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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 

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. 

 

 

DO NOT STARE INTO BEAM

CLASS 2 LASER PRODUCT
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Chapter 3 Brief Description and Basic Ideas 
Can one measure the presence of an object without interacting with the object?  In other 
words, can one see an object that may not be exposed to a single photon? In the 
macroscopic world, this seems absurd.  But in quantum physics, it is actually possible 
according to the principle of “interaction-free quantum measurement”.  The two 
physicists, Elitzur and Vaidman, published a thought experiment on this in 1993

1
, the 

“Bomb Tester”.   

At the beginning of the thought experiment, there are a certain number of bombs, which 
are designed so that they explode as soon as they are hit by even a single photon.  The 
problem is that some of them are defective and do not explode, meaning that they are 
duds.  Externally, the duds cannot be differentiated from the functioning bombs.  How 
does one determine which bombs work and which do not?  If a photon is directed at 
them, all functional bombs will logically explode.  Is there another possibility?  

Quantum mechanics allows for such a test: an interaction-free quantum measurement 
that will allow the user to sort out at least some of the good bombs. In a classroom 
setting, an analogy experiment can be used to highlight the idea of interaction-free 
quantum measurements through the use of a Michelson interferometer. Here it is 
important to understand what a quantum mechanics “which-path” system is and how a 
measurement of it can destroy interference. 

The remainder of this manual will give a components list and instructions for setting up 
an interferometer. After that, there will be a brief introduction to quantum mechanics that 
contrasts the relevant predictions of quantum mechanics to its classical physics 
counterpart. Once the background information is known, interference-free quantum 
measurements are then introduced. Finally, we conclude with an analogy experiment 
that can be performed by students in the classroom.  

                                                           
1
 A. Elitzur, L.Vaidman: Quantum mechanical interaction-free measurements, Foundations of 

Physics 23, 1993, p. 987-997 
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Chapter 4 Setup and Adjustment of the Michelson 
Interferometer  

 

 Overview of the Individual Components 4.1.
In cases where 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-C2 
532 nm Laser Diode Module 

 
1 x LDS5(-EC) 

5 VDC Regulated 
Power Supply 

 
1 x VC1(/M) 

Small V-Clamp with 
PM3(/M) Clamping Arm 

 
1 x LB1901 

Ø1″ N-BK7 Bi-Convex Lens, 
f = 75.0 mm 

 
2 x LMR1(/M) 

Lens Mount for  
Ø1″ Optics 

 
1 x SM1RR 

SM1-Threaded 
Retaining Ring 

 
1 x EBS1 

Economy Beamsplitter, 
Ø1″ 

 
2 x ME1-G01 

Ø1″ Protected Aluminum 
Mirror, 3.2 mm Thick 

 
2 x KM100 

Kinematic Mount for 

Ø1″ Optics 
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1 x EDU-VS1(/M) 
Viewing Screen 

 
1 x SM05D5 

Internally SM05-Threaded 
Lever Actuated 
Iris Diaphragm 

 
1 x SM05M10 

1″ Long, SM05-Threaded 
Lens Tube 

 
1 x SM05PD1A 

Silicon Photodiode, 
350 – 1100 nm, 

Cathode Grounded 

 
1 x SM05RC(/M) 

Ø1/2″ Slim Slip Ring for 
SM05 Lens Tubes, 

8-32 (M4) Tapped Hole 

 

 

 
 

1 x CA2812 
12″ Long SMA Coaxial 

Cable, SMA Male to 
BNC Male 

1 x T3285 
BNC Adapter – T 
Adapter (F-M-F) 

 
1 x FT104 

100 kΩ Fixed Stub-Style 
BNC Terminator 

 
1 x T1452 

BNC Female to 
Binding Post 

 
6 x TR2 (TR50/M) 

Ø1/2″ (Ø12.7 mm) Post,  
2″ (50 mm) Long 

 
6 x PH2 (PH50/M) 
Ø1/2″ (Ø12.7 mm) 

Post Holder, 
2″ (50 mm) Long 

 
1 x TR075 (TR20/M) 

Ø1/2″ (Ø12.7 mm) Post, 
3/4″ (20 mm) Long 
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1 x PH1 (PH20/M) 
Ø1/2″ (Ø12.7 mm) 

Post Holder, 
1″ (20 mm) Long 

 
5 x BA1(/M) 

Post Holder Mounting 
Base, 1″ x 3″ x 3/8″ 

(25 mm x 58 mm x 10 mm) 

 
2 x BA2(/M) 

Post Holder Mounting 
Base, 2″ x 3″ x 3/8″ 

(50 mm x 75 mm x 10 mm) 

 
1 x MB12 (MB3030/M) 
Aluminum Breadboard,  

12″ x 12″ x 1/2″ (300 mm x 300 mm x 12.7 mm), 
1/4″-20 (M6) Taps 

 
1 x RDF1 

Rubber Dampening Feet, 
Set of 4 

 
 
Imperial Kit Hardware: 

1 x BD-3/16L 
1/4″-20 Ball Driver 

4 x 1/4″-20 Socket Head Screw, 3/4″ Long 

12 x 1/4″-20 Socket Head Screw, 5/8″ Long 

6 x 1/4″-20 Socket Head Screw, 1/2″ Long 

1 x 1/4″-20 Cap Screw, 3/8” Long 

12 x M6 Washer 

5/64″, 3/32″, and 1/8″ Hex Keys 4 x 1/4″-20 Nut 

 
Metric Kit Hardware: 

1 x BD-5ML 
M6 Ball Driver 

4 x M6 Cap Screw, 20 mm Long 

12 x M6 Cap Screw, 16 mm Long 

6 x M6 Cap Screw, 12 mm Long 

1 x M6 Cap Screw, 10 mm Long 

12 x M6 Washer 

2 mm and 3 mm Hex Keys 4 x M6 Nut 
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 Assembly of the Components 4.2.
First, screw the rubber feet onto the breadboard. 

Then, assemble the different components of the setup as follows
2
: 

 

Screen Lens and Beamsplitter 

  

Components: 
Screen 

3/4″ (20 mm) Long Post 
1″ (20 mm) Long Post Holder 

BA2(/M) Base 

Components: 
Lens or Beamsplitter 

LMR1(/M) Lens Mount 
2″ (50 mm) Long Post 

2″ (50 mm) Long Post Holder 
BA1(/M) Base 

 

  

                                                           
2
 In cases where metric and imperial kits contain parts with different item numbers, metric part 

numbers and measurements are indicated by parentheses unless otherwise noted. 
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 Mirrors Laser 

  

Components: 
Mirror 

KM100 Kinematic Mount 
2″ (50 mm) Long Post 

2″ (50 mm) Long Post Holder 
BA1(/M) Base 

Components: 
Laser 

Small V-Clamp 
2″ (50 mm) Long Post 

2″ (50 mm) Long Post Holder 
BA1(/M) Base 

 

Mounting the KM100 on a Post 

          

Instead of a threaded hole for mounting, the KM100 has a counterbored hole. To post 
mount these parts, first remove the setscrew from the post that you are using. Insert an 
8-32 (M4) cap screw through the counterbored hole in the universal mount, and tighten it 
into the post on the other side of the hole.  
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Photodetector 

 

Components: 

Photodetector (in Lens Tube) 
12″ BNC to SMA Cable 

BNC T-Adapter 
Stub-Style BNC Terminator 

Binding Post 

Lens Tube 
Lens Tube Slip Ring 

Iris Diaphragm 
2″ (50 mm) Long Post 

2″ (50 mm) Long Post Holder 
BA2(/M) Base 

Photodetector Assembly 
Connect a PH2 (PH50/M) 2″ (50 mm) long post holder to a BA2(/M) base.  Screw a TR2 
(TR50/M) 2″ long (50 mm) post into the SM05RC(/M) lens tube slip ring and insert it into 
the post holder.  Next, screw the SM05PD1A photodiode into one end of the SM05M10 
lens tube and the SM05D5 iris onto the other.  Insert this assembly into the slip ring and 
attach the CA2812 SMA to BNC adapter cable.  Connect the cable and the FT104 BNC 
terminator to either end of the crossbar at the top of the T3285 BNC T-adapter.  Finally, 
attach the T1452 BNC to binding post adapter to the base of the T-adapter. 
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 Setup and Adjustment 4.3.
In the Michelson interferometer, a laser beam is split by a 50:50 beamsplitter; the split  
beams are then reflected back by mirrors and recombined at the beamsplitter.  A screen 
or detector at the output of the interferometer shows an interference pattern if the two 
paths are indistinguishable.  A lens is used to expand or diverge the beam in order to 
obtain an interference pattern consisting of light and dark rings (constructive or 
destructive interference, respectively).  The complete setup is shown in Figure 1.  
Instructions are given below. 

 

Figure 1 Setup of the Interferometer 

1. First, position the laser (1) in the mount at the edge of the breadboard and secure 
it with the appropriate cap screws.  Align the beam as closely as possible with the 
rows of holes in the breadboard. 

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. 
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2. Next, place the first mirror (2) on the optical axis of the laser beam and orient the 
mirror such that the beam reflects approximately back into the laser (at these low 
power levels, this will not damage the laser). 

 

 

Figure 2 Placing the Laser and the First Mirror 

3. Install the beam splitter (3) and ensure that the beam is split at a 90° angle. 

 

Figure 3 Placing the Beam Splitter 
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4. Next, install the second mirror (4) and ensure that the beam reflected by this is 
superimposed over the first beam at the beamsplitter.  This can be accomplished 
by means of the fine adjustment screws.  In particular, one should ensure that the 
distance between the beamsplitter and the mirrors is the same along both 
interferometer arms. 

 

Figure 4 Placement of the Second Mirror 
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5. Place the screen (5) at the output of the interferometer.  You should now see the 
two partial beams as points, which more or less overlap.  Ideally, you should 
already see a slight flickering there – this indicates interference. 

6. Finally, place the lens (6) between the laser and the beamsplitter.  You may 
already see interference rings or stripes.  If not, turn the screws on the adjustment 
mirror and try to create interference.  If you are still unsuccessful, check that the 
partial beams really overlap on the surface of the beamsplitter (it is not sufficient if 
they only do so on the screen). 

 

Figure 5 Placement of the Lens and Screen 
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Additional note: 

As stated earlier in this section, 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 both 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 (e.g., for the double slit) one can now determine the 
difference in the path lengths between the path from light source A to point X and from 
light source B to point X, which then translates to constructive or destructive interference 
(see Figure 6). 

 

Figure 6 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. 

 

A B
X
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Chapter 5 Experiment Instructions and Exercises  

 Which-Path Experiments: Where Classical Physics Fails 5.1.
First, we should contemplate quantum mechanical relationships by proceeding mentally 
from classical physics to quantum mechanics.   

Exercise: 
We first consider what will happen if we send, for example, 4 photons from the laser into 
the setup.  A diagram of the interferometer is shown in Figure 7. We can represent each 
of the photons with a 1-cent coin and track their paths through the interferometer.  What 
happens? 

1. Decision: In classical thinking, each photon can only take path one or path two.  
We know that the probability of each is 50%.  We will therefore assume that two 
photons take path 1 and two photons take path 2 and place the respective 
number of coins on the two interferometer arms.  Each of the photons is then 
reflected by a mirror and moves back to the beamsplitter.  All four coins thus 
return to the splitter. 

2. Decision: At the beamsplitter, there is once again a which-path decision for 
each photon.  The two photons from path 1 and the two photons from path 2 
can be transmitted again or reflected.  We once again have a 50:50 probability 
and, therefore, allow each photon or coin to take one of the possible paths.  

So, in the end, two coins end up at the screen and two back in the laser.  
Someone who has not looked at the coins while they were in the setup cannot 
say which coin took which path.  On a detector, this would result in an 
interference pattern.  This simple, intuitive demonstration is clear from a 
classical point of view. 

Discovery of misconceptions: Students might assume that the various photons interfere 
with one another here, which naturally is NOT the case.   

Let us now do the same with only one single photon or, for the purposes of our 
demonstration, with a single coin.  What happens at the beamsplitter now?  

If the photon/coin cannot be divided, how can it simultaneously be in path 1 and path 2, 
as we are taught by quantum mechanics? This example demonstrates the breakdown of 
classical physics, as classically the photon/coin cannot be in path 1 and 2 
simultaneously. Instead, we must turn to quantum mechanics. In quantum meachnics, 
we call each potential path of the photon a possible state, which is described by the so-
called wave function, Ψ (Psi); a mathematical description for this state. 

We cannot think of the photon as a classic object like a coin.  This perception falls short 
and does not explain the observed phenomenon.  With the wave functions, we now 
describe two states of a single photon; the photon exists simultaneously in each of the 
two states (as long as one does not determine where it is located).  These can interfere 
with one another.  The photon is therefore not localized at a fixed point, but is located on 
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both paths simultaneously.  When we consider what happens at the beamsplitter, we 
realize that the photon never actually "decides" which path it will take.  It is simply 
present on both paths with its wave functions.   

 

 

Figure 7 Sketch of the Michelson Inteferometer – Placing the Bomb 

Only when one “looks” or marks the photon due to a disruption in one of the paths (such 
as with a bomb as described below) does the respective wave function collapse and only 
one path is allowed. In this instance, interference is no longer possible (this corresponds 
to blocking the beam in one arm of the interferometer).  

Conclusion: If the paths are indistinguishable in the interferometer, the two potential 
paths (wave functions) of a photon interfere with each other; an interference pattern is 
visible on the screen.   

If the paths can be distinguished, meaning that path information exists, the wave function 
collapses into a single function corresponding to the only remaining possible path once 
the photon is detected.  The other wave function disappears, and interference can no 
longer take place.   

Detector

Mirror 2

Mirror 1

Laser

or

?
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 Experiment Regarding Interaction-Free Quantum 5.2.
Measurements: Testing the Bombs in the Michelson Interferometer 
In the following, we will use expressions such as "the photon takes path 1".  As we just 
established, this expression is not completely correct, as the photon does not really 
decide and has the same probability of being present on both paths up until the 
measurement process.  Consider the case where a functional bomb is placed in path 1 of 
the interferometer.  If the bomb explodes, instead of saying “the photon took path 1”, we 
should say “the photon was detected in path 1.”  Up to the point in time when the photon 
interacted with the bomb, there was an equal probability of the photon existing in both 
arms of the interferometer.  Only when the photon is absorbed by the bomb does the 
wavefunction collapse into a single state.  In order to not unnecessarily overcomplicate 
the explanation below, however, we will use the more intuitive language for referring to 
the photon’s location.   

5.2.1. What is an interaction-free quantum measurement? 
Use a common Michelson interferometer, as portrayed in Figure 7.  The beamsplitter 
transmits 50% of the photons and reflects 50%.  The interferometer should be set so that 
destructive interference exists at the detector.   

The bomb is now placed on the lower arm (path 1) of the interferometer, between mirror 
1 and the beamsplitter.  If the bomb is live, it interacts with photons and detonates.  On 
the other hand, if the bomb is defective, no interaction occurs and the photons pass 
through the defective bomb without being "detected". 

Now, a photon is sent into the setup. 

Let us initially assume that the bomb is functional and detonates upon meeting a photon.  
We now consider the following possibilities, which can occur after a photon leaves the 
laser: 

A) The photon is transmitted at the beamsplitter and takes the path of the upper 
interferometer arm (path 2), where no bomb is located.  It is then reflected at mirror 
2 and, either passes through the beam splitter back to the laser cavity or is reflected 
by the beamsplitter towards the detector.  

The detector detects a photon in 50% of the cases; it remains dark in 50%.   

(A.1) In the cases in which the detector remains dark, meaning the photon 
passes back into the laser, we cannot make any statement regarding 
whether there was a live bomb in the setup or not.   

(A.2) In the case where the photon is detected by the detector, we know that the 
interference pattern has been destroyed (if the interference pattern created 
by the two states of the photon’s wavefunction was intact, the photon would 
not reach the active area of the detector). The photon’s wave function has 
collapsed into a single state and something must be located in the 
interferometer arm.  This means that we have detected the live bomb 
without detonating it. 
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B) The photon takes the lower path (path 1) and meets the bomb – the photon is 
absorbed by it and the bomb detonates. 

Let us now assume that a dud is located on the lower arm.  The situation is as follows: 

C) As the bomb does not interact, the set interference (destructive interference at the 
detector) remains intact in the interferometer and the detector always remains dark. 

Now, let us consider our measurement situation for evaluation: either a live or defective 
bomb (unknown at this time) is placed in the setup.  After sending in a single photon, 
there are three possible outcomes: 

1. After sending the first photon, we obtain darkness on the detector:  
We cannot make any statement (case A.1 or case C) and must send an 
additional photon into the setup.   

2. We obtain an explosion and the detector remains dark, as the photon was 
absorbed by the bomb: clearly, case B. 

3. We measure a photon at the detector: We know with certainty that a functional 
bomb is in the setup (case A.2). 

In the event of result 1, additional photons must be sent into the interferometer to prove 
that the bomb is a dud.  Each additional photon may produce results 1 through 3.  If we 
always obtain darkness on the detector after sending a high number of photons, we 
know that we have a dud in the setup and can reject it (case C). 

In conclusion, it is found that a live bomb can be proven in 25% of cases without 
detonating it. In 50% of cases, a live bomb explodes and in 25% no statement can be 
made, as the photon propagates into the laser again. 

Ultimately, this also means that we can determine the presence of a functional bomb 
without the necessity of an interaction between a photon and the bomb!  Just the 
detection of a photon implies that the wavefunction has collapsed into a single state due 
to the presence of the bomb, settling this debate. 

5.2.2. Analogy Experiment Regarding Interaction-Free Quantum 
Measurements for the Classroom 
Today, the experiment above can be easily performed by using single-photon sources 
and detectors and the theory behind the thought experiment can be confirmed.  
Unfortunately, such setups are too complicated and too expensive for the classroom.  
However, one can perform analogy experiments with "many photons", meaning 
continuous laser light, in order to demonstrate the subject matter.  The transition to a 
single photon must then be made mentally. 

For the anology experiment, one also uses a Michelson interferometer. There is no 
single-photon source this time, but rather a laser.  The detector is not a single-photon 
detector, but rather a photodiode detector, which simply measures light intensities.  
Ultimately, single-photons are not measured, but rather the probabilities of the possible 
paths/states (integrated over many photons) which the photons can take. 
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Figure 8 Setup for Measurements 

You can connect the photodetector to any multimeter.  The measurable voltage values 
lie in the mV-range. 

In the following steps, reference is made to the example results in Table 1.  The results 
came from three series of measurements, which were performed in daylight and at 
different distances between the detector and the beamsplitter (distance increasing from 
measurement 1 to 3), which can be seen immediately from the overall intensity.   

If you reduce the opening of the iris diaphragm, sufficient daylight is blocked so the 
experiment can be performed reasonably.  Room darkening is therefore not absolutely 
necessary. 

Step 1 
Measure the total intensity (represented as photodiode voltage) of the beams in both 
arms of the interferometer. Misalign the interferometer initially by turning the adjustment 
screws of one mirror.  Turn until the interference/ring pattern disappears.  Now, measure 
the voltage on the detector.  This voltage only represents half of the overall intensity 
(50% of the total light from each arm of the interferometer will be directed back towards 
the laser), so you must double this value (see Table 1, Column 2). 
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Now, adjust the interference pattern by turning the adjustment 
screws on the mirrors so that a minimum (meaning darkness) 
exists in the center

3
.  

The photodiode should now be placed in the center of the 
interference pattern and the iris diaphragm closed as much as 
possible, so that only a small opening can still be seen

4
.  The 

voltage on the photodiode will not reach zero because  ambient 
light can enter and, realistically, a perfect minimum can usually 
never be achieved.  You can simply accept the value as an 
offset (see example results in Table 1, Column 3). 

Step 2 
We now simulate the possible cases of the bomb experiment with measurements: 

1. We have a dud in the setup.  As we do not have any objects in the macroscopic 
world that do not interact with light, we will not place anything at all in the setup 
for this case (or a the "dummy" dud bomb provided in Chapter 6 can be used to 
visually illustrate the presence of the dud). The photodiode remains at the same 
low value, the destructive interference is maintained.  This means that photons 
(except for noise and any ambient room light) still do not hit the detector.  We 
obtain a low offset value, as we probably do not perfectly hit the minimum.   

2. We have a functional bomb in the setup.  For this, simply block the light in one 
arm of the interferometer, e.g. with the print out of the active bomb provided in 
Chapter 6.  The interference is destroyed (distinguishability of the paths).  We 
no longer have a minimum at the center of the detector.  The voltage at the 
photodiode increases

5
.  The measured voltage is approximately ¼ of the total 

voltage (see example results in Table 1, Column 4 or 5
6
). This  means that 25% 

of the emitted photons now hit the detector.  These are precisely the photons 
that reveal the presence of the functioning bomb in the interferometer.  If we 
were able to individually send photons into the setup, we would obtain the same 
percentage relationship after many emitted single photons. 

                                                           
3
 If the laser has not yet stabilized, the interference pattern will fluctuate greatly.  It should be 

switched on several minutes before performing the experiment, as it must first warm up to operating 
temperature and will demonstrate fluctuations until it does. 
4
 You can also open the diaphragm further, if you want higher intensity, but you will then obtain 

more ambient noise in the detector.  On the other hand, you can compensate for this by darkening 
the room. 
5
 This is an interesting result:  We block half of the light in a manner of speaking, but “it gets 

brighter.”  This aspect can provide inspiration in the classical electrodynamics classroom when the 
concept of interference appears for the first time. 
6
 In general, it does not matter which arm of the interferometer you block.  We would really expect 

the same voltage value in any arm; however, this can never be achieved, because the divergence of 
the laser always causes small differences.  You should therefore either choose a single arm to block   
when performing this demonstration or discuss the respective sources of errors when comparing the 
results after the bomb is moved from one arm  to the other. 
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From the examples in Table 1, we see that all measurements result in values of about 
23% to 27% instead of the expected 25%. The sources of error, which can be traced 
back to losses at the beamsplitters and mirrors and measurement inaccuracies when 
setting up the detector, should be discussed with the students. 

Column 1 Column 2 Column 3 Column 4 Column 5 

Measurement ������,����	  
[mV] 

�
���

  
[mV] 

��	
�,����  

[mV] 

��	
�,����  

[mV] 

1 50.4 · 2 = 100.8 4.1 22.8 27.6 

2 20.5 · 2 = 41.0 1.2 9.3 11.2 

3 9.5 · 2 = 19.0 0.9 4.4 5.1 

Table 1: Sample results from three measurements. The distance between the detector and 
the beam splitter was increased before each subsequent trial. While the table lists the 
voltages measured from the photodetector, these are proportional to the intensitites. 

 

Additional Note: 

What happens if constructive interference is set in the center, meaning a maximum in the  
intensity? Naturally, this should also work the same way, because a path/interferometer 
arm is also indicated by the bomb in this case.  Thus, the quantum physics superposition 
of the two possible states of the system (namely both paths) collapses and no 
interference can be observed.  

Adjust the interferometer accordingly and measure as above.  Now, introduce the bomb 
into the setup (blockage of a light path).  What result do we now expect at the detector? 

Before introducing the bomb, we logically obtain a high voltage value at the detector, as 
we now find an intensity maximum in the center

7
.  

We now block one of the two paths and once again measure the the voltage from the 
detector. This value is also 25% of the voltage measured for the total intensity of the 
laser. This was to be expected: as in Step 2, we have once again destroyed the 
interference pattern.  However, adjusting the interferometer to produce constructive 
interference in the center of the fringes is not helpful for quantum mechanical testing 
using single photons. A single photon can reach the detector both in the case of a live 
bomb in the system and in the case constructive interference, i.e., no bomb or a dud in 
the setup and no conclusion can be drawn.  

  

                                                           
7
 No statements should be made here based on the absolute value of the voltage measured in the 

central maximum of the interference pattern.  This information is irrelevant for the experiment.  The 
voltage measured after one arm of the interferometer is blocked should be compared to the total 
power from the laser as measured in Step 1. 
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 How Many Active Bombs can be Identified in Total? 5.3.
So far, we have investigated what happens to a photon that is sent into the setup 
according to theory and what we observe in the analogy experiment. We also discussed 
the probabilities for observing the system in different states. As a final step, we can ask: 
how many of the active bombs can be “saved”, i.e., how many bombs can we identify as 
active without detonating them? 

For starters, let us consider an example scenario where we have 80 active bombs and a 
certain number of duds. 

We can summarize what we’ve learned so far. If an active bomb is in the setup and we 
send in a photon, the bomb will explode in 50% of all cases. In 25% of cases the photon 
is reflected back in the direction of the light source and in 25% of cases the photon hits 
the screen, thus revealing the bomb to be active. For our 80 active bombs this means 
that (neglecting statistical fluctuations): 

• 40 bombs explode (50%). 

• 20 bombs are proven to be active without detonating them (25%). 

• 20 bombs cannot be classified since the photon is neither detected at the 
screen nor do we see a detonation. These are the cases where the photon is 
reflected back towards the light source (25%). 

Consequently, we have to do another test run with the 20 bombs that were not classified. 
The result of the second test run will be 

• 10 bombs explode (50%). 

• 5 bombs are proven to be active without detonating them (25%). 

• 5 bombs cannot be classified even in the second run (25%). 

We can continue this process of retesting the bombs that cannot be classified until there 
are no undetonated or proven-active bombs left. Mathematically, this means that we 
need to re-test a subset of 25% of bombs after each run. For a total number of bombs A, 
we can summarize the number of saved, active bombs by the following equation: 

#	��	�����, ������	�����  	!"
#

$%&
∙ (14+

$
 " ∙ 13 

Therefore, we can theoretically identify up to one third of all active bombs without 
detonating them. 
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Chapter 6 Teaching Tips 
• In order to understand the "bomb tester", one should already be familiar with basic 

concepts of quantum mechanics.  Terms such as the interference of quantum 
mechanical states and the topic of measuring processes in quantum mechanics 
should ideally have been introduced previously (e.g. Schrödinger's Cat, see 
below). 

• One should always be aware that the statement "the photon takes path 1", etc. is 
incorrect.  The photon does not decide upon a path.  In reality, one can only say 
where it is located once one has performed a measurement (detector, screen, 
etc.).  Nonetheless, it would probably create more confusion if one were to state 
that the photon could be in "Eigenstate 1", etc. For the sake of clarity, the above-
mentioned statement is therefore used. 

• In the analogy experiment, only light intensities are measured.  Respective results 
(percentage rates) can therefore be completely explained classically 
(electrodynamics/optics).  However, one can switch to the quantum mechanics 
photon example for purposes of illustration and interpret the results with the 
students in this sense.  "25% measured light intensity" would therefore mean that 
a photon has a 25% probability of hitting the detector, or that out of 100 photons 
sent into the setup, 25 would be registered in the detector. 

• In our experience, the Michelson interferometer can be set up and adjusted by the 
students themselves. 

• As illustrated and discussed in Chapter 3, either destructive or constructive 
interference in the center of the interference pattern can be utilized as an initial 
basis for measurement.  In practice, we have found that the bomb tester is easier 
to understand if destructive interference is used. 

• The central misunderstanding, which occurs when contemplating any which-path 
experiment, is due to the ingrained 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 measuring process in quantum physics becomes clear. 

• In order to make it easier for the students to transition to the concept of states, we 
recommend a discussion of the concept of states based on Schrödinger's cat.  
The system consists of a box, a cat, and a poison that 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 quantum 
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physics interference and which-path experiments, 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. 

• 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 
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!  Because it is actually the possible 
states which interfere with one another, and which can be described 
mathematically and physically by their wave functions Ψ. 

• In many educational models, the probability density |Ψ(x, t)|3 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 beam splitter.  Here, |Ψ|3 separates into two parts, each of which propagates 
into one arm of the interferometer.  If one approaches the interference and the 
which-path 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.  

• The discussion of the bomb tester with individual photons makes it possible to 
discuss many additional topics of quantum physics.  Examples of suitable content 
include the entanglement of photons, the secure exchange of data by means of 
quantum communication, and the quantum eraser. 
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Active Bomb Model 
This model bomb can be used to block the beam in an arm of the interferometer for the 
experiments described in Section 5.2. Cut out the shape along the outer edges. Fold 
along the dashed lines to create a box and use a piece of tape to secure the side flap. 
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“Dud” Bomb Model 
This bomb model can be used to demonstrate the effects of a dud. Cut out the white 
center of the bomb and create a box as for the previous model. The laser beam can now 
pass through the bomb, i.e., it does not interact with it, thus simulating the behavior of a 
dud. 
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Chapter 7 Troubleshooting 
• The laser spots superpose, but there is no interference. 

 
Do you see flickering in the superposition?  If not, check whether all of the 
components have been positioned as precisely as possible (Is there a 90° beam 
angle after reflection?  Is the height of the beam above the plate at the screen 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.   

• You have found an interference pattern, but the diameter is very small.   
 

If this is the case, it is probable that the distance between the beam splitter and 
the mirror in one of the arms of the interferometer is much greater than in the 
other arm  Therefore, move the mirror so that the distances are as equal as 
possible.   

• The interference sometimes disappears for no apparent reason without the setup 
being touched. 
 
Temperature changes in the semiconductor can lead to changes in the laser 
modes.  Place a hand on the laser module and warm it slightly – the interference 
should appear again. 

• Instead of the ring-shaped interference 
pattern, hyperbolic-shaped interference 
fringes can be seen. 
 
These and other distortions of the 
interference pattern typically occur when 
the height of the beams along both arms of 
the interferometer is not exactly the same.  
We recommend moving the screan along 
the beam to check the heights throughout 
the setup. 
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Chapter 8 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. 

 Waste Treatment is Your Own Responsibility 8.1.
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. 

 Ecological Background 8.2.
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 9 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.  

USA, Canada, and South America 
Thorlabs, Inc.  
sales@thorlabs.com  
techsupport@thorlabs.com  

Europe  
Thorlabs GmbH  
europe@thorlabs.com 

France  
Thorlabs SAS  
sales.fr@thorlabs.com 

Japan  
Thorlabs Japan, Inc. 
sales@thorlabs.jp  

UK and Ireland  
Thorlabs Ltd.   
sales.uk@thorlabs.com  
techsupport.uk@thorlabs.com 

Scandinavia  
Thorlabs Sweden AB  
scandinavia@thorlabs.com 

Brazil  
Thorlabs Vendas de Fotônicos Ltda. 
brasil@thorlabs.com  

China  
Thorlabs China  
chinasales@thorlabs.com 
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