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00:12 Helen Ma, Team OrionX (HM): Good morning, good afternoon, everyone, and welcome to our February 

event with Terry. Terry, this is all yours! 

 

00:19 Terry Bollinger  (TB): Thank you, Helen. This is a topic that I thoroughly enjoy. One of my favorite books 

of all time is a book called QED: The Strange Theory of Light and Matter. It was written by Richard Feynman, a 

famous physicist. 

 

The delightful thing about this book is that he had a goal, and the goal was this: He wanted to explain to some of 

his friends how he understood physics ð how he got his Nobel Laureate status ð and he wanted to do it without 

using math! His idea was this: He didnôt want to make people have to calculate the results. He wanted to show how 

the results ð how the calculations ð came from the logic. 
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So, it was an intriguing approach, and it was a difficult approach. Itôs not something you could do to just everything. 

But Feynman realized that he could, in this case, come up with some fairly straightforward representations that 

people could understand. 

 

Now, the actual calculations ð and getting those calculations to work efficiently, and applying them to large 

problems ð those are much bigger issues. His point was simpler. He was saying that the basics, the operations 

from which everything emerges, have a simplicity to them that needs to be known, that needs to be talked about. 

 

And thatôs what his goal was: To do this. 

 

 

 
 

01:40 Iôve got eight parts to this presentation. Originally, I was trying, very unrealistically, to cover the whole book 

quickly! But thereôs too much that needs to be covered on these basics. So, I just went through the part where we 

get through the interference effects with soap bubbles, which is the first one or two sections of the book, which 

began as a series of lectures in New Zealand. 

 

So, you can see the outline here, including ñWho was Feynman?ò, to give a little bit of background in case youôre 

not already familiar with him. 

 

And his whole book is about photons ð photons and electrons. What Iôll be covering today is only about the photon 

part, to give a realistic coverage of that. 

 

For today: Colors ð the colors of bubbles! A remarkable number of things are covered by the color of bubbles! 
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2:32 Who is Feynman, and what is QED? 

 

 

 
 

02:34 Feynman was notoriously irreverent. If you wanted Feynman to disrespect you, it was very easy. All you had 

to do was tell him, ñYou need to respect me!ò And (chuckle), instantaneously, you would be at the bottom of his 

list of people he ever listened to again! 
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This was just an inherent characteristic of Feynman, probably something to do with his background, how he was 

raised, and his family. His dad was a tailor when he was young. Feynman considered himself an ordinary person 

who had unusual interests. He was not big on pomp, show, and a number of other things, and he very nearly declined 

getting his Nobel Prize. 

 

It wasnôt that he didnôt like attention. He was fine with fame. He had no problem at all with being entertaining and 

being known by people. But he was just uncertain about whether a Nobel Prize was a good idea. And in some ways, 

he even regretted it later, because it redirected him away from his research. 

 

So, in addition to QED, you can also easily get a copy of The Feynman Lectures on Physics, which are an amazing 

set of three books that cover just about every aspect of physics you can imagine. His Lectures were supposed to be 

an introductory course, but they covered so much that, to this day, people look at it for (chuckle) far more than just 

the freshman year of physics! They cover a lot. 

 

And there are all these fascinating details! I love going through the Lectures, because Iôll find things that I never 

noticed before. I look at some paragraph, and say, ñI didnôt realize he had said that. I didnôt realize he had looked 

at it that way!ò Or, ñI didnôt realize he had that unique perspective that he puts on this particular problem!ò 

 

So, there are lots of little goodies and finds in there. They are a very good set of books that are online! You can get 

them in their entirety online, without any charge. So, thatôs great! 

 

He also had some books that had been written about him. A particularly famous one, Surely Youôre Joking, Mr. 

Feynman, captures his irreverence very nicely. Thereôs (chuckle) one part where he went on a long road trip with a 

well-known physicist, whose name I admit I forget at the moment, and their own descriptions of their own trip were 

just strikingly different. The other fellow was saying, ñIt was so great to go on a trip with this great mind!ò, while 

Feynman just talked about amusing little anecdotes on the trip. He did not consider what he had said to be all that 

relevant. 

 

Much later, he also made a joke about his own QED theory in front of a bunch of Princeton mathematicians, and 

he played his own theory for a laugh. He said, ñYeah, itôs probably all wrong. Probably itôs just something like 

checkers.ò 

 

But how many Nobel laureates do you know who would make fun of their own work in front of a crowd of 

mathematicians to get a laugh? And he meant it! He just said, ñYeah, itôs probably wrong.ò His point was that while 

the details of what he calculated were right, we still donôt understand whatôs really going on. 

 

The particular theory for which he got a Nobel Prize is called Quantum Electrodynamics. Big name, nicely 

abbreviated to QED ð which has nothing to do with the mathematical use of the word QED. But it is a way, in a 

nutshell, of describing electrons and photons ð photons being particles of light. These are the two particles that we 

most often encounter in nature, because we donôt see the nuclei of atoms; we just see the electrons. 

 

So, those two particles cover a lot of turf. 
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06:18 QED itself is an example of whatôs called a quantum field theory. Thereôs a marvelous irony in this! Thatôs 

because the premise that Feynman started with was that everything is particles ð not fields. 

 

You hear about the particle-field ð particle-wave ð duality, but Feynman had a very unusual take on this. A lot 

of times, people donôt point this out ð but itôs worth pointing out! He started from the other end. He said, ñWhat 

if itôs all particles? What if itôs just particles, and we donôt really have a field?ò 

 

Now, at the same time, he had no problem embracing field theory. He had no problem working with fields. He used 

them in the math, and he was extremely pragmatic about that. But when he was trying to poke at something and 

say, ñWhatôs really, really, really, really going on at the deepest level?ò ð then he would back off. He would say, 

ñLetôs see if we can make it even simpler! Letôs just dispense with the fields and have just the particles.ò 

 

And that was a pretty radical concept. In fact, it was so radical that most of his fellow physicists did not understand 

it at all at that time. 

 

As for the first edition book shown in this image, you can find it on the Internet Archive. The first edition is a 

marvelous thing. It has this beautiful front-cover picture, which you see over here on the right, of an oil film. The 

oil film has the same kinds of colors you see in a soap bubble. So thatôs on the cover of the first edition book, and 

itôs a good resource that you can find online. There are also less colorful versions of it that you can buy online from 

any number of sources. If you get those, you can get the more recent intros. This first edition has only the original 

intros and the original preface. 
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08:00 Photons! Particles of light! (Then, I make a strange throat noise I cannot explain! :) 

 

 

 
 

08:05 Why do we think that light is a particle? 

 

Because our technology tells us itôs a particle! 
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You can go into a device, like a photomultiplier, something invented back in the 1900s, and you can have one 

photon, one tiny little bit of light going into it, and it causes an avalanche-type reaction. The one photon releases a 

couple of electrons, the electrons release more electrons, and back and forth it goes. So, you see, the avalanche just 

crawls up through here, in this column. At the end of that, in Feynmanôs time ð back in the 1950s and 60s ð this 

would have been sent to a speaker, so you would hear a pulse. Youôd hear, like, a little snap, ñtoot!ò, and know that 

you just got a photon. 

 

It is a remarkable thing that when you make the light very dim, you canôt get away from this effect. You just keep 

winding up and saying, like, ñOh, below a certain point, thereôs just nothing! But up to that point, I get a number of 

photons that, remarkably, is just proportional to the energy that Iôm putting into it. So, itôs like the energy kind of 

gets grabbed into a little bundle, and then it pops out. 

 

 

 
 

09:20 You can see these things directly these days. You can go out and buy equipment right now. You can go on 

the internet right now and find some devices where you can watch this yourself. 

 

This is an actual little picture, an amplified light picture, of a raccoon in the dark. Thatôs under very dim light, but 

if you go even less with the same device. What happens eventually is you get this little sparkly effect. You start 

seeing little bright points of light. See the little ears, see the little raccoon ears there? That is actually light images 

coming from this guy. So the photons are so few and so far in between that you can just barely get that. 

 

The technology is essentially the same as what Feynman described. This device was not available at that time, but 

these little channels just have those same little avalanches of electrons going back and forth and back and forth, and 

then instead of hitting an audio connection, they wind up on a photo connection, where they produce a little flash 

of light. So, the same technology, but itôs been turned into night vision goggles. And, itôs a very useful technology 

to have. Itôs one thatôs commercially available, so you can find it out there. But itôs just remarkable, because if you 

want to do this experiment, you can do it at home! 
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Even human eyes ð this has been found out statistically ð we can see photons! We canôt see them well, and theyôre 

kind of like the subconscious level. We canôt quite get them to where you say, oh yeah, thatôs exactly where it was. 

But if you do a statistical analysis of people in extremely dim light, it turns out humans do statistically detect 

photons! We can say, ñYeah, there was one right thené and there was another one thenéò 

 

So, even human eyes, when theyôre trained for it, and weôve been in the dark for a while, can potentially see these 

little flashes. Photons, light, always come in flashes! 

 

And isnôt that remarkable? Because we donôt think of light that way! I know everybody hears the word ñphotons.ò 

But to imagine light as being these little particles takes some stretching, and thatôs what Iôll be getting into in this. 

 

 

 
 

11:16 The interesting thing about photons ð and again, Iôm not sure why this isnôt emphasized more, because I 

think itôs just fascinating ð is the idea that photons are ñparticles, period,ò did not come from Feynman. It came 

from a fellow named Einstein. 

 

And not only did it come from Einstein, but itôs the only thing he ever got a Nobel Prize for! 

 

Considering that Einstein could easily have gotten about five Nobel Prizes, thatôs surprising. You have to go down 

the list, right? Special Relativity, General Relativity, his work on the existence of atoms from Brownian motion 

bouncing particles aroundé He had a number of insights that he easily could have gotten a Nobel Prize for. 

 

The one for which Einstein got a Nobel Prize was the one about photons being particles. And Einstein was hard-

nosed about this, if you read this quote here. ñLight seems better modeled by assuming that its energy is not éò ð 

now, look at that! ð ñé spread continuously over large volumes, but consists of a finite number of energy quanta 

that are spatially localized.ò They are in one little tiny spot ð Einstein uses the word point ñé and they move 

without dividing, and are absorbed and generated only as whole units.ò 
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People often say Planck is the one who came up with this. The truth is, Planck dodged this until years after Einstein 

brought it up! Planck did not want to go this route. Planck was very conservative. He was a brilliant man, but he 

had to be forced, screaming and hollering, to get to the point of coming up with the idea of Planckôs constant. He 

never used the idea of photons as units. He didnôt even use the photon quantization equation that we usually 

associate with him ð that came later. 

 

So, the real force for saying that photons are particles came from Einstein. And Feynman picked up on that! 

Feynman said, ñHey, Iôm good with that! Iôm gonna follow that idea and see where it goes!ò 

 

 

 
 

13:26 Einsteinôs photon idea did not play well (chuckle) at first! This is characteristic of the people who get Nobel 

Prizes. It does not mean that people love what they say when they come out with it! 

 

So, when Einstein came up with his light-as-particles idea, people just looked at it and said, ñThatôs ridiculous. That 

is absolutely absurd. We know that light is a wave. It canôt be photonsé and you are point-blank saying, óItôs a 

little particle traveling through space!ôò 

 

Even the Nobel announcement for Einsteinôs work refused to talk about photon quanta! Instead, they talked about 

ñthe photoelectric effect,ò which was kind of a weasel-wordy way of saying, ñYeahé he found something very 

important hereé the equations all work. Itôs extremely predictive,ò ð which is important, and is why he got the 

Nobel Prize for it! ð So, extremely predictive, and the math works out right. ñBut, you knowé the way Einstein 

phrases ité weôreé not so sure about that,ò ð because they just couldnôt conceive that light quantization was a 

real thing. 

 

And there are good reasons for that confusion! Because, to this day, wave-particle duality remains the most baffling 

feature of quantum mechanics. People can tell you theyôve ñgot it worked out,ò theyôve ñgot this,ò or that theyôve 

ñgot that,ò buté It is baffling! It is still baffling. It has never ceased to be baffling! 
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Einstein was aware of that. He knew that. But he said, ñWeôve got to look at whatôs happening with this quantization, 

if we want to understand it.ò 

 

 

 
 

14:58 Now, the emphasis here is that sometimes physics gets dressed up in too complicated a fashion. [So, here is 

an example of simplifying an idea to match everyday phenomena we know well.] 

 

If you have ever dug a hole, you have noticed that, in the process of digging the hole, you also wind up with a pile. 

So you have a pile, and you have a hole. 

 

If you can understand the ideas of digging holes and making piles, you understand the phenomenon called 

interference, because all interference is, is the mathematics of digging holes and making piles. You can dress it up 

in all sorts of fancy ways, but thatôs really all it adds up to. 

 

If you look at the leftmost box here, wave cancellation, imagine two things: You have two waves heading toward 

each other. One of them is up-on-the-left and down-on-the-right, and the other one is down-on-the-left and up-on-

the-right. What do you get? 

 

They cancel each other out! This is just like filling in holes. The up-on-the-left side fills the hole on the left side, 

and vice versa. And you wind up with a smooth surface. 

 

Thatôs called destructive interference. It means the waves cancel each other out. 

 

Now, the other thing that can happen is youôve got two piles that pile up on top of each other. So you wind up 

digging the hole deeper and making the pile higher. 

 

[Thatôs called constructive interference. It means the waves add to each other.] 
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The same thing happens with light. In fact, with any kind of wave phenomenon. Itôs the same idea, just more 

dynamic. 

 

With your dirt piles kind of staying there for a while, itôs easier to visualize the situation when youôre doing piles 

and holes. But itôs the same idea with light and other waves; itôs just that working the piles goes a lot faster, and 

they change a lot more quickly. But itôs still the same idea. 

 

So, when you shine a light through two slitsé (Iôm simplifying some details here; this would be a monochromatic 

source here; I want to be particular about the frequency I use.) But if you take a source of light, and you run it 

through two slits, you get interference. Everybodyôs heard of that one, right? The two-slit experiment! Well, it 

works with photons. But for photons, itôs been known for centuries. 

 

So people knew that if you do this ð if  you put light through two holes ð you wind up with this marvelous little 

pattern on the far side! 

 

(And by the way, this experiment is a lot harder to do than you might think. There are some good YouTube videos 

on how to do it, but it is trickier to do. But it also has been done, and has been known, for a very long time.) 

 

This is one of the reasons why people said, ñWhat is this? What is this particle stuff? What? What are you talking 

about, Einstein? Whatôs wrong with you?ò 

 

They eventually came around, but agreement was not the reaction they gave him at first! 

 

 

 
 

17:29 This is something Iôm just going to mention in passing, because it does make a difference. 

 

When you look at that, and you say, ñWell, two waves cancel out, and you get nothing.ò But if you know anything 

about energy conservation, your brain should be saying, ñWait a minute, wait a minuteé That doesnôt sound right, 
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because you canôt cancel out to nothing!ò If you add them together constructively, you can say, ñOh, yeah, I just 

added the energy.ò But waves always have energy, so what happened to the energy in the cancellation case? 

 

And thatôs actually a very good question. Itôs one that you need to look at carefully. 

 

When I re-encountered this while preparing these slides, I went on the internet, and I looked for something about 

that. I found this quote by some guy named Terry Bollingeré I literally had forgotten my own quote on this! So, 

this was just something in the Stack Exchange, but the point is (chuckle), Iôd forgotten my own point! 

 

The point is very simple: When you make a cancellation area in optics, what youôve really done is create a mirror. 

 

Youôre making a region in which you canôt ñdig holesò anymore! So, youôve got your little hole diggers coming 

along there and saying, ñI want to dig holes here!ò And thereôs this fence that says, ñYou may not dig holes in this 

area! We are a forbidden area! We do not allow hole-digging or pile-pushing! You must go somewhere else!ò 

 

And you go, ñAlrightéò So the hole-digger bounces off and goes in another direction. 

 

Thatôs pretty much what happens with all sorts of phenomena. If you look at a peacock feather, with those beautiful 

colors in the peacock feather, thatôs exactly whatôs happening. The peacock feathers create a little region where, 

essentially, there is a sign in front that says, ñNo holes allowed for this frequency of light!ò So the blue light just 

bounces right off, or the red light, or whichever frequency it is that they have forbidden. 

 

So, itôs an interesting way to think about this cancellation. Itôs the idea that any phenomenon that looks like a mirror 

has some variation of this cancellation effect. Itôs forbidding the entry of photons into that area. 

 

 

 
 

19:32 Feynmanôs starting point was exactly Einsteinôs viewpoint. He took Einsteinôs viewpoint and said, ñIôm going 

to take it at face value! Iôm gonna look at particles only, and see if it works!ò 
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To the best of my knowledge, no one had done this before. And the fact that Feynman did this, and at the same time 

fully acknowledged all of the wave behaviors of light, was unique. 

 

There is an easy thing to do in research, which is this: You look at an idea, and you say, ñThis is important. Photons 

are particles.ò 

 

So far, so good. The trouble, then, is if you then go on to the next step (chuckle), and start saying things like this: 

 

ñSoé everything where it doesnôt look like a particleé must be bad experimentation!ò 

 

And as soon as you go down that path, youôre in trouble! Science doesnôt work that way! Youôve got to look at the 

full set of experiments and ask, ñWhat does it all say?ò 

 

Feynman was good at two analytical things: First, he took an adamant viewpoint and said: 

 

ñThese things are particles!ò 

 

But he also said: 

 

ñé and every single blooming non-particle behavior that we see is exactly what we see.ò 

 

So, when you see the interference, itôs the interference. Thereôs never been any deviation from that one at any scale, 

since when you take an individual photon, it still does it. 

 

So Feynman said, ñTake them both seriously!ò This is what Feynman did that no one had done before. He took this 

idea of saying that, ñWell, they are particles, as Einstein said. But something strange is going on here to produce 

these wave behaviors.ò 

 

Feynman also refused to add ñdevices.ò An example of adding devices is if you look at something called the pilot 

wave theory. This is the idea that de Broglie originally came up with; he broke photon behavior up into two parts. 

 

Most of the Copenhagen version of quantum mechanics also breaks photon behavior up into two parts. Youôve 

either got a wave, or youôve got a particle. 

 

And then in both models, you have some mix of the two devices. They either alternate or, in the case of pilot waves, 

they actually exist at the same time. 

 

Feynman refused to do that. He said, ñNoé no. Itôs got to be one or the other.ò And he chose the particles. 

 

So, in doing so, he avoided the concept of fields. And this got one of his co-winners of the Nobel Prize a little 

miffed at him (chuckle), because not everybody agreed with the idea that there were no fields! So Feynman took an 

interesting perspective on that. 

 

What happened when he did that ð when he simplified as much as he could, and said, ñParticles, particles, 

particles!ò (Eventually, he dropped even the atoms which he had used in his Ph.D. thesis, and just said, ñElectrons, 

photons; forget about everything else!ò) ð is he wound up getting better math. 

 

The math that he wound up with could predict things that nobody else could predict. And thatôs because of the 

simplicity. This is not a coincidence here. He went from maximum simplicity, but taking everything into account, 

and said, ñWhat model takes all of that simplicity, and then builds it into something new?ò And this is what he did. 
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So he came up with this QED model that turned out, to his own surprise, to be extremely predictive. There are 

recorded statements of him saying, like, ñI didnôt think that would work!ò So Feynman was just like, you know 

(chuckle), ñI thought it was a good idea, but I didnôt really think it would work that well!ò 

 

But it did! And it started predicting things that then the experimentation started verifying out to 6, 7, 8, 9 decimal 

places. So, he was on to something, and it took a little while for that to be fully realized. 

 

 

 
 

22:55 So, what was Feynman looking at? 

 

What was the logic behind how he explained a particle that, at the same time, does all the optical things that you 

see? 

 

And one of the paths for doing that ð which, apparently, is one of the paths that inspired him in some of this ð is 

the mystery of partial reflection. 

 

 

https://creativecommons.org/licenses/by/4.0/
https://sarxiv.org/apa
https://sarxiv.org/apa.2026-02-22.1200.02.pdf
https://apabistia.org/
https://youtu.be/ICGbvh0s2sI?t=22m55s


Terry Bollinger CC BY 4.0 An Easy Intro to Feynmanôs QED, Part 1: The Quantum Physics of Soap Bubbles February 22, 2026 
 

 Apabistia Notes 2026, 0222120002 (2026) 15 apa.2026-02-22.1200.02.pdf 

 

 
 

23:17 What is partial reflection? 

 

If you have no-glare glasses, you know this. If  you have an old pair of glasses, they just glare terribly. And then, 

youôve got these newfangled glasses ð thatôs how old I am: ñThe newfangled glasses,ò quote-unquote, because 

Iôm back from the era when my original pairs of glasses didnôt do this! 

 

With the new ones, you can see the personôs eyes better, and the person inside sees a lot less glare from the outside 

world. Thatôs a marvelous little technology! 

 

And, doing that requires a deeper understanding of light. It turns out the same phenomenon is very closely connected 

to the effect that causes shimmering colors when you have a little bit of oil on top of water. It causes very similar, 

very similar shimmering colors from soap bubbles. Itôs essentially the same effect, just in a slightly different form. 

 

So, you have these examples of whatôs called partial reflection. And you also have versions where you have 

different colors popping up. In most of your no-glare sunglasses, you can see a little bit of green. In this example, 

this guyôs got a little bit of green in his no-glare glasses. 

 

So, what is the key characteristic that causes this to happen, and why is it important? 

 

I love this, because that seems like such a simple question! Okay, then: What makes these things happen, and whatôs 

the key thing you have to have to do to make those things happen? 

 

It turns out to be nothing more than two reflective surfaces close to each other! Thatôs pretty simple! Thereôs not a 

whole lot to that! But whatôs going on with this? 
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25:00 This effect has been known since at least Newtonôs time and longer: That glass has these odd characteristics 

in how it reflects light. And the characteristics have to do with how thick the glass is. 

 

So, if you have glass of a certain thickness, and you send some photons at it, you get whatôs called partial reflection: 

You get photons that come back, in small numbers in most cases, and you have photons that just go through. 
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25:34 At the time of Newton, it was fascinating because Isaac Newton tried to understand this phenomenon. He 

knew that something strange was going on with this. He was going, like, ñThisé this is definitely weird.ò And he 

loved optics, so he was trying to find out, as much as he could, about how this phenomenon worked. 

 

He discountenanced ð he discarded ð one theory, which was that there are little holes in light-reflecting surfaces, 

so that most of the light goes through the holes. There are occasional little spots, where those spots reflect light, and 

thatôs where you get the partial reflection. 

 

If you go through the full argument ð and Feynman covers this in his book nicely ð Newton was able to eliminate 

that model by saying, ñNo. Because I can polish class ð because I can make it arbitrarily smooth ð I can get rid 

of whatever these little reflecting areas are. So it canôt be that simple.ò And there are other reasons why Newton 

realized it canôt be that simple. 

 

So what are the characteristics? What makes glass reflect sometimes, and sometimes not, and what are the 

experimental numbers that affect partial reflection? 
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26:38 Photon selection in reflection could not be a surface-only effect, was what Newton realized. And it came up 

later, as he looked deeper, that there had to be some connection with the actual structure of the glass itself. 

 

And for Newton to be asking these questions is fascinating. And again, even now, we have our little mysteries, and 

sometimes we just donôt have the mechanisms to answer them. Newton was asking questions about quantum 

mechanics centuries before quantum mechanics existed! He was saying, ñI know that this is not just a simple surface 

phenomenon. I know that thereôs something very interesting going on. I can characterize some of the features of 

thatéò 

 

But he couldnôt come up with any broad mechanism ð he was unable to come up with an explanation. And even 

to this day, just as Newton was stuck on that point, weôre still stuck, in a way, because we still do probabilities, not 

certainties. Itôs one of the classic complaints about quantum mechanics, that when you go down to this level, you 

wind up with probabilities, but you just never get these absolutes that you have in classical physics. 
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27:47 Feynmanôs particle-based approach. 

 

 

 
 

27:49 Feynmanôs particle-based approach ð again, taken from Einstein. 
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Hereôs an important initial qualifier: When we go at a problem like this ð and when Feynman went at a problem 

like this ð you need to know your own assumptions. And you need to know them very well, because itôs so easy 

to sort of ñgloss overò something, and only later realize you were actually thinking something a little bit different. 

 

Feynmanôs independence assumption was this: Every photon determines its own path. Why would he say that? Why 

would he think that? The reason he would think that is because experimentation backs it up. 

 

Feynman was adamant, adamant, adamant about following experimentation: ñWhat does the experiment show 

you?ò 

 

And what experimentation shows you is that, if you dim a light thatôs going to a surface that has this effect of partial 

reflection, and if you do the experiment, and instead of putting a gazillion photons all at once in a laser pulse, or a 

weak wave where itôs still just a wave, ñWhat if you just keep thinning it down until finally youôre just getting, like, 

one particle, one photon, for some ridiculously long period of time, maybe even a year?ò 

 

No reason why not! One photon per year, twink!, goes to the little reflecting surface, bounces back up, and you 

record the results. Did the photon bounce? Did the photon go through? Did the photon follow a certain path? 

 

Hereôs what experimentation says. It doesnôt matter. One photon? One trillion photons? Some unbelievable number 

of photons? They all follow the same rules! This single photon has the ability to figure out that path, and figure out 

the probabilities, on its own, as some enormous mass of photons. 

 

What does that mean? It means that if you talk about interference, you donôt have to think about a whole bunch of 

photons interfering with each other. You have to focus on that one photon. You have to figure out what that one 

photon is doing, and how it is doing it. And that leads you down a very interesting path. 

 

So, this assumption is something thatôs very well validated experimentally. But itôs easy to not recognize it, because 

itôs just so counterintuitive! 

 

Iôll give a more extreme example. We have Einstein lenses that are millions of light-years across. And, according 

to this principle, one photon from the other side of the universe, literally, can go through that lens, through that 

gravitational lens, through the entire lens, and come over on this side to give a single focus point on a telescope 

here at Earth. And itôs all exactly the same as if it had been an intense pulse that was bright enough to see across 

the entire galaxy! 

 

Soé think about that! How does one photon know the same math, exactly, as some enormous burst that would 

illuminate the entire set of galaxies? 

 

So thatôs how strange this gets! But experimentally, including with lenses like that, thatôs what we always see: 

Individual photons have the whole story. If you can understand the photon, you can understand the underlying 

physics. 

 

Thatôs remarkable. Thatôs why Feynman was able to simplify things. 
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31:18 One photon multipliesé reflects from multiple locations. Thatôs what I was saying about these surfaces. So 

you have two surfaces. 

 

This is the key insight. If you want to understand these partial reflections, if you want to understand these colors, 

you have to recognize that the photon is bouncing off of two layers of a light-reflecting surface. 

 

So the partial reflection is amplified, or turned off, one or the other, by the presence of the additional surface. 

 

Now, if light is a particle, can you see thereôs a problem here? Thereôs a problem here! Thereôs a really interesting 

problem here! 
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31:53 Your eyeglasses ð if you have eyeglasses that have anti-glare on them ð those anti-glare coatings are 

messing with time. 

 

And I donôt mean that in a figurative sense. I mean, in a quite literal sense, that without ambiguity of time, your 

ñanti-glareò would not be ñanti-glare.ò It would not be able to stop the photons from creating that glare. The photon, 

if itôs a particle, has to see both of those surfaces! 

 

And this is where Feynman refused to back off. He said, ñIôm still going to stick with particles. But Iôm going to 

look at the particles in terms of saying, óThey can do things that bend our usual definitions of how particles travel.ôò 

 

Heôs saying that, ñIn some sense, in some way, this is how you calculate it.ò And he intentionally said, ñI donôt 

know how this works; youôve got to follow the algorithms.ò Heôs not trying to explain it; heôs saying, ñThis is how 

you calculate it.ò 

 

And the calculation is that you show the photon going to both surfaces. 

 

So this is a non-classical concept. You canôt do this with a baseball. You canôt have a baseball bounce off two 

surfaces, and then come back and interact with itself! 
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33:04 This is so strange that I want to point this out with an extended example. 

 

If you have a no-glare layer on your glasses, most such no-glare layers are obviously extremely thin. But you can 

make them thick. You have to be much more precise when you do this, by the way. This is not an easy thing to do, 

but it absolutely is doable, and itôs been done many times. You can, for example, have a length such as an entire 

foot, which, conveniently, is almost exactly 1 nanosecond of light travel time. (It will  actually be a little slower on 

the glass.) 

 

But, you can have that one foot, and you can have the same interference effect, so that photons are guaranteed not 

to glare ð that theyôll go through the entire thing with 100% certainty. But the only way you can calculate that is 

to assume that the photon is lost in time for about 2 nanoseconds. 

 

What do I mean by ñlost in time?ò 

 

You canôt have the non-reflection effect until those 2 nanoseconds are up! 

 

If you try to look at things at one nanosecond, or at a fraction of a nanosecond, or at some other earlier time, photons 

are hard to detect that way, but you can have something like an electron doing the same thing, which you can ð if  

you say, ñNo, Iôm gonna cheat! Iôm gonna look early and ask, óWhereôs the particle at?ôò ð Youôll find out the 

effect disappears! 

 

So, you have to let the entire 2 nanoseconds go by before you get the interference effect. 

 

This is not your usual concept in classical physics of how particles work! And the beauty of the Feynman diagrams 

is that he said, ñIôm going to assume itôs a particleé but Iôm also going to allow that particle to do different pathways 

ð to try different things ð and then add them all together. 

 

So it was a marvelous insight he had. But it required bending our usual definitions of time. 
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I am amused, sometimes, when I see articles that talk about ñNew quantum results have showné ambiguity across 

time!ò It amuses me because thatôs always been there ð and this is a good example right here! 

 

Just to do anti-glare requires an ambiguity in time for the quantum mechanics to work. This is similar to the spatial 

ambiguity; itôs just working in the time domain. 

 

Itôs everywhere! Itôs not rare! You donôt have to have a whole new experiment to get ambiguity in time, because 

all of these self-interfering experiments do it. Anytime you use the word ñself-interference,ò youôre playing with 

time, space, or both. The very fact that a particle is ñinterfering with itselfò means itôs seeing different versions of 

itself, at different locations, and at different times. 

 

 

 
 

35:43 Using experiments to find patterns! Weôve got this interference effect. Itôs really interesting. What does it 

say about reality? Can you find something deeper about that? 
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35:55 If you map this out ð and this is the importance of experimentation! ð You say, ñWell, okayé if I canôt 

figure out how this works, and it doesnôt make any sense, classically, can I at least characterize what the critical 

circumstances are?ò 

 

And yes, you can! And what you find out is probably even stranger! 

 

Itôs that as you increase the thickness of the glass, you start changing the amount of reflection. It goes up to a 

maximum, in this case of about 16%. And it goes down to a minimum of zero, the no-glare case. Thatôs the one that 

they shoot for with your eyeglasses, although itôs more complicated because you have many frequencies there. 

 

So, yeahé You go, like: ñHow? What? (chuckle) How does this work?ò 

 

And by the way, Newton was aware of this stuff, and he was like, ñI donôt know!ò He couldnôt explain it! But that 

didnôt keep him from noting it and saying, ñThis is extremely interesting, whatôs going on here.ò 

 

So what is going on? So, Feynman used this kind of data to say, ñOkay, Iôm going to stick to the particle model ð 

stick, stick, stick to the particle model, to Einsteinôs particle model ð and see what I can do. 
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37:12 And what he found was that thereôs a little arrow associated with this. You have to re-represent the probability 

as an arrow. And actually, as it turns out, the length of that arrow is the square root of whatever that probability is. 

 

So, if you have a .04 ð a 4% probability of the photon reflecting ð Feynman said, ñHow do I take care of this? 

Iôm gonnaé draw a little arrow!ò 

 

And he even jokes about it, and says, ñSo, this is really profound, folks! Iôm gonna draw little arrows on a piece of 

paper. Thatôs how Iôm gonna solve this problem!ò 

 

But his point was serious! He was saying that, yeah, thereôs a lot of math you can associate with this, and Feynman 

had no problem going very deep in the math to do this as a workable problem, to give actual probabilities. But he 

would not back off from the fact that the actual mechanism is nothing more than drawing little arrows on a piece of 

paper. 

 

Now, the arrows have one property: They can never be longer than 1. One is the maximum length of these arrows; 

1 represents 100% probability. Then you go down to 0, which represents 0% probability. In between, you use a 

square root, so itôs not directly proportional. 

 

When I first made these slides, I even made that mistake ð itôs easy to fall into that error. The length of this arrow 

he draws is not the same thing as the probability. It is the square root of the probability. 

 

So, for .04 (4%), you get a much longer length for this arrow, which is 0.2 ð 0.2, always out of a maximum length 

of 1. 
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38:52 So, he found that that allowed him to start representing all these probabilities using little arrows. 

 

And the arrows have direction! So, you have different angles that they can go at. So, he started coming up with 

these little squares, and the squares give you the probabilities. The total sum of all of these probabilities for any 

given photon is always going to be 1. 

 

So, essentially, heôs breaking the probability of finding the photon up into these little areas. The areas add up to 1. 

But the lengths of the arrows donôt necessarily add up to 1. You have different combinations, but you always have 

this relationship. 

 

So, you have this nice simplicity in how that goes. 
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39:34 Feynman added another rule to these little arrows. 

 

Remember, I said that two different things were going on with that photon going through the glass: You have the 

first reflection on the first surface, and you have the second reflection on the second surface. 

 

What Feynman said was, ñWell, each of those arrows has one of these probabilities attached to it, which you can 

actually measure. So, thereôs a probability of the photon reflecting from the bottom, and thereôs a probability of the 

photon reflecting from the top. 

 

So he would add those arrows and come up with a final arrow. So the final arrow would then say, ñOkay, if I add 

this one this way, and that one that way ð and these are arrows, these are not just sums; these are actual directions 

ð what is the direction of the final arrow?ò And then, from the length of that final arrow, I can get a final 

probability. 

 

So, this is an oddly simple way of doing math. Heôs just saying, ñTake the arrows. The arrows have direction. If 

you square the arrow, you get the probability. Or, if you take the square root of probability, you get the length of 

the arrow (but not the direction; that is lost). Either way, you can (partially) go back and forth between these two 

forms. 

 

But when you put them into the arrow form, and you start stringing these arrows together, you just add one more 

arrow by placing it at the end of the last arrow. 

 

There are all sorts of nice mathematical ways of doing this, but the simple way, graphically, is just this: You just 

shuffle the arrows around, put the X over here, and put the Y over there. The X arrow would be the reflection from 

the first surface, and the Y arrow would be the reflection from the back surface. And then you wind up with this 

final arrow. 
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So, now, if youôre looking at this, the other question you should be asking ð that you need to be asking ð is, 

ñWhatôs determining the direction of these arrows?ò Because a probability is just a number. It has no direction to 

it! So where are all these directions coming from? 

 

 

 
 

41:26 But before I get into that, I should point out that you can keep doing this. Itôs not just a one-time thing. You 

can have a whole bunch of these arrows! 

 

You can have a reflection event from going through, for instance, a large diffraction grating (such as a hologram), 

or if youôre going through layers. You know how, when you take out a roll of Mylar wrap, how it looks shiny, it 

looks like a mirror? Thatôs whatôs going on there. Each one of those little layers of that roll of wrapping is adding 

its own little arrow. And by the time you get done with that, you can wind up with a pretty good mirror; you can 

wind up with something thatôll reflect light quite well. 

 

Thatôs what this kind of arrow addition, this kind of situation, represents. You have first layer 1, second layer 2, 

third layer 3, 4, 5é on it goes, and each of these would be different thicknesses of a layer. So you have this nice 

little addition property ð but you always wind up with just one final arrow! 

 

And what does that mean? It means you always wind up with one final probability: A number telling you how likely 

it is for light to be reflected. 
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42:30 Now, a slight tangent ð though this is not so much a tangent, but just trying to explain this point a little bit 

better. 

 

Feynman notes that thereôs an additional rule, and this has to do with materials. Itôs not something that he gets into, 

and itôs not something you need to know the details of. But itôs very important for understanding the actual examples 

of thin films, such as in your no-glare glasses. The rule is that the direction of one of these reflection arrows gets 

reversed. 

 

So, he just starts and says, ñIôve got an incoming photon. It doesnôt matter where you point that photonôs arrow; 

you can point in any way you want to. Thatôs the arbitrary nature of what they call the phase. But once you set it, 

you have to stick with it. You have to say: óOkay, I set my arrow at 3 oôclock. And I have to stick with it, and then 

I have to start altering that 3 oôclock according to certain rules.ôò 

 

And the first rule is that when you reflect from the front surface, you reverse the direction of the arrow, as well as 

reducing its length. Now, Iôve intentionally used .5 here instead of .2, just because it works out a little easier 

graphically. Itôs kind of hard to squish it down there to the .2, but itôs the same idea. 

 

So, Feynmanôs point, and he mentions it in all these slides, is that the first one goes backwards. And then the second 

one, when you reflect from the back surface ð because youôre going from a denser medium (glass) into a lighter 

medium (air) ð it turns out that the photon arrow keeps the phase (direction). So, you get the same phase ð the 

same direction ð as the original arrow of the photon that came in. So that arrow points this way. 

 

Okay. Well, now look at this. If I take this arrow, the green one, and I stick it over here, so green goes this way, 

and then the blue goes this way ð it doesnôt matter which order you do it, in this case, you come out with zero. 

Thereôs no vector. They cancel each other out. 

 

So, what this is saying ð if you add this rule that Feynman talks about shortly after Figure 9 ð is that for an 

atomically thin film, even if itôs a highly reflective material, you donôt get a reflection ð you donôt get much of a 

reflection. 

https://creativecommons.org/licenses/by/4.0/
https://sarxiv.org/apa
https://sarxiv.org/apa.2026-02-22.1200.02.pdf
https://apabistia.org/
https://youtu.be/ICGbvh0s2sI?t=42m30s


Terry Bollinger CC BY 4.0 An Easy Intro to Feynmanôs QED, Part 1: The Quantum Physics of Soap Bubbles February 22, 2026 
 

 Apabistia Notes 2026, 0222120002 (2026) 31 apa.2026-02-22.1200.02.pdf 

 

 

Why? Because the arrow that you started with is reversed for the front reflection, and preserved for the back 

reflection, and they are so closely opposed that they wind up canceling. 

 

Have you ever looked through gold leaf ð through very thin films of gold? If you do, you get this effect. You 

actually can see through them. This is part of why you can do that (at least for some frequencies, mostly around 

green). So, even a highly reflective material like gold leaf will lose its ability to reflect photons if you make it 

extremely thin. 

 

Gold leaf is fun stuff, because itôs so malleable that you can just squash it into layers so thin that you actually start 

seeing this quantum effect kicking in. 

 

 

 
 

45:32 Stopwatches and particle reflections. 

 

 

https://creativecommons.org/licenses/by/4.0/
https://sarxiv.org/apa
https://sarxiv.org/apa.2026-02-22.1200.02.pdf
https://apabistia.org/
https://youtu.be/ICGbvh0s2sI?t=45m32s


Terry Bollinger CC BY 4.0 An Easy Intro to Feynmanôs QED, Part 1: The Quantum Physics of Soap Bubbles February 22, 2026 
 

 Apabistia Notes 2026, 0222120002 (2026) 32 apa.2026-02-22.1200.02.pdf 

 

 
 

45:34 Stopwatches! How do those arrows make their different changes in direction? 

 

I gave you one example of how an arrow changes direction, which is that if you reflect photons off a front surface, 

from a lower optical-density medium (air) to a higher optical-density medium (glass), you get a reversal of arrow 

direction. 

 

Okay, so thatôs one change. Thatôs just a reversal. How do they transform in general, though? 

 

Well, it turns out that what you need in this case ð and again, Feynman is intentionally humorous about this ð 

you needé a stopwatch! 

 

Thatôs the advanced mathematics that you need to understand this: a stopwatch! You need a dial with an arrow that 

rotates. Thatôs it. You donôt need all sorts of fancy equations, integrals. You get the integrals later, but to understand 

the basics, you just need a stopwatch. You just need a little stopwatch whose hand (the arrow) moves and changes 

as the photon moves through space. 

 

So, a straightforward idea! Weôve got two transformations on the stopwatch: Reflection will either keep the direction 

of the arrow the same, or it will reverse the direction if itôs on the front surface. But when you are moving through 

space, it simply turns the hand ð the arrow. And the hand turns at different rates for different frequencies of light. 
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