens. Multiple trials are used; we
assume that the value of f1 is known and is provided to the
students. Students can see multiple diameters of the output
expanded beam.
GALILEAN BEAM EXPANDERS

The beam expander takes an input collimated beam with
diameter d and produces an output beam with diameter, D, as given
by (1).
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where the terms f1 and f2 represent the focal lengths of the
plano-convex lens and plano-concave lens, respectively. In this
experiment design, the slope of the linearized graph is given by (2).
𝑑𝑑
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The independent quantity is f1, and the dependent
quantity is D. The objective quantity is f2 and is given by (3).
𝑑𝑑
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The absolute uncertainty in the magnification, δM, is given by (4).

The Galilean beam expander is a simple optical system that
2
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consists of two lenses, a negative lens and a positive lens
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separated by distance L = f1 + f2 with magnification 𝑀𝑀 = [12𝑑𝑑
The assumption in this experiment was that the input
13]. Figure II and Figure III offer a visual depiction of the
beam had negligible divergence, which is approximated well for
Galilean Beam Expander.
the CrystaLaser diode lasers used in the experiment.
EXPERIMENTAL DESIGN: DETERMINING THE FOCAL
LENGTH, 𝒇𝒇𝟐𝟐 OF A NEGATIVE LENS

FIGURE II

SIDE VIEW OF GALILEAN BEAM EXPANDER

In this experiment, students measured the focal length, f2 of a
negative lens from properties of several Galilean beam expanders
[12-13].
For each of four Galilean beam expanders, the output
beam diameter D is measured, and the values are plotted as a
function of the value of the focal length f1 of the positive lens.
Regression performed on the data provides a value for the slope as
a confidence interval. A value of the focal length and the
uncertainty of the plano-concave lens is obtained with (3) and
compared with the manufacturer’s value.
In this activity, both lenses were aligned so that light
passing through will pass orthogonally through both lenses. The
lenses were carefully aligned, and the separation between the
lenses was adjusted, so that the output beam was collimated over a
distance of approximately one meter. Both the diameter of the
input beam (between f1 and f2) and the output beam (after f2) were
measured while wearing laser safety goggles. The track length
distance, L, between f1 and f2, was measured using markings on the
track.
RESULTS

FIGURE III

TOP VIEW OF GALILEAN BEAM EXPANDER

Figures IV and V show the graphs of the beam diameter D at
the output of four Galilean beam expanders as functions of the
focal length f1 in each beam expander. The data collected by
one lab group is shown in Figure IV, and the data collected by
a second lab group is shown in Figure V. Linear regression is
performed on the data, and the best fit is indicated in the red
line passing through the data values. From the values of the
slope obtained from linear regression, a confidence interval
for f2 can be obtained from each of the graphs. The greater
scatter in the data in Figure V produces a larger uncertainty in
the value for f2, as discussed below.

for future execution of this lab". Another student reflects, "If
this experiment [were] to run again, we would be sure to
measure the output diameter with greater accuracy, which
would solve a large portion of our systematic error.”
FUTURE WORK

FIGURE IV

DIAMETER D OF EXPANDED BEAM AS A FUNCTION OF POSITIVE
LENS FOCAL LENGTH PROVIDED BY LAB GROUP 1

Follow-on activities that could stem from this laboratory
include an activity with another Galilean beam expander to
measure the focal length of an unknown plano-convex lens
(using the value of the focal length of the plano-concave lens
from the previous activity).
A more collimated beam might have resulted in a
better- defined output diameter. Future labs could benefit
from use of a beam profiler to measure beam diameter input
to, and output from, the beam expander. For reference and
potential future work in the realm of Galilean beam
expanders, Figure VI below depicts the equipment used
throughout the experiment.

FIGURE V

DIAMETER D OF EXPANDED BEAM AS A FUNCTION OF POSITIVE
LENS FOCAL LENGTH PROVIDED BY LAB GROUP 2

The confidence interval for f2 from data in Figure IV
is 48 ± 5mm, and the confidence interval for f2 from data in
Figure V is 50 ± 10 mm, where the absolute uncertainty is
reported with one significant figure [9].
A number line analysis and comparison with the
manufacturer’s value for the lens with f2 = 50 mm shows that
the students’ measurements of f2 in Figure IV and Figure V
overlap with the manufacturer’s value of f2 but have less
precision, so that the students’ experimental values are
accurate but not precise; the source of error is random for both
lab groups.
STUDENT REFLECTIONS
From the perspective of an undergraduate physics student,
this experiment provided the class with a level of hands-on
learning with the Galilean Beam Expander not seen in many
other undergraduate physics programs. Conducting this
experiment, therefore, gave the students an appreciation for
how the theory of the beam expander is supported by realworld experimentation. One student reflects, "I like that a
problem we ran into with systematic error was identified and
an alternative solution to mitigate this problem was offered

FIGURE VI

EQUIPMENT USED FOR GALILEAN BEAM EXPANDER
EXPERIMENT
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