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Introduction

1934–1936: Popper wrote at least eight (possibly nine) manuscripts
on the interpretation of quantum mechanics:

1. Zur Kritik der Ungenauigkeitsrelationen, 1. Mitteilung (August 1934)
2. Ergänzung zu der vorstehenden kurzen Mitteilung (before November 1934)
3. Bemerkungen zur Quantenmechanik (chapter VII of the Logik der

Forschung) (Fall 1934)
4. Zur Kritik der Ungenauigkeitsrelationen, 2. Mitteilung [A] (December 1934)
5. Zur Kritik der Ungenauigkeitsrelationen, 2. Mitteilung [B] (December 1934)
6. Erwiderung auf die Kritik Heisenberg–Weizsäcker
7. Meßanordnung (February 1935)
8. Zur Kritik der Ungenauigkeitsrelationen [1935] (August 1935)
9. Bemerkung zum Komplementaritätsproblem der Quantenmechanik (1936)

Correspondence with Weisskopf, Heisenberg, von Weizsäcker, Euler,
Einstein
Discussions with Urbach, Schiff, Thirring, Guth

“ a gross mistake for which I have been deeply sorry and ashamed
ever since

Popper 1982, 15” 1 / 39



Introduction

Recent literature refers to this episode only in passing, as a youthful
blunder*; however, in earlier literature it received some attention:

Jammer (1974) anticipation of Einstein’s 1935 EPR thought
experiment

• A variation of Einstein’s 1931 ETP thought experiment (with the opposite
conclusion)

Margenau (1974) anticipation of the distinction between
preparations and measurements

• Misunderstood the notion of preparation

Coupling-hypothesis between preparations and measurements

*Howard 2012; Shields 2012; Freire 2014; Del Santo 2017, 2019.
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Part II

The Past of an Electron
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The Past of an Electron: Heisenberg

Spring 1929: During his
lecture tour in the United
States, Heisenberg delivered
a series of lectures at the
University of Chicago.

Summer 1930: The Physical
Principles of the Quantum
Theory was published in both
English and German.
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The Past of an Electron: Heisenberg

“ Beforehand, however, it should be noted that the uncertainty rela-
tions apparently do not apply to the past. For if the electron’s ve-
locity is initially known and then its position is measured precisely,
one can also calculate the electron’s positions for the time before
the position measurement with precision; for this past, ∆p∆q is
then smaller than the usual limit. Yet this knowledge of the past
is purely speculative, since (because of the change of momentum
during the position measurement) it in no way enters as an initial
condition into any calculation concerning the electron’s future and
does not appear in any physical experiment at all. Whether one
should ascribe any physical reality to the aforementioned calcula-
tion about the electron’s past is therefore purely a matter of taste
[Geschmacksfrage].

(Heisenberg 1930, 15)”
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The Past of an Electron: Heisenberg

Collision: Electrons move along
+x with known px, photons enter
along −x

From Heisenberg 1930, modified

δpy momentum at t0: ν-shift
(Doppler) of scattered photon.

Free motion: electron
propagates undisturbed (EL).

Position δy at t1: arrival at the
screen at L.

Past path of the electron
between the momentum
measurement at t0 and

the position measurement
at t1, so that δy δpy ≈ 0.
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The Past of an Electron: Schlick

October 1930: Drafting Die
Kausalität in der
gegenwärtigen Physik

November 1930:
Correspondence with Einstein,
Heisenberg, and Pauli

December 17, 1930: Galley
proofs

February 13, 1931:
Publication
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The Past of an Electron: Schlick

“ Heisenberg thinks that ‘whether any physical reality should be as-
signed to the calculation concern-ing the past of the electron, is
purely a question of taste.’ But I should prefer to put it more
strongly, in complete agreement with what I take to be the in-
contestable basic viewpoint of Bohr and Heisenberg themselves.
If a statement about an electron’s position is not verifiable within
atomic dimensions, we can attach no meaning to it; it becomes im-
possible to speak of the ‘path’ of a particle between two points at
which it has been observed. (This is not, of course, true of bodies of
molar dimensions. [. . .] for it is in principle possible to verify after-
wards that [the projectile] was located at the intervening points.)

Schlick 1931, 159”
7 / 39



Part III

The Einstein-Tolman-Podolsky (ETP) Thought
Experiment
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The Einstein-Tolman-Podolsky (ETP) Thought Experiment: Einstein

February 26, 1926:
Einstein, Tolman, and
Podolsky (ETP) submitted a
letter to the editor of the
Physical Review

March, 15 1931: publication

ETP set-up: If sharp retrodictions
about one particle were allowed,
then predictions about a second,
which the uncertainty relations
forbids, would be possible.
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The Einstein-Tolman-Podolsky (ETP) Thought Experiment: Einstein

From Einstein, Tolman, and Podolsky 1931, modified

Box B with shutter S emits
identical particles a and b at t0

Weighing B before and after
gives the total energy loss
(Etot = Ea + Eb)

Observer O can

• measure momentum pa (and
energy Ea) at O1 (Doppler
effect)

• record the position and
arrival time t1 of a at O2

Position of a at t1 + past
momentum pa ⇒ t0 shutter
opening

Loophole opened:

• From energy conservation
⇒ Eb = Etot − Ea

• From t0 + SRO2 ⇒ tb arrival
time at O2

δE δt ≤ h

4π
at O2

Loophole closed:

• Measuring momentum (e.g.,
via Doppler scattering)
disturbs the emission time
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The Einstein-Tolman-Podolsky (ETP) Thought Experiment: Einstein

“ It is hence to be concluded that the principles of the quantum
mechanics must involve an uncertainty in the description of past
events which is analogous to the uncertainty in the prediction of
future events. It is also to be noted that although it is possible to
measure the momentum of a particle and follow this with a mea-
surement of position, this will not give sufficient information for a
complete reconstruction of its past path, since it has been shown
that there can be no method for measuring the momentum of a
particle without changing its value.

Einstein, Tolman, and Podolsky 1931, 781”
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The Einstein-Tolman-Podolsky (ETP) Thought Experiment: Einstein

use retrodiction about a
particle path allowed by
uncertainty relations +
conservation law ⇒prediction
about another particle not
allowed by uncertainty
relations

momentum measurement
followed by position
measurement

momentum reconstruction
before momentum
measurement fails
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Part IV

Popper’s Turn to Quantum Theory
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Popper’s Turn to Quantum Theory

1931–1933: Wrote
Grundprobleme

1933–1934: Transforming
Grundprobleme into the Logik.

• April–May 1934: Springer
requested to shorten the
book

• May–June 1934: Quantum
physics chapter with input
from Franz Urbach, Victor
Weisskopf, and his cousin
Käthe Schiff

• June 26, 1934: Letter from
Weisskopf

12 / 39



Popper’s Turn to Quantum Theory

Weisskopf to Popper, 26-06-1934, KPA, 360.21

Weisskopf: I agree, the
knowledge (Wissen) of
position and momentum at
the same time is not ⊥ with
quantum mechanics; the
problem is that such states
cannot be produced
(hergestellt).

Popper: Apparatuses that
can measure sharp values of
both position and energy do
not imply that such states can
also be produced.

Weisskopf: If such
measurements are possible,
then state-production must
also be possible. This would
contradict the uncertainty
relations.
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Popper’s Turn to Quantum Theory

“ (1) Apparatuses that can measure both position and energy at the
same time are not necessarily able to produce electron ensembles
with sharp position and energy. I consider this conclusion not en-
tirely correct, since – in the case that one has the possibility of de-
termining the energy of electrons at sharp position – it must surely
also be technically possible somehow to remove them, for exam-
ple, if they have too much energy.

(2) You can probably anticipate my line of reasoning, which leads
you to say that quantum mechanics is only capable of dealing with
that world in which such apparatuses are not applied. But I would
already regard that as a breakdown. After all, apparatuses are also
part of nature and should therefore be valid within it.

Weisskopf to Popper, 06-06-1934”
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Popper’s Turn to Quantum Theory

August 27, 1934: Paper sent
to Die Naturwissenschaften

• Zur Kritik der
Ungenauigkeitsrelationen (1.
Mitteilung)

Before November 1934:
Wrote a supplement to the
paper

• Ergänzung zu der
vorstehenden kurzen
Mitteilung

Autumn 1934: Finished
chapter 9 of Logik der
Forschung + Apps. VI, VII

• Bemerkungen zur
Quantenmechanik
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Part V

Popper and the Interpretation of The
Uncertainty Relations
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Popper and the Interpretation of The Uncertainty Relations:
Selections and Measurements

(Physical) selection (Aussonderung) is any procedure that produces a
statistically reproducible ensemble of systems (filtering).

Measurement (Messung) involves the detection of a particular
system by a measuring instrument (recording).

Not every physical separation is a measurement: passing electrons
through a velocity filter prepares a sub-ensemble with definite
momentum (a pure case, plane wave), but no value is recorded.

Not every measurement is a physical separation: electrons in a
monochromatic beam can be registered by a Geiger counter at a given
location, but the electrons are not physically separated according to
position.
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Popper and the Interpretation of The Uncertainty Relations

∆q ∆p ≳
h

4π

(a) The uncertainty relations limits the degree of statistical
homogeneity achievable in the selection of an ensemble of identical
systems (Unbestimmtheitsrelationen)

• Statistical interpretation (von Mises)

(b) The uncertainty relations limits the precision of the measurement on
a single system (Ungenauigkeitsrelationen)

• Disturbance interpretation (Heisenberg)

(1) (a) is the correct interpretation of the uncertainty relations (no super-pure
case)

(2) (b) does not logically follow from (a)
(3) (b) follows from (a) only with an additional hypothesis (c)
(4) The system (a) + (c) is contradictory
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Popper and the Interpretation of The Uncertainty Relations:
Predictive and Non-Predictive Measurements

Heisenberg concedes the possibility of sharper measurements:

Predictive measurements on a single system δq δp <
h

4π
are

forbidden

Non-predictive measurements on a single system δq δp <
h

4π
are

allowed

(a) Position followed by position
(b) Momentum followed by position
(c) Position followed by momentum

⇒ Arbitrarily sharp past of the electron between the two
measurements

Is the past path of an electron real?

Heisenberg: a question of taste

Schlick: a meaningless question

Popper: a meaningful question
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Popper and the Interpretation of The Uncertainty Relations: The
Coupling Hypothesis

Non-predictive measurements on single systems δq δp <
h

4π
are

required (to test the theory)

Predictive measurements on single systems δq δp <
h

4π
are forbidden

(why?)

“ That is precisely my opinion, our opponent [Weisskopf] will reply
[. . .][:] If I had instruments with which I could carry out such mea-
surements, then with these or similar instruments I should also be
able to produce [herstellen] electron ensembles that are (a) spa-
tially localized and (b) possess a definite momentum. [. . .] To these
considerations we [Popper] first remark that [. . .] these considera-
tions do not prove that exact predictions would contradict quantum
mechanics, but rather introduce an additional hypothesis.
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Popper and the Interpretation of The Uncertainty Relations: The
Coupling Hypothesis

coupling-hypothesis (Kopplungshypothese)

“ The statement (which corresponds to Heisenberg’s view) that ex-
act single predictions are impossible turns out to be equivalent
to the hypothesis that predictive measurements and physical
selections are inseparably coupled. With this new theoreti-
cal system—the conjunction of quantum theory with this auxiliary
coupling-hypothesis—my conception must indeed clash. Thus we
have completed point (3) of our program; what still remains to be
shown is point (4): that the system, consisting of statistically inter-
preted quantum mechanics (together with the laws of momentum
and energy conservation), combined with the coupling hypothesis,
is contradictory.

”
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Part VI

Popper’s ETP-like Thought Experiment
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Popper’s ETP-like Thought Experiment

Two non-predictive measurements on one particle (momentum
followed by position)

Conservation law

A predictive measurement on another particle sharper than the
uncertainty relations allows
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Popper’s ETP-like Thought Experiment
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Popper’s ETP-like Thought Experiment
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Popper’s ETP-like Thought Experiment: Crossed Beams Setup

Reconstructing the past
of an electron (and cons.
law) allows prediction of
the future of a photon

Physical selection:

• Electron beam A: monochromatic,
sharp momentum a1

• Photon beam B: slit-selected;
unsharp momentum b2

Collision at S (Compton-effect):

• A-electron goes to X with a2
• B-photon goes to Y with b2
• Conservation of momentum:

a1 + b1 = a2 + b2

Non-predictive measurements:

• X1: electron momentum a2
• X2: electron position at X2 at tA

Predictive measurement:

• From tA and a2 reconstruct tS

• Momentum b2 = (a2 + b2) − a2
• Arrival time tB at Y ,
• Photon B will be at Y with b2 at tB
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Popper’s ETP-like Thought Experiment: Addendum

“ [D]oubts could now arise regarding the possibility of [. . .] such non-
prognostic measurements as we require in the specified experi-
ment. One could in fact take the following view: non-prognostic
measurements allow us to make an exact calculation only for cer-
tain intervals, namely for the intervals between two measure-
ments [X1 and X2] [. . .] For the time before the first [X1] or after
the second measurement [X2], however, [. . .] the uncertainty re-
lation holds, whose validity would therefore (in contrast to Heisen-
berg’s remark) be symmetrical for past and future*.

Popper, Ergänzung”
*The conclusion of the ETP paper.
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Popper’s ETP-like Thought Experiment: Appendix VI

At X1, an electrostatic filter (parallel plates with E normal to the
beam) selects electrons with the same momentum px without
changing it.

• Hence, it does not change the x-coordinates of a single particle; otherwise,
there would be a jump (only the ensemble shows a spread of positions).

At X2, a Geiger counter (or moving film strip) records position x and
arrival times t.

“ Assuming that the x-coordinates of the particles are not disturbed
by the momentum measurement, then the exact determination of
position and momentum also extends to the time before the mo-
mentum selection [X1]; assuming that the momentum selection
disturbs the x-coordinates, then we can calculate the trajectory ex-
actly only for the time between the two measurements [X1 and
X2].

(Popper 1935, 220)”
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Part VII

The Leipzig Reaction

Heisenberg and Weizsäcker in Leipzig, 1935. Source: Max Planck Society Archive, Berlin
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The Leipzig Reaction

“ You will then see what
kind of criticism it is.
Essentially, it concerns
the concept of the ‘non-
prognostic measure-
ment,’ which in our view
appears to be misunder-
stood in your work.

Heisenberg to Popper,
23-11-1934”
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The Leipzig Reaction: von Weizsäcker’s Reply

Measuring momentum at X1

(Doppler effect) and later
position at X2 (Geiger
counter) allows reconstructing
a ‘trajectory’ only between
X1 and X2.

It cannot be extended before
X1 due to the trade-off
between frequency accuracy
(∆ν) of scattered radiation
and observation time (∆t).

time of the collision
at S undetermined
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The Leipzig Reaction: von Weizsäcker’s Reply

“ Thus, even if the position [at X2] after the momentum measure-
ment is exactly known, one still cannot infer the position before the
momentum measurement [at X1] with an accuracy greater than
the error h/4π∆p. That is, our knowledge of the trajectory of par-
ticle A before the momentum measurement at X, and thus also of
the trajectory of particle B after the collision at S, is in accordance
with the uncertainty relation. This proof, of course, again applies
only to a specific experimental setup. However, we have no rea-
son to doubt that any other combination of measuring devices at
X would yield the same result.

Weizsäcker in Popper 1934”
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The Leipzig Reaction: Popper Counter-Reply

November 26, 1934: sent the galley proofs of the Logik to Heisenberg +
Appendix VI

Popper insists that in his first note he did not attempt to prove the
legitimacy of calculating the past of the electron, but simply assumed
it, citing Heisenberg’s remark as licence.

Popper replies that von Weizsäcker refuted only one method of
momentum measurement (scattering), not all. By using momentum
selection devices (filters, spectrometers), he claims, one can measure
momentum without disturbing the particle.
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The Leipzig Reaction: The Publication of the Paper
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The Leipzig Reaction: The Counter-Counter Reply

December 6, 1934 Popper
sent a second communication

December 6, 1934
von Weizsäcker drafted a
counter-reply

December 10, 1934
Heisenberg wrote to Popper
(enclosing von Weizsäcker’s
letter)

December 16, 1934 Popper
replied to Heisenberg with a
revised version of his second
communication
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The Leipzig Reaction: von Weizsäcker’s Counter-Counter Argument

Electrostatic setup to analyze the momentum of
charged particles, like electrons

The screen position EF = y

encodes momentum p

information only if the entry
position d is known with finite
precision.

If one improves the precision
of d, the spread of momentum
p increases.

The uncertainty rela-
tions are encoded in the

momentum measure-
ment apparatus itself
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The Leipzig Reaction

Weisskopf to Popper, 21-01-2025
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The Leipzig Reaction

February 1935 — Popper sent a new Meßanordnung

February 4, 1935 — Euler to Popper

February 14, 1935 — Popper drafted a response (not sent)

March 12, 1935 — Popper’s second response

March 19, 1935 — Heisenberg sent his final letter

March 1935 — Grete Hermann (1935)
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Part VIII

The Popper-Einstein Correspondence
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The Popper-Einstein Correspondence

March 25, 1935 — EPR paper submitted to Physical Review;
published on May 15, 1935.

April 28, 1935 — Frieda Busch to Einstein: Logik der Forschung +
paper

June 15, 1935 — Einstein to Popper: endorsed Popper’s philosophy
but criticized the experiment as flawed

July 18, 1935 — Popper to Einstein

August 29, 1935 — Popper to Einstein: typescript Zur Kritik der
Ungenauigkeitsrelationen
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The Popper-Einstein Correspondence

Zur Kritik der Ungenauigkeitsrelationen, 1935 34 / 39



The Popper-Einstein Correspondence

“ One would have to apply a ‘non-prognostic measurement’ accord-
ing to case b) — a position measurement [at X2] preceded by a
momentum measurement at [at X1]— arranged in such a way that
one can calculate the trajectory not only in the interval between
the two measurements, but also for the time before the momen-
tum measurement) The position coordinate is measured precisely
by the peak counter (the moment of incidence [at X2]). Question:
Is there a method of momentum measurement [at X1] that could
precede this position measurement without destroying (blurring)
the position coordinate of the particle?

Popper, Zur Kritik der Ungenauigketisrealtionen (1935)”
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The Popper-Einstein Correspondence

Popper’s new filter

Colored glass filter (e.g., a
green filter): allows a broad
band of wavelengths to pass,
but blocks most other colors.

Gas layers: absorb photons
whose energy matches their
resonances and let the others
pass.

• on-resonance photons
⇒absorbed and re-emitted
(blurred)

• off-resonance photons
⇒transmitted (unchanged)

36 / 39



The Popper-Einstein Correspondence

Einstein to Popper, 11-09-1935
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The Popper-Einstein Correspondence

“ I have looked at your paper, and I largely [weitgehend] agree. Only
I do not believe in the possibility of producing a ‘super-pure case’
which would allow us to predict position and momentum (colour) of
a photon with ‘inadmissible’ precision. The means proposed by you
(a screen with a fast shutter in conjunction with a selective set of
glass filters) I hold to be ineffective in principle, for the reason that
I firmly believe that a filter of this kind would act in such a way as
to ‘smear’ the position, just like a spectroscopic grid.

Einstein to Popper, 11-09-1935”
short light signal (precise position) is analyzed into quasi-monochr.
wave trains Wn

absorbing filters cut out all the colors Wn except W1.
the filter puts photons in a state with sharp momentum W1 (thus
unsharp position).
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Part IX

Conclusion: Learning from Popper’s ‘Gross
Mistake’

“A gross mistake for which I have been deeply
sorry and ashamed of ever since”

(Popper 1982, 15)
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Conclusion: Learning from Popper’s ‘Gross Mistake’

Jammer (1974) anticipation of Einstein’s 1935 EPR thought
experiment

• A variation of Einstein’s 1931 ETP thought experiment (with the opposite
conclusion)

Margenau (1974) anticipation of the distinction between
preparations (selections) and measurements

• (Predictive) preparations and (non-predictive) measurements: predictive
measurements without prior preparation.

Weak Coupling-Hypothesis

Every measurement is a preparation (Weisskopf) Ev-
ery measurement presupposes a preparation (Margenau)
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Einstein’s Unsent Letter: A Philological Cunundrum

“ The present quantum mechanics is adapted to the following postu-
late, which appears unavoidable in view of the empirical facts: If a
measurement on a system yields a value, then the same measure-
ment performed immediately afterward will, with certainty, yield
the same value W . [. . .][Example of polarizer] Therefore in my
opinion one cannot avoid the assumption that the measurement
[. . .] brings about a new state which, with respect to the variables
to which the measurement refers, is an eigenstate

Einstein to Popper or Margenau (?), 01-01-1936”
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Thanks!
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