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Abstract. On October 04, 2022, the Royal Swedish Academy of Sciences announced that the Nobel Prize for
Physics of 2022 was awarded jointly to Alain Aspect, John Clauser, and Anton Zeilinger “for experiments
with entangled photons, establishing the violation of Bell inequalities and pioneering quantum information
science.” What follows is an interview of Alain Aspect, conducted by Bill Phillips and Jean Dalibard,
during the summer of 2022, and completed not long before the announcement of the Nobel Prize. The
subject matter is essentially that for which the Nobel Prize was awarded.

For this special issue published on the occasion
of Alain Aspect’s 75th birthday, the editors David
Clément, Philippe Grangier and Joseph Thywissen
asked us to write “an historical account of Alain’s
career.” Faced with such an ambitious project, we
thought it wise to include Alain in the preparation of
this account, by proposing an interview with him on
the many facets of his scientific career.

After several meetings between the two of us to
refine our list of subjects and questions, from the most
naive to (for us) the most subtle, we began our dis-
cussions with Alain. It quickly became clear that we
would not be able to cover all the topics we had pre-
pared in the space available. The initial transcript of
the first four hours of talks—on Bell’s inequalities and
the Orsay experiments—was already about 30 pages
long. We therefore decided—before the announcement
of the Nobel Prize—to concentrate on this topic for our
contribution to this special issue.

However, we would like to remind the reader that
Alain has worked on many other interesting topics in
atomic, molecular and optical (AMO) physics: Heralded
single photons, laser cooling of atoms, dilute Bose–
Einstein condensates, Anderson localization of matter
waves... We also initially had a long list of questions on
these topics. Perhaps they will be addressed on another
occasion!

This discussion has been edited for length and clarity.
A few figures have been added and they are referenced
in the text below.

a e-mail: jean.dalibard@lkb.ens.fr (corresponding author)

1 Encounter with hidden variables

W.D. Phillips and J. Dalibard: In this section, we would
like you to explain how you decided to embark on an
experimental activity on the Einstein–Podolsky–Rosen
(EPR) paradox and the violation of Bell’s inequality in
the beginning of the 70’s. So, to start this discussion,
can you tell us how you were introduced to the general
subject of Bell’s inequality and the EPR paradox?

A. Aspect: After my master’s thesis, known at the
time as the thèse de troisième cycle, which was devoted
to classical optics and holography, I went to Cameroon
for a few years of civil service. When I came back from
Cameroon in 1974, I obtained a permanent position
as mâıtre assistant at Ecole Normale Supérieure de
Cachan. It was a time when you could obtain a tenured
position in France without a PhD thesis (thèse d’état).
With this position, I could do my research wherever
I wanted. So I visited several labs, asking “Would you
have an interesting subject for me for a PhD?” And one
day, I showed up at Institut d’Optique. There, Chris-
tian Imbert had been involved in so-called single-photon
interference experiments which meant experiments of
interference at very low levels of light (I understood
later that it was not really single photons, but that is
another story). And so I asked him: “Would you have a
subject of that kind?” And then Christian Imbert told
me: “Look, Prof. Abner Shimony, from Boston Univer-
sity has been invited recently as a visiting professor
in Orsay by Prof. d’Espagnat. On the occasion of this
visit, they organized a seminar on the Foundations of
Quantum Mechanics to which I was invited, in case I
could think of doing an experiment on the subject. Here
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is the record that they gave me.” And Christian Imbert
handed me a file on the status of the subject at that
time.

Q: And what was in the file?

A: The file was actually a box, one of those green
boxes that one uses for archives. And in this box, the
first paper was Bell’s [1]; then there was the EPR paper
[2], and also the thesis of Freedman (Berkeley, 1972) and
the thesis of Holt (Harvard, 1973, unpublished).

I first read Bell’s paper [1] and I was absolutely fas-
cinated with it. So I felt the necessity to read all the
papers. I read the EPR paper [2] and also the review
paper of John Bell [3]. You may know that there is an
ambiguity about which of these two of Bell’s papers was
written first. Actually the Reviews of Modern Physics
(RMP) paper [3] was published after the Physics paper,
but it was written before. Bell’s RMP paper was review-
ing the idea of hidden variables and its most important
part is that he showed that the so-called von Neumann
proof that there could not be any hidden variables, that
proof was wrong. Hey, somebody who proves that von
Neumann is wrong is not bad...

Q: Just a moment. You had not read the EPR paper
before that?

A: I read it at the same time, together with the reply
by Niels Bohr. But to be honest, for me, the paper
of Bell was the clearest of all. In other words, I find
that the EPR paper is interesting, convincing, but you
have to follow carefully what they are doing. For me,
when reading the paper of Bell [1], I immediately saw
what it meant and I was totally convinced that it was
very interesting. I would use the same words as Nicolas
Gisin: “C’était un coup de foudre” (love at first sight).
When I read that paper, I said “This is the most fan-
tastic problem I have ever heard of, I want to work on
that.”

The only thing in [1] which is not as good as what
we have nowadays, is that Bell’s demonstration of his
inequality is not the best one. I mean later, we have
discovered a simpler way to demonstrate it, but it’s a
technical detail. It was correct mathematically.

Q: Can you elaborate a bit more on what fascinated
you in Bell’s paper?

A: There is an important point that people don’t
always realize. In fact, you don’t need the EPR paper
to be convinced that using hidden variables is a good
idea to explain correlation at a distance. Because you
have that all the time! Look at medical doctors, before
there was genetic analysis: When they had a disease
that was common between two twin brothers or sisters,
they knew that there was something in common in the
chromosomes, even though they had not yet deciphered
the chromosomes. So, the idea that when you have cor-
relations at a distance you want to describe it with an
initial common variable, it’s fine. You don’t need to do
the whole EPR reasoning, including the fact that you
may think that you violate Heisenberg’s inequality or
stuff like that.

Q: And what about the EPR paper and Bohr’s reply?

A: When I read the EPR paper, it was okay; I could
follow the reasoning. And then Bohr’s reply was to me
not convincing at all. That was my state of mind, my
spirit.

Q: A common view is that most people ignored the
EPR paper as being a technical detail that could be
safely ignored, but then that Bell made clear how impor-
tant the issue was (and some people then seriously
entertained the notion that quantum mechanics might
not be correct), and the emergence of quantum informa-
tion science made clear that there are also technological
implications. Is that how you see it? What role did your
experiments and other Bell tests play in that evolution?

A: You just mentioned the evolution of physicists.
This was my experience: Most of the physicists did not
know of Bell’s inequality, but some of them had vaguely
heard of it, and they thought, as you mentioned, that
it was not important. Then, I discovered that if they
allowed me, let’s say half an hour, they would be con-
vinced that it was definitely interesting. In other words,
I had so much been convinced by Bell’s paper, that I
was able to explain it in a simple way. And the people
say: “Oh, this is Bell’s theorem?” I say: “Yes.” “Oh,
but it is very interesting!” and then, I answer: “Yes,
this is why I want to do an experiment on it!” So what
I found is that if you have half an hour, maybe not even,
maybe 20 minutes, to explain to people the way Bell is
reasoning, they understand that it is interesting.

Q: So, what you’re saying is that not only were peo-
ple either ignoring or unaware of the 1935 EPR paper,
they were also essentially paying little, or no attention
to Bell’s paper, until they were forced to confront how
clearly Bell was making his argument.

A: Absolutely. And then what happened is that
somebody (I don’t remember exactly where) asked me
to give a small seminar on it. And I can tell you, I pre-
pared it very well and I think it was a good seminar.
Basically, if you have heard recently my talk on the
subject, that seminar was the beginning of my present
talk. Then, you have always somebody in the audience
who listens to you and says “I am in charge of another
seminar, would you accept an invitation?”, and then I
began to be invited here and there. Each time the reac-
tion was the same: “Oh, we did not know that Bell’s
theorem was that interesting!”

Q: Does it mean that Bell himself had not “popular-
ized” his own findings?

A: I am afraid that at that time, Bell was invited
only in circles of specialists of hidden variables theo-
ries or foundations of Quantum Mechanics. And to tell
you the truth, the first time I was invited to a meeting
with specialists of hidden variable theories, I was afraid.
Because this was not how I saw things. It was like a
Byzantine discussion; people were arguing between a
theory of the first kind versus a theory of the second
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kind, etc. And I’m afraid that Bell probably was mostly
invited to this kind of assembly. There had been, how-
ever, an important meeting in Varenna, with Bell and
d’Espagnat, when I was not yet in the game, but I think
it was an isolated thing.

Q: And so yourself, you could reach a larger audi-
ence?

A: My big advantage was the following: from the
beginning, I told people I planned an experiment, and
physicists, even theorists, they take experiments seri-
ously: A guy who is preparing an experiment, we should
listen to him. This is probably an explanation. The fact
that I was announcing that I was preparing an experi-
ment allowed me to overcome certain barriers in reach-
ing ordinary physicists, and not only people a priori
interested in hidden variables.

Q: So let us set the scene historically. What was the
experimental status in AMO physics at this time?

A: There were two experiments. There was the
Clauser and Freedman experiment in Berkeley [4] and
there was the Holt and Pipkin experiment in Harvard.
The latter1 was not finding the quantum mechanics pre-
diction and it was in agreement with Bell’s inequality,
while the Freedman–Clauser experiment was violating
Bell’s inequality and agreed with Quantum Mechanics.

Q: And so the score was a 1-1 result.

A: Yes, and it was clear for me that I would not be
the guy who would settle that, because I knew noth-
ing about atomic physics and there was no experience
at the Institut d’Optique about atomic physics. So, I
knew that if I wanted to embark into such an experi-
ment, it would take me a long time. But from the begin-
ning, from the first day when I read the paper of Bell,
I was much impressed by the last paragraph of Bell’s
paper [1], saying that a nice experiment to do would be
an experiment in which you change the setting of the
apparatus while the particles are in flight (see Fig. 1).

Note added: The last two paragraphs of [1] read:
“In a theory in which parameters are added to quan-
tum mechanics to determine the results of individual
measurements, without changing the statistical predic-
tions, there must be a mechanism whereby the setting
of one measuring device can influence the reading of
another instrument, however remote. Moreover, the sig-
nal involved must propagate instantaneously, so that
such a theory could not be Lorentz invariant.

Of course, the situation is different if the quantum
mechanical predictions are of limited validity. Conceiv-
ably they might apply only to experiments in which
the settings of the instruments are made sufficiently in
advance to allow them to reach some mutual rapport by
exchange of signals with velocity less than or equal to
that of light. In that connection, experiments of the type

1 The Holt–Pipkin result was unpublished at that time, but
Alain had been given the PhD thesis of Holt (Harvard, 1973,
unpublished). See, e.g., [5,6].

Fig. 1 Top: Principle of the Clauser–Freedman and Holt–
Pipkin experiments with one-channel detection scheme. The
polarizer axes a,b stay fixed for a given run of the experi-
ment. Bottom: Scheme proposed by A. Aspect [7,8] in which
the setting of the polarizers axes (a or a′, b or b′) is set
while the particles are in flight. The devices labeled C1 and
C2 are acousto-optic switches that redirect the light between
the two paths shown. This scheme was implemented in [9].
Figure extracted from [10]

proposed by Bohm and Aharonov [11], in which the set-
tings are changed during the flight of the particles, are
crucial.”

Then I said to myself, “I know a lot of optics, I’m
going to find a way to do that.” Really from the first
day, this is what I wanted to do. Because for me, the
essence of the reasoning is that what you measure at
one location must be independent of the orientation of
the polarizer at the other location (see Fig. 1). And for
me, it was clear that the good way to insure this inde-
pendence is to separate them in the relativistic sense.

Q: What kind of comments did you receive from col-
leagues when you described what you were planning to
do?

A: I think that there is something which is related to
the influence of Richard Feynman. He had written in his
Lectures on Physics [12]: “All the quantum mystery is
in wave particle duality.” So when I was discussing with
good physicists about all that, most of them would tell
me: “Look Alain, what you want to do has already been
proven. It’s wave-particle duality.” I would say “Hey,
come on, there are two particles.” “It is the same, what
you want to test is linearity of quantum mechanics. It
has been proven already.” I was not as sophisticated as
I would be today. But anyway, I would say “No, look:
when you have two particles, which you describe in an
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Fig. 2 Left to right: A. Messiah, A. Aspect and J. Bell, dis-
cussing at the 1985 Paris conference honoring the memory
of Alfred Kastler

abstract space, it’s not the same story as testing the
linearity of quantum Mechanics on a one-particle wave
function, which you describe in the ordinary space.”
I think that most people had been convinced by Feyn-
man that all the quantum mystery was in wave-particle
duality and linearity.

2 Meeting Bell

Q: Once you decided to embark in an experimental
program on the violation of Bell’s inequality, you met
Bell of course. How was the first meeting with Bell?

A: I can tell you that for me, this meeting is vivid
in my remembrance, although you know of course the
weakness of remembrance. But it seems like yesterday.
I had made an appointment with Bell in CERN and I
visited him in 1975, sometime before the publication of
my proposal in Physics Letters [7]. And of course, I was
very impressed to meet Bell, who looked very serious.

Q: When you met him, did you already have a clear
idea of the experiment that you wanted to do and what
was his reaction?

A: Yes, and he kept silent while I was explaining my
idea and then, the first question came: “Do you have
a permanent position, young man?”. So I said yes, I
explained that the French system allowed me to have
a permanent position in spite of not having a PhD.
Then he replied: “Okay, very good, let us talk science.”
I said: “But why are you asking me that question?” and
he explained that I would be considered by a majority
of physicists as a crackpot. I didn’t know the word, so
I asked him to explain the word “crackpot.” So he told
me that most of the physicists would consider in the
best case that it was a waste of time, and more often
that I was just crazy to do that.

Q: Did Bell encourage you along the specific line that
you had planned or more generally, did he encourage
you to work on the subject? And then a side question

connected to that: How did Bell see the significance of
this feature, this time-varying axes for the polarizers,
how did he see the significance of this as an experimen-
tal test?

A: After warning me, he said: “But if anyway you per-
sist, then I think that it is really THE experiment to
do.” Remember that we had already the static experi-
ments of Clauser and Freedman and of Holt and Pipkin.
But I think, that according to that meeting and other
ones, that he really considered that the idea of space-
like separation is at the root of the Einstein–Podolsky–
Rosen argument. As I said before, I fully endorse this.
If there was not this question of space-like separation,
then why would you impose the locality condition?

Then, I remember one detail about our talk. I had
already made a kind of intuitive reasoning about why
you cannot transmit information faster than light, even
if you allow the non-locality of Quantum Mechanics. So
I made my hand waiving reasoning, and he said “yes,
absolutely.” Then, he went to the blackboard and made
a complicated demonstration, as a theorist. Probably it
was not so complicated, but I was ignorant and I did
not really understand his explanation. I pretended that
I had followed his demonstration, but I stuck to my
intuitive reasoning when I wanted to explain that one
cannot transmit useful information faster than light.

Another element regarding this meeting is important.
I was quite proud of my trick with the acousto-optic
switches (see Fig. 1), because it eliminated the need of
using many kilowatts of power that normal Kerr cells
or stuff like that would have required. So I explained
it and asked him: “Do you think I could keep that
confidential?” and then again a strong statement from
Bell: “Young man, we are doing basic research. In basic
research, there is no secrecy. And you better publish it
because anyway, now I’m going to talk about it around
me. So you better publish it!” And it was an excellent
advice. I published immediately the idea in Physics Let-
ters [7] and then meanwhile I prepared a longer paper
for Physical Review D, which appeared a few months
later [8]. And having these two papers about the initial
idea of the experiment as the only author was impor-
tant for my career later on.

I must say that for writing this paper, I was helped
by d’Espagnat. D’Espagnat in Orsay was the person
whom I consulted about Bell’s inequalities. Of course,
he was not an experimentalist but he gave me advice
about what to write in the paper. So I owe some credit
to d’Espagnat.

Q: What about Bell’s opinion about other loopholes?
Was he eager to see more experiments on the subject to
close loopholes?

A: About loopholes, I don’t remember. Probably we
talked about it, but clearly it was not an important
point in our meeting.

Q: As we have seen above, at the time of your meeting
with Bell, there were serious conflicts between experi-
mental results regarding the violation of Bell’s inequal-
ity. Did Bell express an opinion on these conflicting
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experiments? Did he favor, either publicly or privately,
one or the other on scientific grounds?

A: Not to my knowledge, but it seems to me that he
felt that it would be the Clauser result that would win,
and he expressed the fact that he would be sorry, but he
would accept the outcome. Bell wrote in several papers
that he would have liked a hidden variable theory in
the style of Bohm’s, to serve as an interpretation of
quantum mechanics. He did not like the Copenhagen
point of view. But he accepted without reservation the
experimental results.

Q: Just to make sure that we’re clear on one point.
You said that he would have preferred a certain out-
come, but he was willing to accept whatever the exper-
iments said. So the thing that he would have preferred
was Pipkin’s result?

A: No, no, he did not comment about experiments.
He commented about the possibility to complete quan-
tum mechanics. That’s a motto that comes up again
and again, as you can see in his book Speakable and
unspeakable in quantum mechanics [13]. He thinks it
would have been nice to have a realistic and local inter-
pretation of quantum mechanics. I think his inspiration
was Einstein.

Let me add that Bell was a wonderful speaker, with
a British sense of humor. For instance, I remember one
seminar by him where he started by: “Recently I gave a
talk with the title: What is not going faster than light”
and then he showed a post-it stuck on the announce-
ment of the talk where somebody had written: “Cer-
tainly John Bell.” He would start his seminars with
some humor like that and then he would go on elabo-
rating on deep thoughts.

3 Starting in Orsay

Q: As we have just seen, at the beginning of the seven-
ties, the balance between the experiments, either favor-
ing quantum mechanics or hidden variables theory was
kind of even. Did this balance evolve significantly dur-
ing this period of preparation, between when you first
encountered, and decided you wanted to work on Bell’s
inequalities and when you actually started to do exper-
iments? In other words, in your mind, was your exper-
iment always as timely as at the first moment you
thought about it?

A: Did I think my experiment would be timely? The
answer is yes, inasmuch as it was the timing experi-
ment, with variable polarizers. For instance, there was
an experiment by Fry in 1976 [14], with a better signal-
to-noise ratio than the 1972 experiments. It was vio-
lating Bell’s inequality by five standard deviations, and
it was in favor of quantum mechanics. And I was not
annoyed by that at all since it was a static experiment.
My surprise is that there was only one person, Ed Fry,
pursuing an experiment to settle the conflicting results
between Freedman–Clauser and Holt–Pipkin. It just

shows that there were not many people who thought
that it was an interesting program.

Q: You just mentioned five standard deviations.
We’ve had plenty of times where five standard devia-
tions disappeared.

A: Yes, this is why I’m surprised. There were many
people who could have done experiments to settle that.
But apparently people didn’t think it was so important.

Q: So one more thing that we would like you to
address is the fact that in your experiment, the detec-
tors on the two sides of the experiment were separated
by more than the coherence length of a photon.

A: Absolutely.

Q: It was not the case in the earlier experiments. At
first sight, this seems relevant but can you articulate if
you think that it is important and why?

A: Let me try. I felt that it was important, and so
I wrote about it in the 1981 paper [15], but it’s hard
to make a fully rigorous argument. To make the story
exact: There is in the literature the so-called Furry
hypothesis [16], which says that entanglement certainly
exists at short distance, otherwise you cannot under-
stand the spectrum of helium for instance, but as soon
as the distance becomes large, entanglement will disap-
pear. Then you ask, at which scale does it disappear?
And the only scale you can think of is the coherence
length of the particle, of the photon in our experiments.
I think there is not more than that. Since our first
experiment [15] was different from the one of Clauser
and Freedman about that point, I pointed out that it
had this additional feature. To be honest, in the exper-
iment of Freedman and Clauser, the photomultipliers
were a few meters away, but the pile-of-plates polar-
izers were a few meters long. So, in other words, the
entrance of the polarizer was close to the source, but
the end of the polarizer was far from the source.

Note that when people speak about the “Furry
hypothesis,” one may think that Furry defended that
hypothesis. Not at all! Furry considered that hypothesis
and then wrote, no, no, no, quantum mechanics is such
that entanglement will survive even at long distance.

Q: Did Bell have an opinion about the importance of
the coherence length being short compared to the sepa-
ration of the detectors?

A: Honestly I do not remember at all. I would be sur-
prised that I did not ask a question about it, but I do
not remember any statement about it. In general Bell
did not express strong feelings or opinions about exper-
iments. He could express strong opinions when some-
body was coming with a crazy or unreasonable the-
ory, or what he considered irrelevant, but about exper-
iments, he had no strong opinions, he just listened to
the experts.

Q: Did you get useful advice when designing your own
experiment?
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Fig. 3 The relevant atomic level scheme of a Calcium
atom, with a two-photon excitation. Figure extracted from
[10]

A: There is something I owe to Ed Fry, whom I met
in Erice in 1976, in a workshop organized by Bell and
d’Espagnat 2. By the way this is where I met Frank
Laloë, who encouraged me. So there, I met Fry and he
told me: “By all means, you should use lasers”. Before
that, I was hesitating, should I use a laser or not? and
Fry clearly said: “Alain, if you can use a laser, use a
laser”. There was indeed a possibility of using two lasers
to make a two-photon excitation and in Paris, the team
of Bernard Cagnac had shown the possibility of doing
two-photon transitions. So, coming back from Erice, I
visited Cagnac, I talked to him and he encouraged me,
saying: “yes, your scheme should work, you should be
able to do it” (Fig. 3).

Q: From your point of view at that time, what was
the main gain provided by the use of a laser?

A: Remember, I knew classical optics quite well. And
I knew that the smaller the source, the smaller the
étendue, i.e., the product of the transverse area by the
solid angle. So, rather than having to use a pile-of-
plates polarizer with a diameter of 50 cm like Freedman
and Clauser, I could work with small polarizers, small
lenses, small switches, etc... And so coming back from
Erice, I knew that I wanted to use a laser-excited two-
photon transition. Before, I was hesitating, but after
talking to Ed Fry, there was no more hesitation.

Q: What would have been the alternative?

A: Like Clauser: excite high-lying levels with ultra-
violet light, but then the efficiency of the process is
quite weak. Moreover you can have the second photon
without having the first one (because some alternate
decay routes from those high-lying states can produce
the photon at 422.7 nm without producing the photon
at 551 nm, see Fig. 3). And the worst thing is that you
have to excite a big volume in the source. And when
you start with a big volume and you have a big solid
angle, then you have a big étendue, etc.

2 Thinkshops on Physics, First Session: Experimental
Quantum Mechanics. Progress in Scientific Culture, The
Interdisciplinary Journal of the Ettore Majorana Centre,
Winter 1976.

Q: Did Bell give you any kind of advice on the pro-
cedure?

A: The answer is no, he certainly did not discuss the
details of the experiment. Probably I told him that I
would switch every 10 nanoseconds and that I had 20
nanoseconds between the source and the polarizer, and
that was enough for him. He did not want to go into
the details.

Q: Did you meet frequently?

A: Yes. First, he and d’Espagnat invited me to the
Erice workshop of 1976 that I just mentioned and he
was very friendly. Then, after that meeting, we were
often both invited in small meetings for people inter-
ested in the foundations of quantum mechanics. When
we met, he would ask about the progress of the exper-
iment, but without any pressure. Clearly, he wanted to
stay on his theory side. He was an expert in theory, this
he knew, and he did not want to discuss much about
experiments.

There is one event which seems to me interesting
in order to appreciate the character of Bell. In 1984,
there was an Italian physicist, Franco Selleri, who was
a strong opponent of standard quantum mechanics and
a warm supporter of hidden variables. He thought that
it was not possible that an experiment would support
quantum mechanics. And so, he wrote a paper [17],
explaining that our experiment was flawed because of
resonant scattering and he made the objection pub-
licly at a conference. I don’t remember exactly what
he said, but it was totally irrelevant. He contended
that resonant scattering would increase the amount of
correlations, which is doubtful. Moreover, he ignored
the consequence of the Doppler effect, which drastically
reduced the amount of scattering. Sometime later, Bell
asked me about that paper: “Have you seen the paper
of Selleri?” I said “Yes of course, I have seen it, and I
have heard him.” “What do you think?” I said: “It’s
irrelevant. We just waste our time discussing it,” but
nevertheless I explained the arguments I just gave you.
Then once again, the serious man said “Okay! What you
tell me, you must publish. It is your duty!” In addition,
Selleri was saying that our procedure of subtracting the
background was suspect. So I also said to John Bell:
“Moreover, if I take the raw data without subtraction,
it still violates Bell’s inequality. It’s 2.3 rather 2.6, but
it still bigger than 2.” And Bell replied: “You must pub-
lish that also!”. So I published it all [18] and I think it
was a good paper.

This anecdote tells you how Bell considered experi-
ments: They are important, everything must be pub-
lished, but he is not going to discuss the content of
experimental papers. He will trust the experimentalists
as experts.

Q: You mean that Bell was interested, but not deeply
in the details?

A: Yes. For instance, I doubt that he realized the big
change in my scheme. At the beginning, as I told you,
I was considering using the Clauser–Freedman scheme

123



Eur. Phys. J. D (2023) 77 :8 Page 7 of 14 8

with a large classical source. After listening to Fry in
Erice, I was convinced that it was absolutely necessary
to use a two-photon absorption with lasers, making the
source very small. I probably explained that to Bell, but
I doubt he realized that it totally changed the experi-
mental situation.

4 The Orsay results

Q: When you started to talk about your own results, did
you find audiences to be skeptical about whether it mat-
tered, or eager to hear about whether Quantum Mechan-
ics is truly as weird as Bell had shown it to be.

A: When I had results, everybody was convinced that
it was an interesting subject. Maybe not everybody, but
many people were convinced.

Q: So you have seen a difference in the receptivity of
the audience between 1975 and 1982.

A: Yes, definitely, I saw clearly the evolution. At the
time of my PhD defense in 1983, the lecture hall of Insti-
tut d’Optique was overcrowded, there were many peo-
ple who could not enter. So it’s a sign of a big change.
At the beginning, in 1975-76, when I had ten people in
my seminar, I was happy.

Once again, I have a good opinion of our commu-
nity, of our colleagues. Even those who had a prejudice
against our experiments, saying “this is not interest-
ing,” when I took the time to explain them, they would
say “Oh yes, it is interesting.” Really, I saw that quite
often, not always, but quite often: very positive reac-
tions.

Q: A side question. Since you mentioned your PhD
defense, who was on your thesis committee?

A: Claude Cohen-Tannoudji, John Bell, Franck Laloë,
Bernard d’Espagnat, and Christian Imbert of course,
my boss. My boss who was a wonderful boss. He did
not know much of quantum mechanics, but he liked
my project and he protected me against “authorities”
who insisted that I was wasting my time and should
change subject, in the first years of my thesis, before
Claude Cohen-Tannoudji showed an interest. Note that
in France, having Claude Cohen-Tannoudji interested
in such a subject was extremely important, because
they are people who do not have a personal opinion
about that question. But if they see that Claude Cohen-
Tannoudji is interested, then it means that it cannot be
a crackpot idea.

Q: Coming back to the change in receptivity of the
audience, it’s worth pointing out that, although we know
now that quantum information is strongly connected to
Bell’s inequality, this change of mentality in the com-
munity was not triggered by applications.

A: Yes, it was simply an interesting problem. I think
that most of the people thought that at the end, quan-
tum mechanics would win. But then, it would just mean

that quantum mechanics is even yet more surprising
that we thought.

Q: Maybe you could say a few words about people who
took seriously the idea that quantum mechanics might
not be right.

A: There were not many, and quite often, they did
not seem to be very serious. I mean, they had strong
prejudice and they were really biased. I must say that
I was initially very open to the possibility of disprov-
ing quantum mechanics. I can tell you until when I was
very open: I was very open until the second experiment
with the two-channel polarizer, with Philippe Grang-
ier [19]. And then we had all the experimental points
coming exactly on the quantum prediction and we vio-
lated Bell’s inequality by 50 standard deviations. At
that point, I said, “Wow!”.

You know, the first experiment [15] had a violation by
five standard deviations and as we said earlier, five stan-
dard deviations may disappear... But with the second
experiment [19], I was really impressed and I thought
that the only chance left was that something was hap-
pening when the detections were space-like separated.

I was open, really. I did not say “quantum mechan-
ics should be wrong, because it is a mysterious the-
ory.” The people who thought that quantum mechanics
should be wrong were biased. Well, people who thought
that for sure, quantum mechanics should be vindicated,
were also biased, but not for ideological reasons. They
were biased because of quantum mechanics being so
successful for decades. While the other ones were biased
because they said: quantum mechanics is not logical, it
cannot be that way.

Q: Just to be clear, even after Fry’s experiment [14],
where five standard deviations at least to some people
seems convincing, there were still some doubts?

A: Fry’s experiment starts with a level J = 1, so you
must check that the density matrix is equally populated
on the three sublevels. It’s a remarkable experiment but
there are plenty of technicalities which make it a little
involved.

Q: But the interest of people still evolved during that
period 1976-82?

A: Yes, there is a paper by an historian, Olival Freire,
which clearly shows it [20]. I had more and more of an
audience in the seminars where I was invited. Most of
the people did not know exactly what it was about.
So in the same seminar, I was telling them: It is very
interesting; There are some experiments conflicting, but
it seems to go in favor of quantum mechanics; There is
still an experiment to do, it’s the timing experiment.
So the people say: “Ah, it’s interesting.” Then they go
and do their usual job, but at least they have kept a
positive impression.

After the experiments gave results, I was invited to
ICAP in Göteborg in 1982, one year before I defended
my PhD thesis. It was a plenary talk in a major confer-
ence, and I was very nervous. I remember very well that
Norman Ramsey, the chairman of my session, was very
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kind. When I told him “Look, maybe I won’t under-
stand some questions,” he said “Keep cool, young man,
I am the chairman, I will keep control. If somebody
attacks you, I will keep control, and if you don’t under-
stand a question, I will rephrase the question.” At the
end, there was a sharp question from Dan Kleppner:
“And now, do you think that the situation is settled?”
I was embarrassed because I did not understand the
word “settled” in that context. As promised, Ramsey
rescued me when I turned to him and I spoke about
loopholes. Ramsey was very friendly, and I have tried to
keep this attitude when I became older and had young
people shaking in front of me.

Q: Was Bell also invited to give keynote talks in
major conferences on the subject at this period?

A: It seems to me that he was not so much invited to
what you call major conferences. I can cite an exception,
the EGAS conference in Orsay in 1980, where he made
a strong impression on the audience 3. He was still quite
often invited, but usually to smaller conferences on the
foundations of Quantum Mechanics. Bell was not giving
the same talk twice. Each time, he would start with
something a little bit provocative. What he explained
was deep and thorough, but he was not starting from
the basics, he was speaking to people who already knew
the subject. His talks were very good and inspiring, but
each was on a specific point. You can find most of them
in Speakable and Unspeakable in Quantum Mechanics
[13].

Q: Let us talk about today: For people like us, atomic
physicists or quantum opticians, everyone knows about
Bell’s inequality. What about physicists in general?

A: Many of them know, yes. I have been invited
probably more than a hundred times to give general col-
loquia on the subject. There, many different scientists
come, not only atomic physicists. They come because
they have heard that there is something interesting
about Bell’s inequality, and a guy, Alain Aspect, has
done some experiments about these inequalities, and
they want to see Alain Aspect before he’s dead (laugh-
ter).

5 Loopholes

Q: Your experiments began to close loopholes that had
remained open in earlier experiments (not to mention
firmly resolving whether Bell’s inequalities are violated
or not). Delayed choice of the measurement basis, while
the photons were in flight, was an important addition.
Which hierarchy do you view between the various fea-
tures and loopholes?

A: My answer is clear: The question of timing is not a
loophole, it’s the essence of Einstein’s reasoning. When
Einstein says that things have to be separated, it’s clear

3 To see the impact of that presentation on a mainstream
AMO physicist, see [21].

that it means space-like separated. For me, separating
the measurements, the setting of the instruments in
space-time by a space-like interval, is much more than
closing a loophole, it’s fundamental. I am not the only
one to think this way. There is a remarkable paper of
John Bell, that he gave when he was invited in 1980
at the EGAS conference in Orsay, a mainstream AMO
physics conference already cited 4. There, he writes:

“It is difficult for me to believe that quantum mechan-
ics, working very well for currently practical setups, will
nevertheless fail badly with improvements in counter
efficiency and other factors just listed. However, there
is at least one step forward toward the ideal which I am
keen to see. So far, the polarizers have not been switched
during the flight of the photons, but left in one setting or
another for long periods. Such experiments can indicate
an already remarkable influence of the polarizer setting
on one side on the response of the counter on the other
side. But plenty of time is left for this obscure influ-
ence to propagate across the equipment with subluminal
velocity. For me, it is important that Aspect will effec-
tively switch polarizers setting during the flight of the
photons.”

So Bell himself made a clear hierarchy between the
loopholes. It’s exactly my point of view, although, when
later I became somebody reliable (or considered as reli-
able) and funding agencies would send me proposals
from people who wanted to close the detection efficiency
loophole, I always said: if somebody is ready to spend
time and money in doing that, it’s good to do it. But
personally I would not have chosen to do these experi-
ments only for closing the detection efficiency loophole.
For me, the important point was changing the orienta-
tion of the polarizers. Each time I read Einstein on this,
it’s clear to me that what he had in mind was space-like
separation. When two things are space-like separated,
how could they communicate?

Q: You just mentioned Einstein; are you referring
to the spirit that is in the 1935 paper [2]?

A: Oh yes. And also to the famous book Albert Ein-
stein Philosopher Scientist by Schilpp [22], where Ein-
stein says about the conclusion to which one is led using
the principles of Quantum Mechanics about two entan-
gled, spatially separated, systems S1 and S2: “One can
escape from this conclusion [that Quantum Mechanics is
not complete] only by either assuming that the measure-
ment of S1 (telepathically) changes the real situation of
S2 or by denying independent real situations as such to
things which are spatially separated from each other.
Both alternatives appear to me to be entirely unaccept-
able.”

Q: How do you understand, or how do you explain
that Clauser or Pipkin or Fry didn’t take their experi-
ment to the status where you put yours?

A: Oh, for technical reasons. Clauser had thought
about it and he concluded that he could not do it.
Consider their experiment and pretend that you are

4 This paper is reproduced in [13].
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going to have a Kerr cell that is big enough to accom-
modate their beam, and that you want to switch in a
few nanoseconds. Then you calculate the electric power
you have to put into it and you find that the energy
you need is larger than the energy of a big broadcast
radio station. So we go again to the fact that I used a
very small source and then the situation is different.

But at the end of the day, our scheme was far from
ideal. We did not do it with a square-wave changing and
switching, We did it with an acoustic standing wave, as
I had proposed, because there was basically no energy
needed for that scheme. When you do the calculation,
you find that it would have been impossible to do it
differently even with our beam, and as a matter of fact,
it was done later, with electro-optical switches, only
when people could use parametric down conversion to
have beams with an étendue narrow enough that they
can be put in optical fibers.

Q: You were using an acousto-optic switch, is that
right?

A: Yes, and actually, I was lucky. When I first
thought about this acousto-optic switch, I assumed it
would be a sinusoidal modulation. But in fact, it’s bet-
ter than that! Because of the nature of Bragg diffrac-
tion, the transmission is expressed in terms of Bessel
functions and as a matter of fact, they are quite
squared. It’s not a perfect square wave of course, but
it’s much more square than a cosine. As far as I remem-
ber, it is Jean who tested the switches, and confirmed
the better than sinusoidal switching.

Q: Others followed in a continual tightening of the
loophole situation. Do you see these loopholes in a kind
of hierarchy of “craziness,” where some loopholes beg
to be closed, and others require a far-fetched view of
physics in order to be seen as a real loophole. For exam-
ple, the detection efficiency loophole requires one to
believe that undetected photons follow different corre-
lations than the ones that are ARE detected. One is
tempted to ask: “In what kind of universe would THAT
happen?” If there is a hierarchy, what is it, and at what
point in the closing of loopholes were people, for the
most part, convinced?

A: Closing the sensitivity loopholes is Okay, it is good
experimental physics. If you have better detectors, you
repeat the experiments with these detectors. But when
you say “In what kind of our universe, would that hap-
pen?” I think there is one loophole that really deserves
this comment, this is the so-called freedom of choice
loophole. Here again, there is an excellent text by John
Bell, published in [13] about this question. Here is the
loophole: Maybe, there is in the backward cones of our-
selves or of our lives, some common events which decide
how we are going to set the polarizers, our choice is not
really free. What Bell writes about that, and I fully
agree on his writing, is the following: this is logically
possible, but I don’t want to be a physicist in that
world. Because you could explain anything in this way.
You could explain any result of any experiment by say-
ing: “At the Big Bang, it was decided that the result of

this experiment that I’ve been doing today, would be
the one I observe, including the fact that I selected this
position for the knob.”

Q: So, all reasonable loopholes have now been closed
regarding the violation of Bell’s inequality using corre-
lated photons. However, we know—and you can confirm—
that you would like to see a Bell test made with material
particles rather than photons. At one point, this detec-
tion with material particles would have helped to close
the detection loophole, but that is not so much an issue
today. So can you elaborate on your motivation for such
a test, we mean a test with material particles, knowing
that it is clearly a difficult and challenging experiment?

A: I’m going to tell you my motivation. You know I’m
not a smart theorist, I am an intuitive guy. My idea is
the following: all tests of Bell’s inequality up to now
(well, almost all, I will make a provision for that) have
been done with two-level systems, photon polarization,
two levels in an ion, etc. I think that doing it with
momentum, which is a mechanical degree of freedom,
would be interesting.

Well, there is one experiment which has been done
with momentum [23]. But it’s with photons, you can
produce pairs of entangled photons that are superposi-
tions of |+p,−p〉 and |+p′,−p′〉. So it is with momen-
tum, but it uses photons. I want an experiment of that
kind, with mechanical degrees of freedom, momentum,
done with massive particles. And the reason is that we
know that there is a tension between quantum mechan-
ics and, let’s say, gravity. So, at some point, why not
try to do an experiment like that? The group at Institut
d’Optique has embarked into such an experiment [24]:
I doubt that with a light atom like helium, you will find
something, but one has to start and see.

Q: So would you recommend to a young researcher to
dedicate several years of her or his early carrier to such
a goal?

A: I will answer by an anecdote. I already mentioned
the 1976 meeting in Erice which was for me really a
wonderful experience. Before Erice, most of the peo-
ple that I had found interested in the subject “hidden
variables and Bell’s inequality,” were out of the main-
stream. In Erice, there were what we could call “normal
physicists.” I already mentioned Franck Laloë, who told
me “it’s a very interesting problem, and your experi-
ment is worth being done.” I was amazed because Laloë
was one of the authors of the book [25] which was my
Bible5. And one of the authors of this Bible tells me
that it is an interesting subject. Wow, this was real
good news!

Back to the anecdote: There was a mainstream physi-
cist, Val Telegdi, who was there as a devil’s advocate.
I mean each time somebody was advocating for hid-
den variables, Val would try to find a good reason to
conclude: “this is not interesting...”. It turns out that

5 The French version of [25] had been published while Alain
was in Cameroon.
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Telegdi, who was Hungarian, was one of these peo-
ple speaking fluently all possible languages, including
French. We went together for the visit of a temple and
we were sitting close to each other in a bus for several
hours. And at one point, I asked in French: “Of course
you would never let a guy like me, do an experiment
like that in your lab?”. And his answer was wonderful:
“I would never propose a subject like that, but if you
would come and tell me you want to do this experiment
with the enthusiasm that you have shown in your pre-
sentation, I would certainly let you do it in my lab.”
This is what I would answer today. I would not really
encourage too much people to do that, but if somebody
strongly wants to do it, yes!

Q: One of the things that comes to mind when talking
about doing entanglement involving a momentum is that
it’s closer to what Einstein–Podolsky–Rosen proposed.
I was wondering if that was part of the motivation.

A: Not really. Because in EPR, you have a continu-
ous set of values for position and momentum. But if you
want to test Bell’s inequality, you must have dichotomic
variables, two-valued variables. So for instance you
must have only two directions for momentum, you
don’t want to have a full continuum of values. This
is something that people sometimes forget. So they
come and say, hey, look, I have here a model which
violates Bell’s inequality, which agrees with quantum
mechanics, although it is classical. Yes, but it’s not with
dichotomic variables.

And by the way I have another anecdote which is, I
think, interesting. In 1984, there was a summer school
in Santa Fe. I gave my presentation which in 1984 was
already rather well organized, and I delivered the mes-
sage: “Bell’s inequality shows that you cannot mimic
quantum mechanics with a classical model, etc.” And
then a member of the audience, Asim Barut, came and
said: “I have a model, which is classical and which
agrees with the predictions of quantum mechanics”[26].
He put a slide on the projector with his model and
it was the end of the day. So, during the evening, I
scratched my head and I found the catch. Next morn-
ing, I asked permission to come with two transparen-
cies. And the point is interesting. I said: “Okay, what
you have is a continuous variable but Bell’s inequality
is about dichotomic variables. So let us suppose I have
a black box with an analog-to-digital converter, which
transforms the analog result into a digital one, with two
values. Can you guess what would be the law of prob-
ability characterizing the response of that black box?
It should have negative values! Some results should
happen with a negative probability!” I published that
instructive reasoning (A. Aspect, Comment on “A clas-
sical model of EPR experiment with quantum mechani-
cal correlations and Bell inequalities,” 1984) in the pro-
ceedings of the conference [27].

Q: Of course, that also presents a very clear distinc-
tion between the 1935 EPR paper and what Bell did.

A: Exactly, and credit must be given to David Bohm.
That’s Bohm who translated the initial reasoning of

EPR into a singlet state made from two spin 1/2 parti-
cles measured with a Stern–Gerlach apparatus [11,28].

Q: Okay now, you’ve often quoted, including today,
the reaction of John Bell saying “Do you have a perma-
nent position?” before encouraging you to pursue this,
when you told him that you were planning to start an
experiment. Clearly, he was saying that this was not
a popular subject at that time in the physics commu-
nity. So how do you understand why it is so fashionable
today? Is it due to the possibility of using it in practical
devices? The “Second Quantum Revolution”? Or is it a
change in the attitude of physicists with an increasing
taste for conceptual problems?

A: Yes, I think that people—physicists—have always
been puzzled by quantum mechanics. After reading the
Feynman lectures, which qualify wave-particle duality
as “the only quantum mystery,” they were more or less
saying: okay, well, that’s the way it is ... And then you
come and show them that there is something yet more
extraordinary than what they thought. And once again
they say: “Wow, quantum mechanics is really some-
thing!” So I think that the reason why there are inter-
ested in Bell’s inequality violation, is that it’s another
example of the extraordinary character of quantum
mechanics. People realize that there is something more
than wave-particle duality, they are interested, and they
are open! Conceptually, there is no idea of quantum
technologies at this point.

6 Meeting with Feynman

Q: Let us now go on to the idea that Feynman famously
said at some point that the two slit experiment con-
tained all of the mystery of quantum mechanics...

A: Yes

Q: ... and you discussed this with him. Would you
describe that encounter? Feynman’s famous paper on
Quantum Computing appeared in 1982 [29]. He made
clear that he was aware of Bell tests and believed they
supported quantum mechanics, even though he did not
mention Bell

A: neither Clauser !

Q: Yes. Your encounter was, we think, after that
paper, is that right?

A: Yes, it was 1984.

Q: Did you know about his 1982 paper?

A: Yes, it is cited in my PhD thesis. Anyway, when
they invited me to give a colloquium at Caltech, nobody
had told me that Feynman would be there. Then when
I entered the lecture room and I saw Feynman sitting in
the front row, you can imagine that I was kind of ner-
vous. To confirm that, years later, John Preskill asked
me: “You remember the colloquium you gave in Cal-
tech?”, I said “Yes of course I remember. Were you
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Fig. 4 A letter by Feynman, following Alain’s colloquium
at CalTech

there?”. He said “Yes, we were young guys up in the
amphitheater and we were waiting to see the reaction
of Feynman in front of the young French guy speaking
about Foundations of quantum mechanics!”

I have an anecdote about my presentation in front of
Feynman. I was usually finishing my talk with a sen-
tence of Feynman which is ambiguous, and in general,
people laughed when they saw the name of the author.
And so, after one hour of presenting things, I decided
to finish with that transparency showing the ambigu-
ous citation of Feynman. I could have decided not to
put it on the overhead projector, but I put it. And in
contrast to the usual reaction, nobody laughed... And
then Feynman laughed, after reading it carefully, and
then everybody laughed.

Q: So what was the ambiguous statement?
A: It is in the 1982 paper [29]; the statement is basi-

cally: “I wonder whether this is a real problem or not a
real problem.” And basically he says, but better than
me: “Sometimes, I think it is a real problem, sometimes

I think it is not a real problem” and he concludes. “So
this is why I like to investigate things.”

It’s a beautiful quotation, but when you read only
the quotation, it’s not clear that it is about EPR. But
it is about EPR, otherwise I would not have played with
that. And then I received a letter, two weeks later, from
Feynman where he wrote: “I checked the quotation of
mine that you used [...] it was quite in the context” (see
Fig. 4).

Feynman made positive comments about my talk in
front of the audience, he was extremely friendly with me
and he invited me to come with him in his office. We
discussed for a long time and he pointed out the idea
that one way to reconcile Bell’s formalism and quan-
tum mechanics could be to accept negative probabili-
ties. Personally, I was not convinced and he did not try
hard to convince me. He just said: “okay, look, one way
to get out is to accept non locality, but alternatively
you could accept negative probabilities.”

Q: Is that idea of negative probability different than
the idea that we often talk about negative Wigner func-
tions?

A: Yes, I think that it is different because when using
the Wigner distribution to calculate the probability of
a result, the result of the integration is positive, even
though some values below the integrand are negative.
But in Bell’s formalism each individual event is really
happening sometimes, that is the meaning of complet-
ing quantum mechanics. Can you explain to me what
it means to have an event happening with a negative
probability? In my opinion, it would mean that some-
thing is erased from a piece of paper or erased from a
computer memory. It’s not easy to swallow. So, I think
it’s different, although in both cases the negativity of
some probability distribution indicates a fully quantum
phenomenon, not describable with a classical model.

Q: How do you think Feynman’s thinking changed
with regard to where the mystery lies? Or perhaps, we
should say, the extent of places where the mystery lies?

A: I think he realized that wave-particle duality for
a single particle was not the end of it. When I present
the subject now, I say that there are two levels of quan-
tum weirdness. There is wave-particle duality: A wave,
I can describe it in ordinary space-time, I understand
what it means; A particle has a trajectory in ordinary
space-time, I understand what it means. The mystery
is the fact that both classical concepts apply to the
same object. And there is entanglement: when you have
entangled particles, there is no way to describe it in a
reasonable way in our ordinary space-time.

At this point I like to cite Asher Peres, who was
definitely on the Copenhagen interpretation side. But
Asher Peres writes on the front page of his book [30]:
“Real experiments do not happen in Hilbert space.
They happen in a laboratory.” In the end, I want to
describe things in the laboratory. And then I have
to face non-locality or stuff like that. So it’s different
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in nature. When you read Feynman, you see that he
clearly realized that in his 1982 paper.

Q: Do you believe that this was influenced by the
development of these Bell tests, even though Feynman
does not refer to them?

A: Oh yes, Feynman knew, he alluded to them in his
1982 paper, although he does not give the reference.
Probably, he has not read the papers carefully and so
he does not describe them very well, but as far as I
remember, he explicitly speaks of polarizers, maybe of
calcium atoms, etc. Clearly he had one day heard of (or
read about) the Freedman–Clauser experiment.

7 Various facets of entanglement

Q: There are a number of similarities between the Bell
test experiments that you did, and the delayed choice
experiments that were done much later as suggested by
Wheeler. Both of them can be interpreted as tests of
quantum mechanics, both can use correlated photons as
a key technology. Both involved changing the experimen-
tal setup while the photons are in flight in the change-
able apparatus. Other aspects make these appear rather
different, one being interpreted as a test of the concept
of wave-particle duality, the other of local realism with-
out needing any reference to wave interference. So, how
do you see the connection between these two fundamen-
tal experiments? Can a single photon contain the weird-
ness of quantum mechanics?

A: I think that the apparent connection is not
fundamental. First technically. You don’t need corre-
lated photons to do a Wheeler delayed choice experi-
ment. You could use correlated photons to have her-
alded single photons, but you can use a single-photon
source without correlated photons. This is the way
Jean-François Roch and his team did the experiment
[31].

Roch and his team did the experiment with NV cen-
ters, excited by a laser pulse and emitting a single pho-
ton. So you don’t need correlated photons. Conceptu-
ally the difference is major: I’ve already spoken about
the difference between wave-particle duality, which I
attached to the first Quantum Revolution, and entan-
glement which is related to local realism, as you say. In
my opinion, it’s conceptually very different. So to the
question “Can a single-photon contain all the weird-
ness of quantum mechanics,” my answer is “No!” If I
use the words generalizing Feynman statement of “first
quantum mystery” and “second quantum mystery,” the
single-photon behavior is about the first quantum mys-
tery only.

Q: Let us stay with the single-photon experiment for
a moment. The output state of a single-photon incident
on a beam splitter can be written as an entangled state
in a mode occupation basis, is this meaningful?

A: I think the answer is extremely simple. If you
have a single photon (or electron, or atom, whatever you

want) on a beam splitter, you split it and you recombine
it, you don’t need to speak of an entangled state. Let us
consider a massive particle, you are talking about the
wave function of a single particle, which has two legs,
and that you recombine, and that’s the end of it. And
you do the same thing with the photon.

So in which case is it interesting to do what you sug-
gest, that is to say, write the state as |1, 0〉 + |0, 1〉?
If there is an interaction with something in the arms
of the interferometer, then you get an entangled state
between the photon and the stuff in the arms. So in my
opinion, there is no mystery in that. If you don’t have
any interaction, if you don’t try to look at the path, you
don’t need to invoke entanglement. You need to invoke
entanglement if you have some kind of interaction in
the arms of the interferometer.

Q: And if someone tells you “I have a Schrödinger
cat or an entangled state because I have |10〉+ |01〉,” do
you tell this guy “No, you don’t have a real Schrödinger
cat” or do you say “Oh, very nice, very interesting”?

A: I say it’s a good starting point to create a
Schrödinger cat. You should have your single photon, or
your single whatever, interacting with something more
macroscopic in the arms of the interferometer.

Q: Now just to push this question a little further,
let’s imagine that you think about states that we nor-
mally say are entangled, Bell states. If we write every-
thing in a Bell basis, then they’re not entangled in that
basis. So, it seems that the question of entanglement, at
least in some circumstances, is dependent upon the basis
that we choose to write things in. Now, of course, non-
locality is a different issue. If we insist on a local basis,
then there are some things that could not be written in a
way that would be unentangled. For example, the ground
state of hydrogen, the singlet state, is clearly entangled,
but it’s not non-local. And if we use the basis of hyper-
fine states, then clearly there’s no entanglement. But if
we insist on using the basis of electron spin and pro-
ton spin, then it is entangled. So what about this whole
basis business of whether something is entangled or not,
depending on the basis?

A: I think you gave the answer in your question.
If you use the Bell basis for two particles which are
“space-like separated,” and if you prepare a Bell state
in that basis, I don’t know what it means to say that
there is no non-locality in it. I insist on having a local
basis because as Asher Peres says, at the end of the day,
I do experiments in my lab and I have one corner of my
lab and another corner of my lab, and I want to have a
local basis because of space-like separation, because of
relativity.

And by the way, I want to point out a related subject,
random number generators based on a single photon
on a beam splitter 6. If you think of what would be an

6 See for instance Alain Aspect, Quantum Optics 2: Two
photons and more. MOOC (Massive Online Open Course)

of École Polytechnique, https://www.coursera.org/learn/
quantum-optics-two-photons.

123

https://www.coursera.org/learn/quantum-optics-two-photons
https://www.coursera.org/learn/quantum-optics-two-photons


Eur. Phys. J. D (2023) 77 :8 Page 13 of 14 8

ideal random number generator, it seems to me that you
will conclude that it would be an apparatus of which
even the engineer who built everything does not know
what will come out. A single photon impinging on a
beam splitter and being redirected randomly to one of
the two outputs seems a good candidate. If this photon
belongs to a pair of entangled photons violating Bell’s
inequalities, we know that there is no hidden variable.
And because there is no hidden variable, nobody knows
in advance if the photon will be transmitted or reflected,
I love this reasoning!

And finally, I want to emphasize that non-locality
gives me fruitful intuition. I can give two examples:
First, Ekert’s quantum key distribution [32]. If you
think in terms of non-locality, it’s only at the last
moment that it is decided whether you are going to
have plus or minus. So for the eavesdropper who is on
the path, there is nothing to spy. I love this way of pre-
senting Ekert’s idea. Of course the whole scheme is quite
sophisticated, with Alice and Bob changing randomly
their directions of polarizers along predetermined direc-
tions. And the demonstration of an absolute security
demands to invoke the no-cloning theorem. But I think
that the initial intuition about that scheme is based on
non-locality.

The second example is related to quantum teleporta-
tion [33]. I recently realized when preparing my Quan-
tum Optics course that one needs to have a quantum
memory to implement it with its full potential. Why?
When you perform a joint measurement on one of the
entangled photons and the object you want to teleport,
at the same moment, because of non-locality, the state
of the other photon becomes well-defined. Then, you
have to put the other photon in a quantum memory
waiting for the result of the measurement on the other
side to come by the classical channel, as implemented in
[34] with an optical fiber coil. What I want to emphasize
is that, because I am thinking in terms of non-locality, I
immediately see that I need a quantum memory, before
doing any calculation.

So for me, non-locality remains definitely a fruitful
source of intuition.
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