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Abstract: Using publicly available video of a diffusion
cloud chamber with a very small radioactive source, I
measure the spatial distribution of where tracks start
and consider possible implications. This is directly rele-
vant to the quantum measurement problem and its pos-
sible resolution, and it appears never to have been done
before. The raw data are relatively uncontrolled, leading
to caveats that should guide future, more tailored experi-
ments. Aspects of the results may suggest a modification
to Born’s rule at very small wave function, with possibly
profound implications for the detection of extremely rare
events such as proton decay, but other explanations are
not ruled out. Speculatively, I introduce two candidate
small-wavefunction Born rule modifications: a hard cutoff
and an offset model with a stronger underlying physical
rationale. Track distributions from decays in cloud cham-
bers represent a previously unappreciated way to probe
the foundations of quantum mechanics and a novel case
of wave functions with macroscopic signatures.

Keywords: quantum measurement, quantum mechanics,
cloud chamber

1 Introduction

Measurement occupies a privileged role in the conventional
formulation of quantum theory. Between measurements, a
wave function evolves smoothly according to Schroedinger’s

equation; but measurement itself is widely supposed to
entail moments when the wave function changes dis-
continuously by application of random projections. This juxta-
position of smooth and discontinuous is the quantum
measurement problem [1]. A solution to the problem could
take the form of a demonstration that instantaneous projec-
tions are really idealized “effective representations” of more
complicated processes governed entirely by smooth Schroe-
dinger evolution. Such a solution would expose limits to
projection-based formulations. Such limits could be con-
sequential for quantum computing, in which quantum
measurement is carried out on industrial scale, and for
detection of events, such as proton decay, whose extreme
rarity could be an intrinsic challenge for canonical mea-
surement phenomenology.

Quantum computing and proton-decay searches use
very sophisticated measurement technology. Since 2020,
I have focused my own quantum-measurement research
on the lower-tech cloud chamber because its underlying
physics is much simpler. In a recent article [2], I explored
the processes by which a cloud chamber detects single
charged particles emitted by the simplest radioactive
decays. I identified a mechanism to explain the origina-
tion of cloud chamber tracks without appeal to random
projections and derived an emergent position-space Born
rule that describes the distribution in space and time
of tracks’ starting points. Deviations from this Born rule
would presumably result when droplet formation in super-
saturated vapors deviates from conventional idealizations.
The Born distribution described in the study [2] depends
on position in a very simple way and should be easier to
verify experimentally than the familiar double-slit inter-
ference pattern, but I have been unable to find applicable
experiments on the statistics of cloud-chamber track loca-
tions. Therefore, I have conducted a search on the Internet
for videos of cloud-chamber tracks induced by radioactive
decay and have measured a track distribution myself
in one video to compare with a previous study [2]. The
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purpose of this article is to report my methodology and
findings.

As will be apparent, it may be premature to draw firm
conclusions from comparison between theory and mea-
surement, but aspects of the results may suggest a modi-
fication of the position-space Born rule at extremely
small wave function, although other more mundane can-
didate mechanisms cannot be ruled out. Such a Born rule
modification could have profound implications for the
detection of extremely rare processes such as proton
decay. Caveats for any interpretation of our measurements
arise from many uncontrolled aspects of the underlying
data. Issues include uncontrolled temperature and vapor
density in the cloud chamber, uncalibrated placement of
the video camera, suboptimal and varying placement of
the illumination source, and indeterminate thermal char-
acteristics of the sample’s mounting fixture. These caveats
are all good justifications for building an apparatus tai-
lored to the purpose at hand, instrumented to reveal and
diagnose deviations between measurement and theory.
Judged against this standard, the present study is a proof
of principle, a necessary first step before committing time
and expense to a more rigorous experiment.

In Section 2, I review the microscopic theory of cloud
chamber detection behavior developed in an earlier study
[2], together with the conventional formulation of mea-
surement in quantum mechanics. In Section 3, I recast
the theory presented in an earlier study [2] into a form
better matched to the data analyzed here. In Section 4,
I survey cloud chamber videos available online, explain
why I chose the particular video analyzed here, and list
the video’s relevant technical specifications and limita-
tions. In Section 5, I explain how I extracted track coor-
dinates, and I graph the distribution of coordinates for
direct comparison with the mathematics in Section 3. In
Section 6, I compare data with modified predictions
derived from two speculative Born rule refinements.
Section 7 contains some concluding remarks.

2 Microscopic theory of cloud
chamber behavior

An earlier study [2] addresses cloud chamber detection of
slow decays in which one heavy particle transforms into
another by emitting a single, spinless, nonrelativistic
light charged particle. I paraphrase the gist of the earlier
study [2] as follows:

A cloud chamber is an enclosure containing air super-
saturated with a condensable vapor, which can be water

but is more typically ethyl alcohol. The chamber is cooled
from the bottom, so that supersaturation, and therefore
favorability for charged-particle track formation, is greatest
in a “sensitive layer” at the bottom. Conventional wisdom
has it that when a charged particle passes through the
chamber, it ionizes air molecules, and the ions nucleate
visible vapor droplets (drive them supercritical). However,
this assumes the charged-particle wave function is very
collimated (so the particle can be treated as a point at one
location moving in one direction), whereas the actual wave
function of an emitted charged particle near the initial
source is not collimated in any meaningful sense. Indeed,
the wave function near the source at three-dimensional
position x and time t is given by
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where Y is a spherical harmonic, Ω is solid angle, we
adopt the convention that x is defined relative to the
location of the initial decaying particle, ∥x∥ is distance
from the initial heavy particle,m is emitted particle mass,
v is emitted particle speed, γ is the conventional decay
e-folding rate (i.e., ln(2) divided by half-life), and we ignore
an irrelevant overall phase factor exp(i[total energy]t/ħ).
(In what follows, we treat Y as constant because decays
in the particular data we analyze below are s-wave.)
It should be noted that Eq. (1) holds outside the decay
source’s interaction radius, which we can treat as zero
because we are interested in length scales characteristic
of the cloud chamber, whereas the interaction radius is
on a nuclear scale. Eq. (1) ignores the possibility that
enclosure-induced boundary conditions could modify the
wave function. This requires a more careful analysis,
beyond the scope of this article; however, see a related
remark in Section 5. Eq. (1) also ignores the impact of
multiple small-cross-section interactions with the atoms
of the gas that makes up the cloud chamber medium; we
will return to this point at the end of this section and again
in Section 5.

By contrast with the conventional picture, the wave
function of Eq. (1) interacts with an already existing
vapor droplet (generated randomly due to thermal fluc-
tuations in the most common case of diffusion cloud
chambers) that is just barely subcritical. A barely subcri-
tical droplet turns out to have a very large amplitude of
interaction with the wave function of Eq. (1), so that even
a very weak wave function can provoke the subcritical
droplet to grow quickly in a supercritical fashion and
become visible and provoke the wave function to colli-
mate. This is so because, in the presence of a droplet
that is already formed, single-molecule ionization can
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proceed with a very small energy loss as ion-induced
potential energy due to droplet polarization can nearly
balance the electron excitation energy. This near-degeneracy
drives the cross section of this quantum Coulomb interaction
to singularity and leads to a collimated free emitted-particle
wave function in the final state.

Within this picture, I argued in an earlier study [2]
that the probability per unit time and unit volume to find
an emitted-particle track originating at three-dimensional
position x and time t is approximately

( ) ∣ ( )∣∼P t ρAvτ ψ tx x, , ,2 (2)

where ρ and τ are constants characteristic of the cloud
chamber medium, and A is a constant characteristic of
the ionization process. Substituting Eq. (1) for ψ, and
assuming small γ (slow decays), this reduces to
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Eq. (2) is a Born rule, in the sense that it asserts a pro-
portionality between a measurement probability and the
squared absolute value of a wave function in a particular
coordinate system. The general textbook formulation of
Born’s rule holds that
1) any observable quantity corresponds to a Hermitian

operator M acting on the wave function of the object
to which measurement is applied,

2) any measurement of M can result only in some eigen-
value μ of M,

3) which specific eigenvalue is observed is intrinsically
random, with probability |〈ψ|ψμ〉|2, where ψμ is the
eigenvector of M corresponding to μ, and

4) the measurement drives the wave function to trans-
form discontinuously into the projection
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The cloud chamber provides a particularly interesting
commentary on these provisions.
• Commentary on provision 1: for a cloud chamber, M is
clearly the operator whose eigenstates are defined by
position x, although it is not obvious that detection of
an emitted particle is equivalent to position measure-
ment in any canonical sense.

• Commentary on provision 2: the eigenvalue rule is a
tautology because x is the only basis for which the
cloud chamber Born rule is derived (a more formal
way to say this is that this Born rule is contextual, and
consequently the rigorous conclusion of Gleason’s the-
orem [29], that the Born rule cannot be violated, does
not apply).

• Commentary on provision 3: this probability rule is clearly
true for a cloud chamber if equation (2) is correct, except
that the randomness is not intrinsic. Instead, randomness
in this case reflects the random nature of thermal fluc-
tuations in the underlying detecting medium.

• Commentary on provision 4: this projection rule cannot
be true as stated for a cloud chamber because any emitted
particle, first detected at x, immediately and rapidly flees
away. An earlier study [2] explains why this projection
rule does not apply in some other, more generalized sense
either (again vitiating Gleason’s theorem).

The cloud chamber case suggests that the full axio-
matization #1–4 goes too far, but that the narrower |ψ|2
proportionality in Eq. (2) still applies, at least approxi-
mately. This study tests whether – and how much– this
position-space Born rule is actually true.

Before proceeding to quantitative analysis, let us return
to the earlier remark that Eq. (1) ignores multiple small-
cross-section interactions between the emitted particle
wave function and the gaseous cloud chamber medium.
Clearly, Eq. (1) represents a steady flow of wave function
square norm outward from the center at rate γ exp(−γt).
Each gas atom with a nonzero interaction cross section is
like an obstacle in a stream, in that it gives rise to a thin, low-
square-norm wake of emitted-particle wave function on its
downstream side (possibly combined with the atom pro-
moted to an excited state). The wake is a very thin cone–
opening angle λ/(4σ/π)1/2 for emitted particle wavelength λ
and cross section σ– and does not reduce the overall square
norm that flows away from the center (there is no backflow).
(Note this is not the strong collimation thatmarks the start of
a visible cloud chamber track [2] and that channels nearly
all the system’s square norm.) Under these circumstances,
the emitted particle wave function still should look locally
similar to the plane wave exp(imv·x/ħ) (v has magnitude v
and points from source to the local area in question) regard-
less of the internal state of the gas. This is all the reasoning
in the earlier study [2] that Section 4 really relies on; there-
fore, Eq. (2), with Eq. (1) substituted for ψ, should survive.
Things get more complicated whenwakes beget more wakes
by encountering more obstacles: opening angles may then
widen successively in a stepwise Gaussian random process.
If the typical number of random steps is large enough, one
can imagine the overall square-norm flow becoming dis-
ordered, departing from purely radial and threatening the
viability of Eqs. (1) and (2). This requires further study,
beyond the scope of this article, but we will attempt to
coarsely quantify this possibility in Section 5. In any
case, this underscores the importance of examining the
real data.

42  Jonathan F. Schonfeld



3 Cumulative radial distribution
seen in a two-dimensional image

In the scenario highlighted in the next section, the cloud
chamber is a thin flat circular enclosure (Petri dish)
viewed from above, with a sensitive layer of depth a
beginning on the dish floor. The radioactive source is
propped at height b above the floor of the chamber, so
the two-dimensional density corresponding to Eq. (3)
actually recorded by the camera is as follows:
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where R = (x2 + y2)1/2 is two-dimensional distance from
the decay source. As a practical matter, we will not have
enough statistics to do a good job measuring D as a func-
tion of x and y, so we will default to the cumulative radial
distribution proportional to the following:
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4 Data

A Google search with terms “cloud chamber video” pro-
duces at least the 23 distinct examples in videos [3–25]
(all but one referring to diffusion cloud chambers). Many
of these do not apply here. Videos [3–12] show cloud
chamber activity only from background radiation in the
ambient environment. Videos [13,14] provide clips of only
a few seconds each. Videos [15,16] show tracks from
thorium rods, not point sources, and with uncontrolled
viewing geometries. Videos [17–20] show tracks from
lumps of material, making it impossible to look at small
R. Moreover, by virtue of their nontrivial masses, they
produce so many tracks that it is difficult to separate
one track from another, even while running the videos
in slow motion. In video [21], the lump is quite small, but

the cloud chamber track footage is very brief. In videos
[22–25], all use small samples mounted at the ends of
needles, that is, the right physical geometry and nicely
separable tracks. However, video [22] shows only 8 s of
track activity, with an enclosure of indeterminate size.
Video [23] also involves an enclosure of indeterminate
size, as well as a variety of camera angles that complicate
geometrical viewing analysis. Video [24] has the best
image quality but uses three needles at the same time,
so it is difficult to determine which track comes from
which needle. Video [25] seems to be the closest to
“just right”: the enclosure is a Petri dish, whose dimen-
sions are standardized, and the camera is located directly
above (more or less) and fixed throughout the observa-
tion, which lasts a full 1 min and 30 s.

Detailed experimental specifications and caveats for
video [25] are as follows, and a sample video frame is
shown in Figure 1:
• Chamber dimensions (presumed standard Petri dish):
diameter 100mm, depth 15 mm.

• Radioactive source: labeled 210Pb, but, because of decay
chain, admixed with 210Bi and 210Po. 210Pb and 210Bi are
beta emitters (half-lives 22.3 years and 5.0 days, respec-
tively), and 210Po is an s-wave alpha emitter (138 days)
[26]. Nominal source activity is 0.01 μCi (https://www.spec-
trumtechniques.com/products/sources/needle-sources/).

• Radioactive source fixture: eye of a needle, whose other
end is stuck in a cork. (The radioactive region is about
4 mm long [R. Stevens, Spectrum Techniques Inc., pri-
vate communication], treated mathematically in this
article as a point. Some discussion of the impact of
this point idealization can be found at the end of
Section 5.) The entire assembly, including cork, is
enclosed in the Petri dish.

• Location of radioactive source: xy coordinate of radio-
active source not quite centered in Petri dish; vertical
placement (in z) is unspecified, but Figure 1 shows that

Figure 1: Frame #6030 from video [25].
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the cork has radius 13 mm at its base, narrowing to
10mm at its far end resting on the dish floor at a dis-
tance of 20 mm, and the needle point is another 20 mm
beyond that. So elementary trigonometry says the needle
point is ∼3.5mm above the floor of the Petri dish, that is,
b = 3.5mm.

• Alcohol concentration: value and horizontal-plane homo-
geneity uncontrolled.

• Chamber temperature: value and horizontal-plane homo-
geneity uncontrolled, cooled with dry ice underneath.

• Depth of supersaturated sensitive layer: the theory in
an earlier study [27] suggests that sensitive-layer thick-
ness is roughly a fixed percentage of dish depth for
given boundary temperatures. That reference’s Figure
2.9 corresponds to the temperature boundary condi-
tions in this article and indicates that the depth of the
sensitive layer should be 10–20% of the dish depth,
that is, 1.5–3 mm here. This range would put the needle
point above the top of the sensitive layer. As we shall
see later, the video [25] seems to show that the needle
point must actually lie inside the sensitive layer; hence,
for data analysis purposes, I expand the range of pos-
sible sensitive-layer depths for consideration to 1–4mm.

• Source and fixture thermal characteristics: indeterminate.
• Illumination: flashlight, handheld from the side, angle
and brightness variable. Shadow of needle against dish
floor is clearly visible, and complicates track measure-
ment in its vicinity.

• Video camera location: fixed, directly over top of Petri
dish, pointing approximately straight down.

• Frame rate: 30 fps; when downloaded to Microsoft Video
Editor, frames are labeled minute:second:hundredth,
and the hundredth is always of the form multiple-of-10
plus either 0, 3, or 6. Presumably 3 and 6 are rounded
from 3.33 and 6.66.

• Average rate of new track formation (see below): ∼2.5/s.
• First framewith cloud chamber tracks: 3:15:03, frame #5852.
• Last frame with cloud chamber tracks: 4:45:46, frame
#8565.

• Notable anomalies: tracks once formed seem to drift in
a clockwise rotation.

5 Measurement

I downloaded the video [25] as an mp4 file onto a Dell
laptop with screen resolution 1,366 × 768, and manually
stepped through frames 5,852–8,565 using Microsoft Video
Editor in full-screen mode. Knowing the actual Petri dish
dimensions, I was able to calibrate 0.16mm/pixel. Every

time I encountered a new track that appeared to point
away from the source, I put the cursor over what I thought
was the track’s likely starting point, left-clicked, and read
out the click pixel coordinates using the application
“MacroRecorder,” (https://www.macrorecorder.com/;
and note that in the y direction, pixels count from the
top). I stored the coordinates in the first tab of a spread-
sheet (see Supplementary Material for spreadsheet contents).
For every new track, the spreadsheet shows its video time,
frame number, starting-point pixel coordinates, starting-
point xy coordinates in millimeters relative to the radio-
active source, and two-dimensional distance R from the
source. Each track is labeled short/long and diffuse/sharp
based on eyeball judgments, as an aid to independent
auditing. All tracks visible in this video are attributable to
alpha particles (R. Schumacher, CarnegieMellonUniversity,
private communication).

Readers are invited to check track identification directly
against the actual video. It will be seen that the first appear-
ance of a track is often difficult to discern because tracks
start faint and then “develop” over time as their constituent
droplets expand. When stepping through the video, it may
be necessary to look over a short time period past the frame
at which a new track is indicated, to see that the faint
smudge at that location in that frame will in fact develop
into a track. The reader will also see that track-origin iden-
tification is often made difficult and even ambiguous by the
nonideal placement of camera and illumination source.

In principle, one must distinguish between alpha and
beta tracks because the theory in Section 2 applies to the
alpha emitter 210Po but not to the beta emitters 210Pb and
210Bi. As beta decay also involves a neutrino, it is emis-
sion of two particles with an energy spectrum for the
outgoing charged particle, rather than emission of a
single charged particle with a unique outgoing energy.
However, beta tracks are too tenuous to be seen in this
video [R. Schumacher, Carnegie Mellon University, private
communication].

To compare with the results in Section 3, I first put
together a cumulative distribution. I sort the spreadsheet
on the values of R for alpha tracks, then number the
values starting at the smallest, and finally graph the pairs
(R, sort index) on a scatter plot. In Figure 2a and b, I
compare this (blue) directly with vertically scaled graphs
(red) of equation (6) with b = 3.5 mm, and a = 2.25 mm or
4mm. For a = 2.25 mm (when the radioactive source
lies above the sensitive layer), it also seems prudent to
at least consider the possibility that all tracks actually
originate at the radioactive source but become visible
only when they cross the roof of the sensitive layer. For
this reason, Figure 2a also includes a vertically scaled
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cumulative radial distribution (purple) of points at which
rays that exit the source cross the roof of the sensitive
layer; the match to raw data is poor. I choose the overall
scale of the red curve to give the best match over the
broadest range of R values, and the vertical scale of the
purple curve to best approximate the apparent asymp-
totic behavior of the raw data.

The blue and red data sets line up, to varying degrees,
until themeasured curve appears to turn over andprematurely

flatten between about R = 17 mm and 22.5mm. This means
a shortfall in observed detections that originate at– rather
than just pass through– large R. (According to an earlier
study [2], track origination requires the presence of a vapor
droplet that is subcritical but just barely so; track conti-
nuation does not). This could mean various things: (1) The
theory in an earlier study [2] could be wrong. (2) The
dearth of track originations for R > 22.5mm could be a
temperature periphery effect: maybe the Petri dish is
warmer at its extremities, making it harder for subcritical
vapor droplets to form spontaneously by thermal fluctua-
tion. The volume outside R = 22.5mm is about 80% of the
entire Petri dish, straining the concept of “extremity,” but
a more careful analysis, beyond the scope of this study,
seems warranted. (3) The dearth of track originations for
R > 22.5 mm could be a corollary of the simple fact that
22.5mm is similar in order of magnitude to the stopping
distance for a 5.3 MeV alpha particle in air [28]. However,
coincidence seems a much more likely explanation for this
similarity because track origination and termination seem
like such radically different phenomena. (iv) The dearth of
track originations for R > 22.5 mm could be related to the
fact the 22.5mm and the Petri dish depth, 15mm, are of
similar orders of magnitude; but I cannot come up with a
physical mechanism that plays on that similarity. (v) The
dearth of track originations for R > 22.5 could be related to
enclosure-induced boundary conditions whose neglect we
mentioned in Section 2, but it is hard to see how that could
reduce the wave function by even as much as a single
order of magnitude (this is the remark referred in the para-
graph containing Eq. (1)). (vi) Perhaps equations (1) and
(2) break down for large R because of the cumulative
impact of multiple small-cross-section interactions, as first
discussed at the end of Section 2. To begin to quantify this
possibility, imagine a circular atomic cross section of dia-
meter 1 Å and use the atomic (not molecular) density of
air 2 × 1027m−3. Then in 22.5mm, a cone formed in the
wake of an alpha-atom interaction encounters (22.5mm)
× (π/4 Å2) × (2 × 1027 m−3) ∼ 3 × 105 such obstacles. Hence,
referring back to the end of Section 2, the overall opening
angle expands by random walk to (λ/(1 Å)) × (3 × 105)1/2.
Using λ = 6 × 10−5 Å for a 5.3 MeV alpha particle, this is
∼0.03 radian –2°. This does not seem like a large number,
but further study could show otherwise.

The video itself seems at odds with the idea that the
needle point lies above the sensitive layer. Otherwise, the
apparent length of tracks would be bounded above by
some small multiplier times the distance from source to
track origin (3.5/1.25–3 if b = 3.5 mm and a = 2.25 mm),
but this is not seen. Therefore, I am inclined toward
a = 4mm as closer to the truth.
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Figure 2: (a) Measured (blue) vs noncutoff (red), cutoff (green and
black), and sensitive-layer-roof-crossing (purple) theoretical
cumulative radial distributions (number of counts), as functions of
R (in mm). The model curves assume b = 2.25 mm. Vertical scales of
green and black points are set so that at the largest R (=50mm,
edge of the Petri dish) they match the blue scatter. (b) Measured
(blue) vs noncutoff (red) and cutoff (green and black) theoretical
cumulative radial distributions (number of counts), as functions of
R (in mm). The model curves assume b = 4mm. Vertical scales of
green and black points are set so that at the largest R (=50mm,
edge of the Petri dish), they match the blue scatter. The roof-
crossing curve is absent because in this case the needlepoint is
inside the sensitive layer.
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Perhaps, the extreme shortfall of track originations
beyond R = 22.5 mm is actually a breakdown of the Born
rule within the framework of the earlier study [2]: maybe,
beyond R = 22.5 mm, the alpha wave function in Eq. (1) is
so attenuated that the chamber simply runs out of sub-
critical droplets close enough to critical for such a weak
wave function to push into visibility. One way to test this
would be to use a different alpha emitter with roughly 1/5
the half-life of 210Po. Then the factor γ in Eq. (1) would
guarantee that the wave function would not get weak
enough to fail to start tracks until R increased by a factor
of ∼2.2, from 22.5 mm to beyond the full 50mm radius of
the dish, and then track originations would be seen
throughout the chamber. (This assumes that t in Eq. (1)
is small enough that the factor e−γt is O(1) for both the
210Po of video [25] and the hypothetical comparison alpha
emitter.) Alternatively, one could use the inexpensive
alpha emitter 241Am with roughly 1,000 times the half-
life of 210Po. Then no track origination might be observed
beyond 22.5/(1,000)1/2 ∼ 2/3 mm.

Violation of Born’s rule here would not necessarily
clash with prior supporting evidence in its favor because
the wave function in this case is so tiny. According
to Eq. (1) (ignoring the exponential factor and using
Y = 1/(4π)1/2), the value of |wavefunction|2 at R = 22.5mm
is approximately 10−13 m−3 ∼ (2 × 104m)−3. The distance
2 × 104m is vast compared to the length scales presumably
characteristic of the wave function in any laboratory
double-slit experiment I am aware of. Nevertheless, even
though this |wavefunction|2 is very small numerically, its
phenomenological impact here– between 80 and 110 track
starts missing beyond 22.5mm– is much too large to dis-
miss as observational noise. In any case, the phenomen-
ology in this article and an earlier study [2] is very
particular to cloud chambers, so it remains to be seen
how or even if it relates to earlier searches for
Born rule violations in other physical situations. These
include, for example, an earlier study [30], which places
an experimental limit on Born rule violation arising
from hypothetical cubic interference terms in qutrit
measurement.

One might have expected a track-origination deficit
at small R because the radioactive source generates heat
that can suppress vapor supersaturation. That might
be seen in Figure 2b; however, then again maybe not
because the source may be too small to generate conse-
quential heat. Indeed, numerical calculations (unpub-
lished) suggest that an apparent deficit at small radius
is more likely an artifact that comes about because the
radioactive atoms extend a few mm away from the end of
the needle.

6 Cutoff models

The rollover in the blue data points suggests one modify
the Born rule so that probability cuts off below some
value of |ψ|2 (that may depend on details of the mea-
suring apparatus). This would be like scaling quantum
efficiency by a wavefunction-dependent factor that is unity
when wave function is sufficiently large, and zero when
sufficiently small. I illustrate two speculative modifications
in Figure 3. The green trace corresponds to a naïve hard
cutoff. The black trace corresponds to an offset Born rule,
that is, probability proportional to max(|ψ|2-cutoff,0).

The hard cutoff is an arbitrary ansatz, but the offset
model has a physical motivation arising from the under-
lying discreteness of vapor droplets made of finitely many
distinct molecules. To see this, start from the development
in an earlier study [2]: I argued that a cloud chamber track
originates near a subcritical vapor droplet of radius Rd

when the following inequality holds (Rc is critical radius)

∣ ∣ > −Avτ ψ R R .2
c d (8)

I introduced ρ, the probability of droplet formation per
unit time, unit volume, and unit interval in Rd, and then
obtained Eq. (2) for the probability that inequality (8)
happens per unit time and unit volume. Now suppose
that, because of molecular discreteness, Rd cannot actu-
ally get closer to Rc than someminimum δ. Then inequality
(8) is refined to

∣ ∣ > − >Avτ ψ R R δ,2
c d (9)

and the probability per unit time and unit volume must
become

No�onal modifed Born rules

Figure 3: Notional modifications of Born rule. Horizontal axis
represents |wavefunction|2 and vertical axis represents probability
density. Units are arbitrary. The wave function value at the cutoff
would depend on particulars of the measurement system.
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when the quantity in parentheses is greater than zero, and
zero otherwise, that is, the offset model with cutoff δ/Avτ.

It is easy to derive modified cumulative distributions
for the models in Figure 3. Suppose that, for either model,
the cutoff is the value of |ψ|2 corresponding to equation
(1) at ∥x∥ = K for some distance K (and assume, in equa-
tion (1), that we can ignore any spread in the factor exp
(−γt/2) among the 210Po nuclei that are generated by the
decay of the initial 210Pb sample in the video [25]). Then,
for K > b and >(a − b), a hard cutoff turns equation
(6) into
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An offset turns equation (6) into
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The green and black curves in Figure 2 are the same as
Eqs. (11) and (13), respectively, for K = 22.5 mm, scaled so
that they match the measured data at the largest value of
R. It is notable that, for b = 2.25 mm, the offset model
appears to provide a more faithful match to the data,
at least beyond 8mm. For b = 4mm, the data does not
seem to favor one model over the other.

If cutoff models such as these apply to detectors
beyond cloud chambers, it could have profound implica-
tions for detection of extremely rare processes such as
proton decay. True probabilities of detection could be
orders of magnitude smaller than expected from naïve
Born rule arguments, and therefore today’s accepted
bounds on the proton lifetime could be mistakenly long
by orders of magnitude.

7 Concluding remarks

Using opportunistic data, I have carried out a proof of
principle for a previously unappreciated, low-cost probe
of quantum mechanics fundamentals. It is also a novel
tabletop example of a wave function with a signature
visible to the naked eye without cryogenic equipment
(e.g., superconductivity) or micron-scale detectors and
finely controlled coherence (e.g., double-slit interference).
Aspects of the data in this study may already show viola-
tion of a position-space Born rule, although other expla-
nations are not ruled out.

The ideal experiment tailored to this science would
address the caveats identified in Section 4. It would also
include the following improvements:
• Several interchangeable alpha emitters with half-lives
spread over a few orders of magnitude.

• Automated track detection and classification to elimi-
nate reliance on eyeball judgment.

• Track detection in 3D and sufficient statistics to mea-
sure three-dimensional distributions.

• Sufficient control and instrumentation to see deviations
from Born rule (if we have not seen them here already
for R > 22.5 mm).

• Sufficient instrumentation to probe dynamics of indivi-
dual droplet formation.
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