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Chapter 1 Warning Symbol Definitions 
Below is a list of warning symbols you may encounter in this manual or on your device. 

Symbol Description 

 Direct Current 

 Alternating Current 

 Both Direct and Alternating Current 

 
Earth Ground Terminal 

 
Protective Conductor Terminal 

 
Frame or Chassis Terminal 

 
Equipotentiality 

 On (Supply) 

 Off (Supply) 

 In Position of a Bi-Stable Push Control 

 Out Position of a Bi-Stable Push Control 

 
Caution: Risk of Electric Shock 

 
Caution: Hot Surface 

 
Caution: Risk of Danger 

 

Warning: Laser Radiation 
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Chapter 2 Safety 

 CAUTION  
IMPORTANT: The polarizer films are covered on each side with a clear, protective film. 

We strongly recommend wearing gloves when assembling the polarizers so that the 
film is not touched with bare fingers. Avoid exposure of the film polarizers to UV light, 

to high temperatures, and to chemicals such as acetone. 

 

WARNING 
The laser module is a Class 2 laser. Although no protective eyewear is required around 
class 2 lasers due to the blink reflex, you should not look directly into the laser beam. 
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Chapter 3 Product Description 
In a Mach-Zehnder interferometer, a beam of light is split into one of two optical paths 
by a beamsplitter. Due to a difference in optical path lengths between the two paths, 
complementary interference patterns are observed when the light is recombined by a 
second beamsplitter. These interference patterns are observed on two viewing screens, 
as the second beamsplitter produces two combined beams. 

A Mach-Zehnder interferometer is very useful in order to demonstrate the quantum 
mechanical properties of complementarity and the erasure of path information. If a 
polarizer is placed in each arm of the interferometer and their polarization planes are 
turned 90° to one another, the interference pattern disappears. This can be completely 
explained through classical electrodynamics. However, a quantum-mechanical 
description can also be applied if the beam of light in the interferometer is reduced to 
individual photons (or to only an individual photon). By inserting the crossed polarizers 
into the setup, the two possible light paths are made distinguishable by obtaining path 
information. The interference pattern (wave property) and path information (particle 
property) cannot be measured simultaneously, since measuring the path information 
destroys the interference pattern. 

If one adds a third polarizer between the second beamsplitter and the screen, with the 
polarization axis at 45° to the other polarizers, all of the photons that reach the screen 
once again have the same polarization. This polarizer “erases” the path information and 
an interference pattern is once more visible on the screen. 

Rather than using single photons, as in the original quantum eraser experiment, this kit 
uses a green continuous-wave (CW) laser light source that emits a beam that is visible 
to the eye. While the outcome of the experiment can be explained using classical 
physics, using a quantum-mechanical description provides a perfect analogy to the 
single-photon quantum eraser experiment. 
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Figure 1 Mach-Zehnder Interferometer Setup and Diagram, Including (1) Laser, (2) Lens, (3) 

Beamsplitters, (4) Polarizers, (5) Mirrors, (6) Viewing Screens, and (7) Alignment Tool 
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Chapter 4 Setup 

4.1. Components and Parts List 
In cases where the metric and imperial kits contain parts with different item numbers, 
metric part numbers and measurements are indicated by parentheses unless otherwise 
noted. 

1 x CPS532-C21 
532 nm Laser Diode 

Module 

 

 
1 x DS5 

5 VDC Laser Power 
Supply 

 
1 x CPSA  

USB to Phono Cable for 
CPS Lasers 

1 x LB1901 
Ø1" Lens, f = 75 mm 

 

 
1 x LMR1(/M) 

Ø1" Lens Mount 

2 x EBS2 
Ø2" 50:50 Beamsplitter 

2 x KM200T 
Ø2" Beamsplitter Mount 

 

  
1 x LPVISE2X2 

(Stamped into 3 Ø1" 
Circles) 

Linear Polarizer 
 

3 x RSP1D (/M) 
Ø1" Rotating Polarizer 

Mounts 

 
1 The CPS532-C2 is a low power, Class 2 version of our Class 3 CPS532 laser diode 
module. 
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2 x ME1-G01 
Ø1" Aluminum Mirror 

 

 
3 x KM100 

Kinematic Ø1" 
Mirror Mount 

2 x EDU-VS1(/M) 
Viewing Screen 

10 x TR3 (TR75/M) 
Ø1/2" (Ø12.7 mm) 
Mounting Post, 3"  

(75 mm) Long 

9 x PH3 (PH75/M) 
Ø1/2" (Ø12.7 mm) Post 
Holder, 3" (75 mm) Long 

2 x TR2 (TR50/M) 
Ø1/2" (Ø12.7 mm) 

Mounting Post, 
2" (50 mm) Long, for 

Viewing Screen 

2 x PH2 (PH50/M) 
Ø1/2" (Ø12.7 mm) Post 

Holder, 2" (50 mm) 
Long, for Viewing 

Screen 

8 x BA1(/M) 
Mounting Base,  

1" x 3" x 3/8"  
(25 mm x 58 mm x10 mm) 

 

2 x BA2(/M) 
Mounting Base,  

2" x 3" x 3/8"  
(50 mm x 75 mm x 10 mm) 

 
1 x PH3E (PH75E/M)  

Ø1/2” (Ø12.7 mm) 
Pedestal Post Holder, 
3.19” (80.9 mm) Long 

 
1 x CF125 

Clamping Fork,  
1.24“ (31.5 mm) 

Counterbored Slot 

 
1 x BA1S(/M)  

Small Mounting Base,  
1“ x 2.3“ x 3/8“  

(25 mm x 58 mm x 10 mm) 
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1 x MB1824 
(MB4560/M) 

Aluminum Breadboard, 
18" x 24" (45 cm x 60 

cm) 

1 x RDF1 
4 Rubber Breadboard 

Feet 

3 x SM1RR 
SM1-Threaded 
Retaining Ring 

4 x F25SSK1-GOLD 
Gold Adjuster Knob 

 
1 x AT1(/M)  

Acrylic Alignment Tool,  
1.18” x 1.18”  

(30.0 mm x 30.0 mm) 

 
1 x SPW606 

SM1 Spanner Wrench,  
1” (25.4 mm) Long 

 
1 x AD11NT 

Ø2" (50.8 mm) 
Unthreaded Adapter for 

Ø11 mm Cylindrical 
Components 
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Imperial Kit 
Type Quantity Type Quantity 

1/4"-20 x 1/2" Cap Screw 11 1/4" Nut 4 
1/4"-20 x 5/8" Cap Screw 21 1/4" Washer 21 

1/4"-20 x 3/4" Cap Screw 4 

 

 
1 x BD-3/16L 

Balldriver for 1/4”-20 Screws 

8-32 Screws Included with Mounts 

 1 x Hex Key for 8-32 Cap Screws (9/64″), 
1x Hex Key for 8-32 Set Screws (5/64"),  
1 x Hex Key for 6-32 Set Screws (1/16") 

 
Metric Kit 

Type Quantity Type Quantity 
M6 x 12 mm Cap Screw 11 M6 Nut 4 
M6 x 16 mm Cap Screw 21 M6 Washer 21 

M6 x 20 mm Cap Screw 4 

 
 
 

1 x BD-5ML 
Balldriver for M6 Screws 

M4 Screws Included with Mounts 

 1 x Hex Key for M4 Cap Screws (3mm),  
1 x Hex Key for M4 Set Screw (2mm), 
1 x Hex Key for M3 Set Screw (1.5mm) 

 

4.2. Component Assembly 
1. First, assemble the individual optical components and mounts. Use the 1/2" 

(12 mm) long 1/4"-20 (M6) screws to connect the PH3 (PH75/M) and PH2 
(PH50/M) post holders to the BA1(/M) and BA2(/M) bases, respectively. 
Throughout the assembly, use the 5/8" (16 mm) long 1/4"-20 (M6) screws to 
mount the components to the breadboard. 

2. Mount the ME1-G01 mirrors into two of the KM100 mounts using the setscrews 
on the mounts. Secure the EBS2 beamsplitters into the KM200T mounts and 
the LB1901 lens into the LMR1(/M) mount using the threaded retaining rings 
that are already placed in the mounts. Replace the lower knobs on these KM100 
and KM200T mounts with the gold-colored F25SSK1-GOLD knobs by placing 
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a hex key inside the knob and unfastening the black knob. An instructional video 
can be found on the web page for the KM100 on www.thorlabs.com.  

 
Figure 2 Component Assembly Procedure 

3. Mount the KM100, KM200T, LMR1(/M), and RSP1D(/M) mounts to TR3 
(TR75/M) posts using the included 8-32 (M4) cap screws or setscrews, and 
insert them into PH3 (PH75/M) Post Holders. Put one of the KM200T posts in 
the PH3E (PH75E/M). Attach the viewing screens to the TR2 (TR50/M) posts 
using the included setscrews and insert them into the PH2 (PH50/M) post 
holders. 

 

Figure 3 Mounting the KM100(/M) and KM200T on a Post 

 
4. Screw the AT1(/M) height alignment tool on a TR3 (TR75/M) post and put it in 

a PH3 (PH75/M) post holder with the BA1S(/M) base attached to it. 

5. The EDU-VS1(/M) screens need to be screwed onto the TR2 (TR50/M) posts. 
Use the PH2 (PH50/M) post-holders and the BA2(/M) bases for these posts. 
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CAUTION 
IMPORTANT: The polarizer films are covered on each side with a clear, protective film. 
We strongly recommend wearing gloves and handling the films by their edges when 

assembling the polarizers so that the face of the film is not touched with bare fingers. 
Avoid exposure of the film polarizers to UV light, to high temperatures, and to 

chemicals such as acetone. 

6. Remove the two protective films on the actual polarizer film – in this case you 
should wear gloves and not touch the polarizer film itself. It is very helpful to 
place a piece of adhesive tape over the edge of the film. When removing the 
tape, the protective film is pulled off as well. To get a grip on the protective film 
it might be necessary to cut along the flat edge of the film with scissors and use 
tweezers 

7. After removing the protective films, place 2 of the 3  LPVISE2X2 
polarizer films into the RSP1D(/M) mounts and secure them 
between the two included retaining rings. The orientation of the 
polarizer is indicated by its form, as shown in the image on the 
right. The reference flat is parallel to the polarization of the 
transmitted light. Instructions on how to ensure that the polarizers are mounted 
and aligned properly are given in the next steps. 

8. Mount the CPS532-C2 laser into the AD11NT adapter using the setscrew on 
the side of the adapter. Place the adapter into the remaining KM100 mount, 
connect the laser to the DS5 power supply using the CPSA adapter and switch 
it on. 

WARNING 
The laser module is a Class 2 laser, which does not require any protective eyewear. 

However, to avoid injury, do not look directly into the laser beam. 

9. Place the two polarizers in front of the laser and rotate the last polarizer such 
that the two polarizers are perpendicular (almost no light should be passing). 
The orientation of the angular scale doesn’t matter at this point. For example, 
the labels in the image below read “277°” and “34°” but the polarizers in the 
mounts are perpendicular.  
References to the first and second polarizers and (counter-) clockwise rotation 
directions are based on viewing along the laser beam direction as in the 
image below. 
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10. Rotate the first polarizer assembly by 180° around the post axis so the labels 

face the other way, see image below: 
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11. Rotate the second polarizer clockwise until it is perpendicular to the first 

polarizer. Note by how many degrees you turned the second polarizer (we’ll 
call this angle 𝜑𝜑). Make sure the transmission is close to zero (sometimes, the 
polarization axis of the laser causes a drop in the intensity. However, the 
transmission will only drop close to zero for perpendicular polarizers). In our 
example, the second polarizer was rotated to a position with label ”143°” 
(note: this is still a random label and doesn’t say anything about the absolute 
position of the polarizer), see image below: 
 

So in our case, 𝜑𝜑 = 277° − 143° = 134° 
12. Now rotate the first polarizer assembly back so that the label faces the laser 

again. 
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13. Turn the first polarizer clockwise by 𝝋𝝋/𝟐𝟐. In our case, the label of the first 
polarizer read 34°. So the polarizer needs to be turned to                       
34°-134°/2 = 34°- 67° = 327°, see image below: 
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14. We have now found the orientation of the first polarizer that is either parallel or 
perpendicular to the breadboard. So, in our example, the “327°” label needs to 
be changed to either 90° or 0°. Take the third polarizer to check whether 
you’ve found the 90° or 0° polarization (again, the reference flat is the 
transmission direction). Loosen the two small screws at the front of the 
rotation mount and turn the scale to 0° or 90°, see image below: 
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15. Rotate the second polarizer such that it is perpendicular to the first (so again, 
the transmission needs to go to effectively zero). Loosen the two small screws 
at the front of the rotation mount and turn the scale to 90° or 0°, see image 
below: 

 

 
16. Mount the third polarizer and correctly set the scale on the mount using the 

other two polarizers, as in the previous steps. 
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4.3. Setup and Adjustment 

4.3.1. Laser Setup 
1. Attach the laser assembly to the end of the optical breadboard. 

2. Check that the laser is polarized at 45° by placing a polarizer set to -45° in front 
of the laser and rotating the laser in the mount until minimum transmission is 
achieved. The transmission will not drop to zero since the laser is not linearly 
polarized. Then, remove the polarizer from the setup again. 

 
Figure 4 Laser Setup 

4.3.2. Mirrors and Beamsplitters 
1. Adjust the laser by using the adjustment screws of the kinematic mount to make 

sure it’s as horizontal as possible. Move the height alignment tool from the laser 
to the end of the breadboard while observing the laser spot’s position on the 
alignment tool. If you haven’t done so already, adjust the height of the cross-
hair to the middle of the laser spot. This is the reference height for all of the 
following optical components.   
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2. Bolt the base of the mounted mirror at the other end of the board so that the 
laser is reflected by it at a 90° angle. Ideally, you should align the laser beam 
with the rows of holes in the breadboard, as shown in Figure 4. Moving along 
the beam path with a screen helps to achieve the 90° reflection angle. Adjust 
the height of the mount so that the beam hits the center of the mirror and also 
runs parallel to the surface of the breadboard as much as possible (again, using 
the height alignment tool). 

3. Insert one of the beamsplitters between the laser and the first mirror (labeled 
as Path 1 in Figure 5, below), so that the beam is divided into two perpendicular 
partial beams.  

4. The beam which forms Path 2 should be reflected by the second mirror so that 
the reflected beam runs parallel to the beam in Path 1, as shown in Figure 5 
below. Ensure that the distances are about the same in both paths. 

 
Figure 5 Mirror and Beamsplitter Setup 

5. Once again, ensure that the beam runs parallel to the row of holes and adjust 
the heights of the components. 

6. Insert the second beamsplitter at the intersection of the two partial beams in the 
setup, as shown in Figure 6. Fix it to the breadboard with the CF125 clamp.  
Make sure that the reflected laser light also has the correct beam height. 
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4.3.3. Screens and Alignment 
7. Set up one of the EDU-VS1(/M) observation screens relatively close behind the 

beamsplitter (labeled as Screen 1 in Figure 6, below) and the other at a distance 
of about 2 - 3 meters (or ideally an even greater distance). The goal is to overlap 
and co-propagate both partial beams so that they can interfere with one 
another. 

 
Figure 6  Screens and Alignment. Take out AT1(/M) once screen has been placed. 

8. Initially, you will probably see two laser spots on the screens. Position the spots 
on top of one another with the aid of the fine adjustment screws on the mirror 
and beamsplitter mounts. 
Note: When you adjust the screws on the mirrors, the laser spot will move on 
both screens in opposite directions (e.g., one spot will move to the right and the 
other will move to the left). Adjusting the screws on the second beamsplitter will 
result in movement in the same direction on both screens. 

9. Make sure that the two beams overlap well on the beamsplitter. It is not enough 
to have overlapping spots on the screens! If the beams do not overlap 
sufficiently on the beamsplitter, change the mirror position accordingly. An 
interference pattern will only appear when the beams overlap well on the 
beamsplitter and the screens. 
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10. There are three possible ways to proceed in adjusting the interferometer. There 
is no ideal way to do it—please choose your favorite method: 

a. Position the spots according to step 8 such that they overlap. Next, 
expand the beam to obtain the interference ring pattern by installing 
the LB1901 lens between the laser and the first beamsplitter. If the 
interference pattern does not show, slowly tilt and rotate one of the 
mirrors. If the interference pattern still doesn’t show, the previous 
adjustment steps need to be repeated. 

b. Position the spots according to step 8 until you see a flickering in the 
laser spots. Next, expand the beam to obtain the interference ring 
pattern by installing the lens between the laser and the first 
beamsplitter. If the interference pattern does not show, slowly tilt and 
rotate one of the mirrors. If the interference pattern still doesn’t show, 
the previous adjustment steps need to be repeated. 

c. Apply a so-called “beam walk”. This iterative method is a general 
procedure applied to align optical beams in which two kinematic 
elements are used to align the laser to two targets. The two kinematic 
elements are the first beam splitter and a mirror of your choice. The 
two targets are the laser spots on the second beam splitter and on one 
of the screens. Apply the following steps: 

i. Adjust the first beam splitter until the two spots on the second 
beam splitter overlap as well as possible. 

ii. Adjust the mirror until the two spots on one of the screens 
overlap as well as possible. 

These two steps need to be repeated until the two beams spots 
overlap on both the beamsplitter and the screens. Then, install the 
lens between the laser and the first beamsplitter. 

11. Once you have obtained an interference pattern (see Figure 12 below) place a 
polarizer in each path. With parallel polarization planes, interference is 
observed, but with perpendicular planes, it disappears (see Chapter 5). The 
third polarizer ("eraser" with 45° orientation) can now be placed directly in front 
of one of the screens.  



Quantum Eraser Demonstration Kit Chapter 4: Setup 

Page 20 MTN002250-D02 

 
Figure 7 Interferometer Final Setup 

4.4. Additional Notes 

4.4.1. Complementarity of the Patterns and Phase Shifts 
The two output arms of the Mach-Zehnder interferometer show interference patterns that 
are complementary. This means that if the pattern on one screen shows a dark spot, 
then the other screen shows a bright spot in the same place (and vice versa). The reason 
is found in the phase shifts at the beam splitters, which we will discuss in the following 
section. 

First we have to examine the beamsplitters themselves: They consist of a glass substrate 
and a reflective coating on top of one side. Depending on which side of the beamsplitter 
the laser reflects from, there is either a phase shift of angle 𝜑𝜑 or not. When light is 
reflected from the back side (i.e., when it enters the glass first), then no phase shift 
occurs.   

 
Figure 8 Phase Shifts at a Plate Beamsplitter 

  

Laser

Reflective layer
Glass substrate

Laser
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Now we can investigate the phase difference on one screen between the two 
interferometer paths: 

 
Figure 9 Phase Difference at One Screen 

Similarly, we obtain the phase difference on the other screen: 

 

 
Figure 10  Phase Difference at Other Screen 

Therefore, the phase difference between the two screens is always 𝜋𝜋 (180°).    

Note: In this discussion, we neglect the phase shift caused by the glass itself (due to the 
different speed of light in the medium). Here, we only discuss the phase shifts due to the 
reflections. The phase shift due to the medium introduces another shift of the total phase 
but does not change the fact that the patterns on the screens are complementary. 

Note: You do not have to take care of the orientation of the plate beam splitters when 
you assemble the setup! It does not matter in which orientation they are placed in the 
mount (the relative phase shift stays the same). 

  

Laser Laser

Laser Laser
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4.4.2. Ring Pattern 
As stated above, the most distinct interference pattern is obtained when both arms of the 
interferometer are of equal length. In the case where one arm is much longer than the 
other, an interference pattern can be observed,  but it is much smaller than with an 
optimal adjustment. Here, we discuss briefly why that is the case and why we see a 
circular pattern. 

When the interferometer arms are not of equal length (which is always the case since 
it’s practically impossible to adjust the interferometer with nanometer precision) then 
there exist two (virtual) light sources as seen by the screen which correspond to the 
different light paths through the interferometer. If the path is stretched out in one 
dimension,  one source is behind the other due to the different lengths of the 
interferometer arms. 

As with all interference patterns (such as, e.g., for the double slit) one can now determine 
the difference in the paths length between the path from light source A to point X and 
from light source B to point X which then translates to, e.g., constructive or destructive 
interference, see Figure 11. 

 

Figure 11  Explanation of a Circular Interference Pattern 

If the arms of the interferometer have very different lengths, the two virtual light sources 
are far apart. In this case, a small position change on the screen corresponds to a large 
change in the path length difference, which again translates into a smaller spacing 
between the fringes. This explains why the interference pattern gets smaller when the 
interferometer arms have very different lengths. 

This line of argument is the same for all points on the screen. Since the lens diverges 
the beam symmetrically around the optical axis, the interference pattern needs to be 
symmetric, i.e., concentric, as well. 
 



Quantum Eraser Demonstration Kit Chapter 5: Experiment 

Rev F, June 2, 2025 Page 23 

Chapter 5 Experiment 
First, it should be pointed out once again that this experiment represents an analogy 
experiment to the true single-photon “quantum eraser", as it can also be explained in 
purely classical terms. In the original single-photon experiment, classical physics 
ultimately fails. In spite of this, the experiment can be described with quantum mechanics 
principles and terminology. 

The quantum eraser serves to illustrate several basic quantum mechanics principles and 
"mysteries", such as complementarity or the quantum mechanics measuring process in 
conjunction with interference phenomena. 

The two possible paths in the interferometer represent two possibilities for one photon to 
move. The two polarizers are used to mark the paths, which makes them distinguishable. 

5.1. Experiment 1: Path Information in Quantum Physics 
Place a polarizer in each arm of the interferometer and adjust the polarization of both to 
the same orientation. 

You should still see interference rings on both screens. Now imagine that only a single 
photon passes through the setup at a time. One often uses the expression that the 
photon interferes "with itself". From a quantum mechanics point of view, this means that 
the state of the photon is a superposition of the two states: "photon in path 1" and "photon 
in path 2". The probability of each of the two possibilities is 50%. The intensity pattern, 
which one can observe on the screen after many individual photons have passed through 
the setup, meaning the probability distribution of these photons, emerges as an 
interference pattern (see Figure 12). We do not know which path the photon took, as 
both paths are indistinguishable. 

Now, turn one of the polarizers by 90°. The different paths in the interferometer are now 
“marked” by polarization, and so we obtain information regarding the path that the photon 
took. This results in the disappearance of the interference pattern, as the two paths are 
now distinguishable. A smooth intensity distribution appears on the screen without an 
interference pattern (see Figure 13).  

If the interference pattern does not fully vanish when the polarizers are set to 0° and 90°, 
it is most likely caused by non-perpendicular polarizers. You may need to make sure 
again that the film polarizers have the correct orientation in their mount (c.f. chapter 4.2, 
Component Assembly). 
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Figure 12  Interference Patterns 

 

 
Figure 13  Disappearance of the Interference Pattern 
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Trick question: 
Above, we’ve argued that the presence of a 0° polarizer in one arm and a 90° polarizer 
in the other arm of the interferometer results in a defined path and no interference 
pattern. We argued that the photon will have either 0° or 90° polarization on the 
screen/detector and that we could thereby tell which way it went. Does the same line of 
argument work when a 0° and an 80° polarizer are used? 
Answer: 
One might be inclined to say “yes” since one might make the mistake of thinking that a 
photon that has an 80° polarization at the screen must follow the path with the 80° 
polarizer. However, there is a certain probability that a photon polarized at 0° will be 
absorbed on the screen with 80° polarization, even though the probability is small. 
Therefore, the path information is undefined. In other words: the two possible paths (or 
possible states) superimpose, and we find a low contrast interference pattern. 
 

5.2. Experiment 2: Quantum Eraser 
In this experiment, the two polarizers in the setup should first be turned 90° in relation to 
one another, as described above, so that no interference is observable due to the path 
information. Then, the third polarizer, the "eraser", is installed between the last 
beamsplitter and a screen. The eraser is oriented 45° from the other two polarizers. What 
can be observed on the screen? 

As one can see in Figure 14, an interference pattern appears again. Figure 14 shows 
the screen with the eraser in front of it on the left hand side and the screen without eraser 
on the right hand side. Therefore, an interference pattern is observable on the left screen 
whereas no pattern is observable on the right screen. 

These observations can be explained as follows: the eraser restores the interference 
pattern again, as the path information of the photons is now no longer present. All 
photons, which hit the screen, have a 45° polarization. The photons, which reach the 
other screen without the "eraser", still carry this path information – one can determine 
whether they passed through path 1 (0° polarization) or path 2 (90° polarization). 
Therefore, no interference pattern is observable on the right screen. 
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Figure 14  Right Screen: No Interference Pattern. Left Screen: Interference Pattern Behind 

the Eraser 

5.3. Experiment 3: Thought Experiment 
The physicist John Wheeler came up with the following thought experiment: Imagine that 
the second beamsplitter is inserted into the setup after the photon (according to classical 
thinking) must have already “chosen” one of the two possible paths in the interferometer. 
What result is expected—interference or not? 

First of all, we sketch the interferometer, with and without the second beamsplitter: 

(a)                                       (b)  

Figure 15  (a) Sketch of the Setup without the Second Beamsplitter, (b) Setup with Second 
Beamsplitter, (1) First Beamsplitter, (2) Mirror, (3) Second Beamsplitter, (4) Screens. 

When a photon is sent into the setup depicted in Figure 15(a), the path information is 
defined because the photon can only be detected at a single screen for each path. As a 
result, no interference pattern is visible. As we’ve discussed above, the setup in Figure 
15(b) leads to an interference pattern because the path is undefined. Wheeler now asks 
the following question: what if we send the photon into the setup depicted in Figure 15(a) 
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and insert the second beamsplitter after the photon has passed the first beamsplitter—
do we see an interference pattern? Do we have a defined path or not? 

First, we note that “after the photon has passed the first beamsplitter” is a formulation 
we can only use in classical physics! Unless we measure the position of the photon, we 
can’t make statements about it. This sentence is supposed to say “we wait a certain time 
until the photon is (classically speaking) behind the first beamsplitter”. If we thought in 
terms of classical physics, we would have to assume that the photon chose one of the 
paths at the first beamsplitter. Therefore, the insertion of the second beamsplitter would 
not have any impact, and we would not see an interference pattern. 

Quantum physics offers a surprise, though; when the second beamsplitter is inserted, 
the interference pattern is observable again! The conclusion is that a quantum physical 
system does not have to decide on particle or wave properties until an observer performs 
a measurement. This is true even when we decide what property we want to measure 
after the experiment has already started. For that reason, experiments such as the one 
Wheeler proposed are called “delayed-choice-experiments”. 

This experiment has now actually been performed and this explanation was confirmed 
(see, for example Hellmuth, Walther, Zajonc, Schleich, Phys. Rev. A 35, 2532(1987)). It 
shows the extremely non-intuitive nature of quantum mechanics and the quantum 
mechanical measurement process. 
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Chapter 6 Teaching Tips 
• Students can Set Up and Adjust the Interferometer. 

The quantum eraser is based on a Mach-Zehnder interferometer that can be set up 
and adjusted by the students themselves. Depending upon experiment experience, 
however, the high degree of variability is problematic here – ultimately, the alignment 
of any mirror and any beamsplitter can be adjusted. In order to simplify setup and 
adjustment, gold screw heads are attached to several adjuster knobs. Once the 
interferometer has been successfully adjusted, one can disassemble it and give it to 
the students to set up again with the limitation that only the gold screws should be 
turned. In this manner, adjustment is simplified and the number of experimental 
variables minimized. 

• Classical vs. Quantum Interpretation 

The central misunderstanding, which occurs in any path information experiment, is 
due to the insistence on the classical idea that a photon must decide on a path 
through the interferometer. It is important to emphasize that this is only the case if 
the respective measurement is carried out – in this context, the importance of the 
measurement process in quantum physics becomes clear. 

• Superposition of Quantum States 

In order to make it easier for the students to transition to the concept of states, it is 
recommended to discuss the concept of states based on Schrödinger's cat. The 
system consists of a box, a cat, and a poison, which is released upon the decay of 
a radioactive atom (a random process). The system has two states as long as the 
box is closed: the poison has not yet been released and the cat is alive (state 1) or 
the poison has already been released and the cat is dead (state 2). The central 
aspect of this thought experiment is that all states of the system exists 
simultaneously and superpose one another. However, as soon as the box is opened, 
the system must transition to one state. 

Schrödinger's cat therefore represents a good introduction to the concept of states. 
In addition, this thought experiment also helps one understand the quantum eraser, 
because two states exist here as well, namely the two possible paths of the photon 
through the interferometer. If no explicit measurement is performed to determine in 
which arm of the interferometer the photon is located (if the "box" is not opened), 
the states are superposed and create the familiar interference pattern. 
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• Does the Photon Interfere with Itself? 

Often the sentence "the photon interferes with itself" is used to concisely describe 
this type of experiment. In the broadest sense, whether one uses this or not is a 
didactical matter of taste. When using this sentence, however, one should be aware 
of the very problematic implications: although a photon is an elementary excitation 
of the electromagnetic field, the sentence suggests that it is divisible and could 
interfere with itself. However, this is not the case! It is actually the possible states 
which interfere with one another, which can be described mathematically-physically 
by their wave functions Ψ. 

• Probability Density 

In many didactic models, the probability density |Ψ(x, t)|2 is used as a quantity in 
order to explain the physical processes. If one considers the development of this 
function over time, a wave package first propagates from the laser onto the first 
beamsplitter. Here, |Ψ|2 separates into two parts, each of which propagates into one 
arm of the interferometer. If one approaches the quantum eraser experiment with 
this didactic method, one should take care to heavily emphasize the indivisibility of 
a photon. Otherwise, there is a risk that the students will too greatly associate the 
probability density with the position of the photon – and therefore that the photon 
becomes divisible in the mind of the student.  

• Additional Quantum Physics Topics 

The discussion of the quantum eraser with individual photons makes it possible to 
discuss many additional topics of quantum physics. Examples of content are 
particularly the entanglement of photons, the secure exchange of data by means of 
quantum communication, and the interference-free quantum measurement ("bomb 
tester"). 
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Chapter 7 Troubleshooting 
• The laser spots superimpose, but there is no interference.  

Do you see flickering in the superposition? If not, check whether all components 
have been positioned as precisely as possible, including a 90° beam angle after all 
reflections. Is the height of the beam above the plate at the beamsplitters, at the 
mirrors and at the screens the same as it is directly at the laser? If these conditions 
exist, you may have to simply experiment a little and slightly change one spot 
repeatedly without completely losing the superposition. 

• The interference sometimes disappears for no apparent reason without the 
setup being touched. 

Temperature changes in the crystal inside the laser can lead to changes in the laser 
modes. Place a hand on the laser module and warm it slightly – the interference 
should appear again. 

• There is an interference pattern visible with the lens inserted, but without the 
lens the laser beams do not overlap. 

In this case, the expanded beams do only partially overlap at the beamsplitter and 
screens and are shifted against each other. This way, interference happens 
between different points of the beam profile, similar to a shearing interferometer. To 
correct this, take out the lens, check for constant height of the beam throughout the 
setup and ensure that both beams run colinear after the beamsplitter (see section 
4.3.3). 

• The interference pattern does not vanish when polarizers are introduced. 

Check the actual orientation of the polarizers. If the retaining rings in the rotation 
mounts are not properly tightened, the polarizer foils can loose alignment with the 
rotation scale on the mount. It is further important that the polarizer axes are parallel 
or perpendicular to the breadboard plane and not just perpendicular to each other. 
Since the reflections under 45° incidence at mirrors and beam splitters flip the sign 
of the polarization angle, it would otherwise matter a lot in which part of the 
interferometer arms the polarizers are placed (before/after mirror). 

• Instead of the ring-shaped interference pattern, elliptical- or hyperbolic-
shaped interferences can be seen (as in Figure 16, below).  

As explained in section 4.4.2, the ring patterns are a result of different path length 
of both interferometer arms. If the path length difference gets close to zero, the areas 
of constructive and destructive interference get larger until ideally the central ring of 
the pattern will get larger than the screen and fill it. 

In a real experimental setup, any optics in the beam path will introduce additional, 
individual phase shifts, which vary over the beam profile. This is known as wavefront 
error. It modulates the phase relation between the two beams over the spatial profile 
and thus deforms the theoretically expected pattern. 
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Figure 16  Hyperbolic Interference Patterns 

In this kit, the EBS2 economy beamsplitters introduce the largest wavefront errors. 
As they are rather thin, the glass substrate tends to bend (often in a saddle shape, 
see Figure 17) and the reflective surface is not flat anymore. In the interferometer, 
peaks in the surface profile of the mirrors and beamsplitters reflect the beam “earlier” 
than valleys, which modulates the path length difference between the beams. 

 
Figure 17  Measured Surface Profile of an Economy Beamsplitter 

As can be seen in the figures above, the interference pattern closely resembles the 
form of the contour lines of the economy beamsplitter surface. 

Additional phase shifts and beam displacement arise from the transmission of a 
divergent beam through a glass plate, depicted in Figure 18  below: each ray passes 
the glass plate at a slightly different angle, resulting in different path length through 
glass. Thicker glass plates increase the effect. Luckily, this effect can be 
compensated for if both beamsplitters are set up with the correct orientation in Mach-
Zehnder geometry (see Figure 9). However, this requires plate beamsplitters with 
identical thickness on an unwedged glass substrate. Cube beamsplitters do not 
cause these issues, but are much more expensive. 
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Figure 18  Rays of a Divergent Beam Profile Traversing Through a Glass Plate 

Important Note: 

Naturally, all of the physics behind the quantum eraser experiment, both classical 
and quantum mechanical, are valid even if the interference pattern does not show 
rings. Therefore, the quantum eraser experiment may be demonstrated and 
discussed just as effectively with the interference pattern displayed in Figure 16. 

To obtain a ring pattern, it is sufficient to increase the path length difference between 
both arms, which can be done following these steps: 

1. Adjust the yaw axis of the mirror in the path that is reflected by the first 
beam splitter (path 2) by rotating the lower thumb screw two turns in 
counterclockwise direction (left image below). The beams now won’t 
overlap at the second beam splitter (right image below) or at the screens. 

     
2. Loosen the screw which is used to fix the position of the second beam 

splitter and move it along the beam of path 1 to overlap both spots on the 
center of the beam splitter again. Fix the position of the beam splitter, then 
adjust yaw and pitch axes to get overlapped laser spots on the beamsplitter 
and on the screens. 

3. Continue with the normal setup procedure described in section 4.3.3 and 
insert the lens to find the interference pattern. If the pattern is strongly 
elliptical you may repeat the steps above to increase the path length 
difference further and obtain a ring pattern. 
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Chapter 8 Further Ideas 
• The parts contained in this kit can also be used to set up a Michelson Interferometer. 

For that, use only one beamsplitter and place the two mirrors so that they reflect the 
laser back towards the beamsplitter. For a more detailed description with images 
see the manual of the EDU-BT1(/M) bomb tester. The Quantum Eraser experiment 
works the same way in a Michelson Interferometer, but the polarizers are passed 
twice in each arm. A Mach-Zehnder Interferometer has the didactical advantage that 
there are clearly separated paths and one can view both complementary outputs 
simultaneously. In the Michelson Interferometer this would require an additional 
beam splitter in the input path, showing the second pattern with less intensity. 

• The “User Content” tab on the EDU-QE1(/M) webpage shows how Pancharatnam's 
Phase can be demonstrated using additional parts. 

• Inserting an iris aperture (not included) after the laser to reduce the beam diameter 
can help improve the alignment precision when overlapping the beams at the 
second beam splitter and the screen. 

• Flipping the orientation of the eraser polarizer (from 45° to -45°) inverts the 
recovered interference pattern. One way to understand this is presented here: 

o Without polarizers in the beam paths there are points with 
constructive/destructive interference in the pattern 
(maximum/minimum intensity), meaning that the waves from both 
arms have the same/π-shifted phase with respect to each other at this 
point. When adding the polarizers into both arms, relative phases are 
left unchanged, but the polarizations of both arms are orthogonal to 
each other. Recombining two orthorgonal polarizations at the beam 
splitter leads to new polarization states for the combined beams, 
depending on the phase shift between them (to learn more about 
polarization states, consult the EDU-3D1 kit manual). Therefore, the 
former intensity patterns on the screen are now transformed into 
patterns of different polarization states (but with constant intensity 
distribution, therefore no interference pattern can be observed by eye). 
At points on the screen where there has been an intensity 
maximum/minimum before, the orthorgonal polarizations are still in 
phase (or shifted by π, respectively), which leads to the resulting 
polarization vector pointing to 45°/-45° at those locations. Inserting the 
eraser polarizer only lets through one of those polarizations, which 
modulates the intensities (quantum meachnically: transmission 
probabilities) accordingly and the interference pattern is restored. 

o Similarly, the interference patterns are identical instead of 
complementary if a fourth polarizer (with opposite setting to the third 
one) is introduced in front of the other screen. Note that this does not 
violate conservation of energy, as the polarizers absorb energy out of 
the beam, such that the output intensities are always lower than the 
input. 
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• The following ideas are based on the feedback of Dr. Mark Colclough, Director of 
Laboratory Learning and Teaching, School of Physics and Astronomy, University of 
Birmingham, UK: In order to obtain quantitative measurements of the interference 
pattern, he uses a ground glass screen in place of one of the plastic ones, and 
images the fringe pattern using a webcam with an added close-up lens. Thorlabs 
offers unmounted ground glass diffusers which can be mounted by using, e.g., the 
FP02 wide plate holder.  The camera used by Dr. Colclough is a C270 Logitech 
Webcam (for reasons of manual exposure control, the removable lens and an 
economic price). Image analysis then enables the students to quantitatively 
measure the fringe contrast as a function of polarization, and compare the fringes 
with the theoretical form. 

Since we did not test this setup, we cannot guarantee the results. 
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Chapter 9 Regulatory 
As required by the WEEE (Waste Electrical and Electronic Equipment Directive) of the 
European Community and the corresponding national laws, Thorlabs offers all end users 
in the EC the possibility to return “end of life” units without incurring disposal charges. 

• This offer is valid for Thorlabs electrical and electronic equipment: 
• Sold after August 13, 2005  
• Marked correspondingly with the crossed out 

“wheelie bin” logo (see right) 
• Sold to a company or institute within the EC  
• Currently owned by a company or institute 

within the EC  
• Still complete, not disassembled and not 

contaminated 

As the WEEE directive applies to self contained 
operational electrical and electronic products, this end of 
life take back service does not refer to other Thorlabs products, such as: 

• Pure OEM products, that means assemblies to be built into a unit by the user 
(e.g. OEM laser driver cards)  

• Components  
• Mechanics and optics  
• Left over parts of units disassembled by the user (PCB’s, housings etc.).   

If you wish to return a Thorlabs unit for waste recovery, please contact Thorlabs or your 
nearest dealer for further information. 

9.1. Waste Treatment is Your Own Responsibility 
If you do not return an “end of life” unit to Thorlabs, you must hand it to a company 
specialized in waste recovery. Do not dispose of the unit in a litter bin or at a public waste 
disposal site. 

9.2. Ecological Background 
It is well known that WEEE pollutes the environment by releasing toxic products during 
decomposition. The aim of the European RoHS directive is to reduce the content of toxic 
substances in electronic products in the future. 

The intent of the WEEE directive is to enforce the recycling of WEEE. A controlled 
recycling of end of life products will thereby avoid negative impacts on the environment.  

Wheelie Bin Logo 
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Chapter 10 Thorlabs Worldwide Contacts 
 
For technical support or sales inquiries, please visit us at www.thorlabs.com/contact for 
our most up-to-date contact information.  

 

Corporate Headquarters 
Thorlabs, Inc.  
43 Sparta Ave 
Newton, New Jersey 07860 
United States 
 
sales@thorlabs.com  
techsupport@thorlabs.com 
 

Product Manufacturer  
Thorlabs GmbH.  
Münchner Weg 1 
D-85232 Bergkirchen 
Germany 
 
sales.de@thorlabs.com  
europe@thorlabs.com  
 

EU Importer 
Thorlabs GmbH  
Münchner Weg 1 
D-85232 Bergkirchen 
Germany 
 
sales.de@thorlabs.com 
europe@thorlabs.com 

UK Importer 
Thorlabs Ltd. 
204 Lancaster Way Business Park 
Ely CB6 3NX 
United Kingdom 
 
sales.uk@thorlabs.com  
techsupport.uk@thorlabs.com 

https://www.thorlabs.com/contact
mailto:techsupport@thorlabs.com
mailto:europe@thorlabs.com
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