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Popper’s conjecture with angular 
slits and twisted light
Neelan Gounden , Jenna Epstein , Pedro Ornelas  , Geoff Beck  , Isaac Nape  * & 
Andrew Forbes 

Uncertainty relations are core to both classical and quantum physics, and lend themselves to tests 
across many degrees of freedom, with structured light emerging as a vibrant tool to harness these 
degrees of freedom. Here, we test Popper’s conjecture by replacing the traditional spatial and 
momentum states with angular position and orbital angular momentum (OAM) states of photons, 
showing that the OAM spectrum for an entangled photon passing through a virtual slit differs from 
that of a photon passing through a physical slit. To achieve this, we produce two OAM entangled 
photons, one of which is sent to a slit encoded as a digital hologram, thereby localising its angular 
position, all the while measuring the OAM of the other. We show that the measured OAM spectrum is 
limited to that of the initial SPDC photons, independent of the OAM encoded into the slit, consistent 
with Popper’s viewpoint. Our approach allows us to overcome prior limitations imposed by physical 
slits and linear momentum, and offers a versatile toolbox for further probes of quantum systems.

Uncertainty relations are core to many branches of physics, spanning space-time bandwidth considerations in 
ultrafast laser pulses to spatial frequency limits in the analysis of finite apertured optical systems. In keeping with 
these classical optical examples, it should be noted that Heisenberg’s position-momentum uncertainty principle 
was itself derived from considerations of an optical microscope1 and extrapolated to a more general meaning 
in the context of quantum mechanics. More recently the emergence of structured light2 has seen the renewed 
testing of these ideas, with orbital angular momentum (OAM)3–5 as a key driver. Such so-called twisted light is 
easily created by imparting an azimuthal ( φ ) phase twist of exp(iℓφ) to the light, where ℓ is an integer, for ℓ� of 
OAM per photon. In recent years OAM has been utilised as an effective tool for demonstrating fundamental tests 
of quantum mechanics such as higher dimensional Bell inequalities6, higher dimensional quantum encryption 
protocols7, and cloning protocols in the optical domain and is therefore a subject of interest. In the quantum 
realm, OAM entangled states8,9 have been used extensively to reveal angle-OAM uncertainty relations10,11, while 
classically entangled12–14 forms of OAM structured light have seen the notions of uncertainty, duality, coher-
ence and visibility merge to form new relations15–19, even violating uncertainty principles when fair sampling 
is forsaken20,21. The impressive work in using structured light for quantum tests includes Bell-like violations22, 
abstraction of path information and quantum erasures23, probing paradoxes24,25, distinguishability and sym-
metry in quantum interference26 and many more besides. The reader is referred to the many tutorials27,28 and 
reviews29–33 on the topic.

A particularly timeless example is that of Popper’s conjecture34, positing that quantum uncertainties are 
bandwidth limited, a test of fundamental importance35 but also of practical relevance to achievable resolution 
in quantum ghost imaging36–39. It has been revisited several times with position-momentum correlated systems 
but experimental deficiencies, such as lack of control of the source momentum, have maintained a healthy debate 
on the interpretation of the outcomes40. For instance, in previous demonstrations with linear momentum/posi-
tion, it is challenging to experimentally confirm whether the initial momentum of the photon, prior to passing 
through the slit, has any influence on the measured uncertainty.

In this work we revisit Popper’s conjecture, deviating from the usual position-momentum basis and use angle-
OAM as our degrees of freedom, overcoming some of the previous practical challenges that where imposed by 
the spatial and momentum degrees of freedom. To achieve this we create two entangled photons by spontane-
ous parametric downconversion (SPDC) and express the entanglement in the OAM basis, forming a natural 
higher dimensional Schmidt basis. To test the conjecture, we pass one photon through an angular slit encoded 
as a computer generated hologram (digital hologram) on a spatial light modulator, measuring the OAM of both 
at the outcome. The digital version of the slit allows us to precisely control its properties, including imbuing it 
with OAM to unravel the impact of the source itself having momentum. We outline all the salient experimental 
considerations and demonstrate the test both in the quantum realm with entangled photons as well as with 
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classically back-projected light, the former testing of the notion of a “virtual” slit and the latter a “physical” slit. 
The entanglement test shows that indeed the spread in OAM due to the decreased uncertainty in angular posi-
tion is bandwidth limited to that of the SPDC source, while the classical back-projection reveals the role of the 
measurement apparatus itself on the outcomes. Our results show that there is momentum spreading due to a 
virtual slit but bandwidth limited by the entanglement itself, additionally, if the source possesses some initial 
non-zero OAM (lower-order OAM values, as discussed later on), this has little to no effect on the spread apart 
from a shift of the OAM spectrum. Our approach allows us to prise apart the interpretation and formalism of 
quantum mechanics, illustrating that the former is not an adequate explanation of the latter.

Theoretical considerations
We begin by introducing the reader to Popper’s conjecture conceptually using the spatial/momentum basis before 
moving on to the OAM-angle basis of structured photons. As shall be shown, the adaptation is performed by a 
change in the symmetry of the slit.

Revisiting Popper’s conjecture
To begin, let us consider a single photon that is traversing a physical slit of width �x . Interference patterns will 
be observed at a distance far away from the slit due to the spread in the momentum of the photon as depicted in 
Fig. 1a. By narrowing the slit width until it approaches an infinitesimally small value, the width of the momentum 
spectrum, �p , subsequently obtains an unbounded value by virtue of the uncertainty principle

In Fig. 1b we show a similar experiment but now with two entangled photons, where one interacts with the 
physical slit (Photon A) while the other’s (Photon B) linear momentum is measured. Initially, the momenta of 

(1)�x�p ≥ �

2
.

Figure 1.   (a) The linear case (spatial/momentum) for which the momentum spread is measured. The dashed 
black line represents a single photon which is incident on a physical linear slit and a linear diffraction pattern is 
observed, from which a spread in momentum is measured. (b) The red rings represents two entangled photons 
(photon A and B) being generated from a source and propagating (to the left and right respectively), whereby 
one photon is incident on the linear slit while the momentum of the other photon is measured. (c) The angular 
case (angular position/OAM) for which the OAM spread is measured. The dashed black line represents a single 
photon which is incident on a physical angular slit and an angular diffraction pattern is observed from which 
a spread in momentum is measured by decomposing the pattern into orbital angular momentum (OAM) 
states. (d) The angular position/OAM case with entangled photons, for which the spread in OAM is measured. 
Whereby one photon is incident on the angular slit while the OAM of the other photon is measured.
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the two photons are conserved, i.e., one photon has momentum p while the entangled twin has momentum − p , 
resulting in the quantum entangled state,

where �AB(p) is the normalised two photon wavefunction. Position entanglement follows from the conjugate 
(Fourier) relation between momentum and position wave-functions, i.e., �̃AB(x) = F

(
�AB(p)

)
 . Accordingly, 

if photon A interacts with a narrowing slit then it experiences an ever larger momentum spread, with the spread 
in momentum of photon A inferred from that of photon B thanks to the non-local momentum correlations. If 
the width of the slit in photon A was reduced to an infinitesimally narrow width, �x → 0 , what does it mean for 
the momentum spread that can be inferred from photon B? Further, is this in any way affected by the momentum 
of the source, or equivalently, the motion of an observer? Although posed already several decades ago41, these 
questions are debated to this day34,35,38,42–44. Popper asserts that there is no influence in the entanglement case, 
that is, no change in the momentum of Photon B due to is non-local interaction with a “virtual slit” and that any 
momentum change cannot exceed that of the entanglement source itself.

To answer these questions in a modern context and with full control over the experiment, we recast the ques-
tion in the language of OAM-angle with digitally controlled angular slits.

Analogous interpretation using OAM‑angle
Analogous to linear momentum and linear position uncertainty is orbital angular momentum ( ℓ ) and angular 
position ( φ ), for what we call OAM-angle uncertainty. Why would we perform a change in our variables? The 
exchange of linear momentum with OAM provides us with the option of imparting additional OAM onto the 
photon passing through the angular slit, as if the source did not have zero momentum itself. We depict the 
OAM equivalent to the traditional picture in Fig. 1c and d for the physical and virtual slit, respectively. In both 
cases, the linear slit in Fig. 1a and b now become angular slits (pie-like slices) in Fig. 1c and d. The equivalent 
uncertainty relation is now

 Note that this is the upper limit of the lower bound of the product of �ℓ�φ . For details on how this limit can 
change we refer the reader to Ref. 45. To predict the outcome of the experiment depicted conceptually in Fig. 1d, 
we begin with an initial entangled state expressed in the OAM basis,

where |cℓ|2 is the probability for an outcome (two-photon coincidence) of the associated state and can be derived 
from the entanglement process itself. |ℓ�A and |ℓ�B represents an OAM eigenstate for photon A and B respectively. 
In the case of spontaneous parametric downconversion (SPDC), the workhorse of many quantum optics labo-
ratories, the coefficients are symmetric46 about ℓ = 0 and so can be modelled as a normal distribution given by

where �L represents the width of the spectrum in OAM for the initial quantum state ( |ψ�AB ). �L is used as a 
fitting parameter to fit |cℓ|2 to the measured initial OAM spectrum without any slits present. Let us allow photon 
A to pass through the physical angular slit, altering the uncertainty in the angular position of this photon. We 
define our angular slit as

where

 with the angular coordinate ranging from 0− 2π (centered about π ). Both the size of the slit and OAM encoded 
into the slit (OAM of an observer relative to the source) can be set through the parameters θ0 and ℓ0 , respectively. 
By encoding OAM into the slit we have the means to impart momentum into the bi-photon system, as if the 
source did not satisfy 0 = pA + (−p)B and equivalently 0 = ℓA + (−ℓ)B , a point of contention in prior debates, 
e.g., does the relative motion of an observe or the measurement apparatus change the outcome of the experiment?

To test Popper’s conjecture of the virtual slit we must make an angular position measurement on one photon 
and an OAM measurement on the other. The joint probability amplitude, resulting from measuring photon A 
with an angular position of θ while simultaneously measuring photon B to have an OAM of ℓ′ can be found from

The probability of interest is then

(2)|�AB� =
∫

�AB(p)|p�A|−p�Bdp,

(3)�ℓ�φ ≥ �/2,

(4)|ψ�AB =
∑

ℓ

cℓ|ℓ�A|−ℓ�B.

(5)|cℓ|2 ∝ exp

[

−
(

ℓ

�L

)2
]

,

(6)|θ� =
∫ 2π

0
θ(φ, θ0, ℓ0)|φ�dφ

(7)θ(φ, θ0, ℓ0) =
1√
θ0

{

eiℓ0φ 0 ≤ φ ≤ θ0
0 otherwise

(
�θ |A�ℓ′|B

)
|ψ�AB =

(
�θ |A�ℓ′|B

)
(�ℓcℓ|ℓ�A|−ℓ�B).
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where P(ℓ) is the probability of a “click”, a measured joint outcome on photon A and B for an OAM value of ℓ on 
photon B. To finally relate this back to the uncertainty principle we need to define the widths �φ and �ℓ . We do 
so using the usual definition of the uncertainty of a variable (a) as a standard deviation

from which we find �ℓ

Accordingly, �φ can also be defined as

We can unravel the implications of these equations as follows: the probability has two factors, an enveloping 
Gaussian function courtesy of the entanglement process itself and an oscillating sinc function as a result of the 
angular diffraction process, with the former bounding the latter. Indeed, the initial OAM entanglement spectrum 
of �ℓ limits the spreading after the slit: without the entanglement factor the spectrum would indeed be 
unbounded, yet bounded with it. Setting this factor to 1 therefore returns the single photon through a physical 
slit scenario. We plot both cases in Fig. 2, showing the unavailable bounded region (red) for entangled photons 
in contrast to the spectrum of the single photon (black) which is not constrained by the same conditions as the 
entangled photons. In the case of the entangled photons, the width of the OAM spectrum is limited to the width 
of the initial OAM spectrum. On the other-hand when considering the spectrum produced by a single photon 
the limited measurement bandwidth leads to the convergence of the width of the spectrum, in order to obtain 

(8)

P(ℓ) =|(�θ |A�ℓ′|B)|ψ�AB|2

=|cℓ�θ |ℓ�A|2

=|cℓ|2
2θ0

π
sinc2

(
�ℓθ0

2

)

∝2θ0

π
exp

(

−
(

ℓ

�L

)2
)

︸ ︷︷ ︸

entanglement

sinc2
(
(ℓ− ℓ0)θ0

2

)

︸ ︷︷ ︸

diffraction

�A =
√

�ψ |(Â− �Â�)2|ψ�,

(9)�ℓ =
√

�ℓ(ℓ2 · P(ℓ))− (�ℓℓ · P(ℓ))2.

(10)�φ = θ0

2
√
3
.

Figure 2.   (a) The expected results for the uncertainty in OAM ( �ℓ ) for a single photon which is passing 
through an angular slit of width ( θ0 ) is represented by the black curve (taking into consideration the 
measurement bandwidth set by the setup). While the blue curve represents the case where an entangled photon 
passes through a angular slit however the uncertainty in OAM of the entangled twin is measured. The generated 
bandwidth which represents the initial quantum state, for a given OAM for photon A ( ℓA ) the probability of 
measuring photon B with OAM ( ℓB ) is obtained. The diagonal entries of this matrix are used to obtain the 
uncertainty in OAM for the initial quantum state �L . The uncertainty in OAM for the entangled photon 
passing through the ‘virtual slit’ will not be able to exceed the uncertainty in OAM for the initial quantum state 
(represented by the red dashed line). (b) If a source produces two entangled photons with an initial,finite spread 
and one of the entangled photons was incident on a slit of an infinitesimally small width while the OAM spread 
of the entangled twin is obtained, and is limited to the a finite spread ( �ℓ = �L).
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the spectrum for the single photon P(ℓ) ∝ 2θ0
π
sinc2

(
�ℓθ0
2

)

 in conjunction with Eq. (9), resulting in the following 
for a single photon

where D is the total number of OAM modes measured in setup and N is a normalisation constant.
According to the Copenhagen interpretation, if the position of a single photon was localised to an infinitesi-

mally small region and the photon’s OAM is measured, it would be predicted that the spread in the OAM of the 
photon would approach some unbounded value, this would be the case if the measurement system was not taken 
into consideration and the OAM spectrum was obtained over the entire OAM domain ℓ ∈ (−∞,∞) . When the 
measurement capabilities of the setup are taken into consideration the maximum spread that can be measured 
is effected since the OAM state for the single photon extends to higher OAM numbers than are measured in the 
experimental setup. As θ0 −→ 0 , �ℓ for the single photon case will approach this �ℓmax value which depends on 
the number of modes being measured in the experimental setup.

The slit width, θ0 , and angular momentum, ℓ0 , alter the width and position of the resulting OAM spectrum. 
The shifted position due to ℓ0 is a manifestation of the momentum of the source: by applying a non-zero OAM 
( ℓ0  = 0 ) onto the slit the OAM of the photon A ( ℓ ) passing through the slit will emerge with a shifted OAM 
( ℓ+ ℓ0 ), so that the OAM of photon B will have a spectrum shifted towards −ℓ0.

Method
In order to test Popper’s conjecture experimentally, we first generate entangled photons using the setup depicted 
in Fig. 3a. An ultraviolet � = 355 nm photon in a Gaussian ℓ = 0 state was incident on a Barium Borate (BBO) 
non-linear crystal (type 1) to produce two � = 710 nm photons by spontaneous parametric downconversion 
(SPDC). The two photons, signal (photon A) and idler (photon B) were separated by a beamsplitter (BS) and 
imaged with two lenses to the plane of the spatial light modulators (SLMs), one in each path. One SLM was 
encoded with a digital version of the angular slit (SLM A) while the other (SLM B) performed projective meas-
urements in the OAM basis, with example holograms for each shown as insets. The resulting outcomes were col-
lected in single mode fibre (SMF) with by a demagnifying telescope, detected by single photon Avalanche-Photo 
Diodes (APDs), and measured in coincidence with a gating time of 2 ns and an integration time of 60 s. In order 
to compensate for isotropic noise, which leads to coincidence detections which have not been obtained from the 
entangled photons in the system, an isotropic state was used to model our experimental state47

where p represents the probability of measuring a pure state. ρ is the density matrix of dimension d × d with a 
pure portion, |ψ� , and a mixed portion, Id2 . A pure state corresponds to purity p = 1 while a maximally mixed 
state corresponds to purity p = 0 , while the dimensionality can be obtained by calculating the schmidt mode 
number, d ≡ K = (�l|cl|2)−1 , or by direct measurement48. An example of the OAM spectrum without any 
angular slits is shown in Fig. 3b. From this initial spectrum we can deduce the parameter �L = 6.6± 0.3 . Fitting 
the model of Eq. (12) returns d = KSPDC ≈ 24 with a purity of p = 0.185 which was used for each experimental 
OAM spectrum produced in order to compensate for the isotropic noise, this allows for the experimental OAM 
spectra to collectively be fit to the theoretical model. Note that the maximum purity achievable in an experiment 
falls off sharply with increasing dimensionality, which for 24 dimensions is pmax = 0.271 . In other words, the 
noise in the experiment was low and with an average quantum contrast of Q = 9.91248.

Much of the prior debate was centred on the nature of the measurement system and so before beginning with 
the main tests, we demonstrate the role of the measurement system in the outcome of the process. To do this we 
make use of Klyshko’s advanced wave picture (AWP)49, which invokes the equivalence of momentum conser-
vation at the SPDC source to that of backward travelling waves under reflection at the crystal. Experimentally 
this is easily executed by replacing one of the photon detectors (say photon B) with a source of classical light, 
allowing the light to follow the path backwards from the detector of Photon B, reflecting off the crystal face as 
a mirror, and then travelling forward along the path of photon A to its detector. Such a procedure has dem-
onstrated the utility of the AWP in many different quantum systems, where quantum results can be predicted 
using classical light27,49–51. We employ it to obtain the OAM bandwidth of the measurement system itself, with 
the outcome shown visually in Fig. 3c). We see that the number of detectable OAM modes is largely dictated 
by the measurement system itself, with the classical OAM width of �LAWP = 6.1± 0.3 comparable to that of 
SPDC, �LSPDC = 6.6± 0.3 , with only a small deviation between the two. In other words, most of what is meas-
ured is the measurement system itself ! This is not particular to our set-up but a general property of such SPDC 
experiments with OAM. Interestingly, a calculation of the dimensionality in the two systems as measured by 
the Schmidt numbers46 suggests that KSPDC ≤ KAWP , i.e., the SPDC spectrum will fall within the measurable 
limits of the setup.

Results
To test the limits on �ℓ given some choice of θ0 , we vary the angular slit on SLM A in the full range θ0 ∈ [0, 360◦] 
in 22 equally spaced intervals while maintaining ℓ0 = 0 for no initial source momentum, with the results sum-
marised in Fig. 4. In Fig. 4a we show the measured OAM spectrum (grey bars) together with the theoretically 
expected spectrum shape (red curve) from Eq. (8) for example angular slits corresponding to θ0 = 59◦ , 130◦ , 

(11)�ℓ = N
D − csc

(
θ0
2

)

sin
(
θ0D
2

)

πθ0

(12)ρ = p|ψ��ψ | +
(
1− p

d2

)

Id2 ,



6

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21701  | https://doi.org/10.1038/s41598-023-48915-7

www.nature.com/scientificreports/

Figure 3.   (a) A laser (wavelength � = 355 nm) produces a pump photon which is incident on a non-linear 
crystal (NC) which generates two down-converted photons which are entangled, the beam-splitter causes the 
separation of the entangled photons and the photons follow independent paths, one photon (photon A) is 
incident on Spatial Light Modulator (SLM) A which has a hologram of an angular slit encoded on it and the 
other entangled photon (photon B) is incident on SLM B which performs the OAM measurement on photon B, 
The photons are then incident on their respective couplers which are each connected to Avalanche Photo Diodes 
(APD) and then finally connected to a coincidence counter (C.C). The band-pass filter (BPF) is used to filter out 
any pump photons from reaching the beam-splitter. The lens ( L1 − L4 ) are used to image planes in the setup. 
The mirror (M) is used to ensure that the OAM of photons is not effected by reflections. (b) The OAM spectrum 
of the quantum entangled state produced at the crystal (SPDC spectrum). (c) The spectrum labelled ’SPDC’ 
represents the fit for the initial quantum state from the setup, the spectrum labelled ’AWP’ represents the fit for 
the measurement capabilities of the setup and is obtained through back-projection. Lastly the spectrum labelled 
‘SPDC-AWP’ represents the non-negative difference between the ‘SPDC’ spectrum and the ‘AWP’ spectrum.

Figure 4.   (a) Normalised OAM spectra are generated from coincidence counts (gray bar plot) while being 
compared to the theoretical model (red curve). (b) Using the normalised OAM spectra (for photon B) which 
are being generated the widths of these spectra are calculated and plotted against the width of the angular slit 
which photon A passes through (black scatter plot points), while being compared to the widths of the theoretical 
spectra (blue curve). The red dashed line represents the width of the initial quantum entangled state (SPDC 
spectrum) shown in Fig. 3b.
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184◦ and 256◦ , all in excellent agreement. The resulting experimental widths of the spectra were calculated to be 
�ℓ = 2.3± 0.2 , 1.4± 0.2 , 1.4± 0.2 and 1.2± 0.2 , respectively.

The result of all such measurements is shown in Fig. 4b as data points together with the theoretical prediction 
using Eq. (9), both in excellent agreement. From the results we see that as the width of the angular slit decreases 
the width of the OAM spectrum increases, roughly inversely proportional to one another. But when the width 
of the angular slit approaches an infinitesimally small value, θ0 −→ 0 , so the uncertainty in OAM converges to a 
finite value, �ℓ −→ �L = 6.6± 0.3 , i.e., bandwidth limited by the initial quantum entangled state (SPDC state). 
Decreasing the angular slit size to smaller values than 5◦ lead to a smaller amount of photons being sampled 
for the OAM measurement, which leads to the domination of noise in the OAM spectrum. Allowing for this 
source of error, we see that the width of the observed OAM spectra cannot exceed that produced at the crystal, 
indicated by the red dashed line in Fig. 4b. Our results reveal that the correlation between the entangled photons 
limits the spread of the OAM, preventing �φ�ℓ from approaching �/2 at small angles, and thus that the OAM 
spread generated through SPDC cannot be exceeded by performing a OAM measurement of a photon passing 
through a “virtual slit”. In Fig. 5 we show the impact of a non-zero OAM mode ( ℓ0 ) being encoded onto the slit 
(changing the OAM of the observer relative to the source). We see that indeed the centre of the OAM spectrum 
shifts towards −ℓ0 , but that the width of the spectrum is unaltered and with a maximum relative error between 
the widths of 0.097 can be determined between the spectra centered at ℓ0 = 1 and ℓ0 = 3 with �ℓ = 2.8 and 
�ℓ = 3.1 respectively. The relative momentum of the observer (changing the source OAM) does not alter the 
band-limited property (for lower-order OAM values), however a shift in the width of the OAM spectrum is 
expected if the OAM of the observer is large relative to the source.

Discussion
Popper conjectured that no additional momentum spread can be added to that of the initial momentum spread 
produced at the source. From our results we have shown that this conjecture must indeed be true. While for a 
single photon passing through a slit, the OAM spread tends towards some unbounded value, only limited by the 
measurement apparatus, we find that the momentum spread of the photon passing through the ’virtual slit’ is 
limited by the initial momentum spread of the quantum entangled state produced at the source. Furthermore, 
our results also indicate that the momentum spread of the photon passing through the ’virtual slit’, is independ-
ent of whether or not the source possessed some initial non-zero momentum.

In the context of Popper’s thought experiment, a central confusion has been a conflation of the formalism of 
quantum mechanics and the Copenhagen interpretation itself. According to Popper41, the Copenhagen interpre-
tation of quantum mechanics posits that the momentum spread of photon B will approach an unbounded value 
because of the momentum correlations to photon A; a similiar observation would occur if a single photon passed 
through the physical linear slit and the momentum of this photon was measured. A counter argument is that 
the Copenhagen prediction is whatever the formalism predicts (perhaps an example of what Home describes as 
“epistemology without ontology”). While this may seem sensible, it is not necessarily the case when discussing the 
interpretation of a mathematical formalism, rather than the formalism itself. After all, the core of the formalism 
is shared between all interpretations. The role of the formalism is to provide a shared mathematical backbone, 
while interpretation explains what these mathematics relate to in the real world (sometimes supplementing a 
common formalism with additional mathematical structure).

In order to follow Popper’s claims we should turn to the source he cites as the most robust exposition of the 
Copenhagen viewpoint: David Bohm’s 1951 book52. In this work, Bohm states that making a position measure-
ment with some uncertainty �x must result in a momentum uncertainty � �

�x . He then reinforces this by not-
ing a single quantum being confined by a slit, and subsequently deflected, is a manifestation of the Heisenberg 
uncertainty principle. In this he is not alone, many authors of popular textbooks present the same idea to this 

Figure 5.   Applying a non-zero OAM mode within the slit of 45◦ which photon A passes through, causing 
additional OAM to be imparted onto photon B leading to the corresponding shifts in the OAM spectra 
measured for photon B. The width of the spectra measured are equal in value to within experimental error (only 
for lower-order OAM modes encoded within the slit).
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day53–61. Though, only some of these authors explicitly relate the uncertainty principle to ‘knowledge’ of a system’s 
properties, it is still common to describe uncertainty as “limiting our knowledge” for incompatible observables 
in individual measurements. Furthermore, Bohm asserts that complementarity requires that, if the position 
of a particle becomes more definite, then the momentum must become less definite. Thus, we can see that the 
Copenhagen position holds that photon A has its momentum scattered in a measurement of x with precision �x . 
This, in turn, constitutes a measurement of photon B because of, as Bohm puts it, the “indivisible unity of the 
world”. More concretely, Copenhagen asserts that if the two entangled photons share a quantum state, they share 
an indivisible existence, matching the positivism which under-girds Copenhagen via Bohr and Heisenberg41. 
Thus, we can see that the Copenhagen viewpoint, as elucidated by Bohm, requires that photon B must feel some 
effect of measuring A, we are after all, measuring their combined state. Our measurement does not completely 
“collapse” the state (as Copenhagen would have it) but it never the less incurs a reduction from the original wave 
function, making the photon positions “more definite”. This seems to be sufficient to argue that the Copenhagen 
view has that our measurement of A constitutes a position measurement of B. Combined with the above view of 
the uncertainty relations and complementarity, we must now admit that the momentum of B should be scattered 
in turn as its value must have become “less definite”. One could argue that this scatter happens, but should be 
limited by the initial beam-width. However, this would depend upon a different understanding of the uncer-
tainty relations and complementarity than the one described above. All of this seems enough to confirm that 
Copenhagen predicts momentum broadening, whether or not this is directly related to the uncertainty principle. 
The outcome of the experiment is then in Popper’s favour. This means one cannot maintain an interpretation of 
entanglement whereby the participant objects are actively connected, responding non-locally to local operations 
on the sub-systems. The positivist/Copenhagen interpretation of the unfactorisable state is therefore untenable 
in light of this experiment.

For future improvements, the use of hard/square apertures leads to unnormalisable OAM distributions, to 
combat the situation, soft/Gaussian apertures can be used to truncate the OAM spectra (this position state for the 
photon produced a soft slit which leads to ψℓ also being truncated thus eliminating the normalisation problem10, 
increase the bandwidth of modes produced at the source so that the spread of modes will occur over a large range 
of OAM values and the limitation of the spread of the OAM spectra in the results will be more pronounced at 
smaller angles, this can be done by magnifying the beam size on the non-linear crystal. Increasing the signal to 
noise ratio especially for measurements taken for small and large aperture sizes would lead to an improvement in 
the results, this can be done by increasing the integration time over which the measurements are taken, decreas-
ing the gating time and lowering the power of the pump beam on the crystal.

We have shown that structured light is an effective tool for testing underlying principles in quantum mechan-
ics, overcoming previous challenges by judiciously selecting the degrees of freedom of photons. As opposed to 
using non-linear crystals to generate OAM for the entangled photons, the use of meta lenses could be used to 
structure the quantum light62 and could possibly be used in future research. Crucially, our work demonstrates 
the impact of measurements (observer) and source characteristics of quantum states in high dimensional Hilbert 
spaces, requiring consideration of the source bandwidth, entanglement of the quantum particles and the meas-
urement system along with its bandwidth capabilities. The complexity of the characterisation the quantum state 
increases alongside an increase in dimensionality of the system. These parameters have an impact on emerging 
quantum- imaging and communication protocols, such as improving the resolution of quantum imaging and 
encoding information in higher dimensional quantum states. Therefore addressing foundational issues such as 
Popper’s conjecture is crucial for further developments.

Conclusion
We have revisited Popper’s conjecture in the context of OAM-angle uncertainty with entangled photons, and 
should inspire the further use of structured photons in quantum tests. We see that the OAM of the photon that 
does not pass through the slit is indeed broadened by the reduced angular uncertainty of the photon that does 
pass through the slit, but that this broadening is limited to the initial OAM spectrum of the two-photon state. 
We outlined the benefits of our experimental implementation, namely, digital control over both the angular posi-
tion and OAM of the source, thereby resolving prior points of contention. We include a classical back-projected 
experiment that reveals the nature of the measurement process itself, a point that we are sure will solicit discus-
sion and debate. Finally, we provide a full theoretical treatment and discussion of its meaning, thereby covering 
both the mathematical framework and its interpretation. In summary, we implement the experiment with a new 
set of variables while making a more careful examination of what the experiment means.

Data availibility
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 5 September 2023; Accepted: 1 December 2023

References
	 1.	 Boughn, S. & Reginatto, M. Another look through heisenberg’s microscope. Eur. J. Phys. 39, 035402 (2018).
	 2.	 Forbes, A., de Oliveira, M. & Dennis, M. R. Structured light. Nat. Photon. 15, 253–262 (2021).
	 3.	 Coullet, P., Gil, L. & Rocca, F. Optical vortices. Opt. Commun. 73, 403–408 (1989).
	 4.	 Padgett, M. J. Orbital angular momentum 25 years on. Opt. Express 25, 11265–11274 (2017).
	 5.	 Shen, Y. et al. Optical vortices 30 years on: Oam manipulation from topological charge to multiple singularities. Light Sci. Appl. 8, 

90 (2019).



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21701  | https://doi.org/10.1038/s41598-023-48915-7

www.nature.com/scientificreports/

	 6.	 Dada, A. C., Leach, J., Buller, G. S., Padgett, M. J. & Andersson, E. Experimental high-dimensional two-photon entanglement and 
violations of generalized bell inequalities. Nat. Phys. 7, 677–680 (2011).

	 7.	 Mirhosseini, M. et al. High-dimensional quantum cryptography with twisted light. New J. Phys. 17, 033033 (2015).
	 8.	 Mair, A., Vaziri, A., Weihs, G. & Zeilinger, A. Entanglement of the orbital angular momentum states of photons. Nature 412, 

313–316 (2001).
	 9.	 Erhard, M., Fickler, R., Krenn, M. & Zeilinger, A. Twisted photons: New quantum perspectives in high dimensions. Light Sci. Appl. 

7, 17146 (2018).
	10.	 Jack, B. et al. Demonstration of the angular uncertainty principle for single photons. J. Opt. 13, 064017 (2011).
	11.	 Franke-Arnold, S. et al. Uncertainty principle for angular position and angular momentum. New J. Phys. 6, 103 (2004).
	12.	 Spreeuw, R. J. C. A classical analogy of entanglement. Found. Phys. 28, 361–374. https://​doi.​org/​10.​1023/A:​10187​03709​245 (1998).
	13.	 Forbes, A., Aiello, A. & Ndagano, B. Classically entangled light. Progress Opt. 64, 99 (2019).
	14.	 Shen, Y. & Rosales-Guzmán, C. Nonseparable states of light: From quantum to classical. Laser Photon. Rev. 16, 2100533 (2022).
	15.	 Qian, X.-F. & Eberly, J. Entanglement and classical polarization states. Opt. Lett. 36, 4110–4112 (2011).
	16.	 Qian, X.-F., Malhotra, T., Vamivakas, A. N. & Eberly, J. H. Coherence constraints and the last hidden optical coherence. Phys. Rev. 

Lett. 117, 153901 (2016).
	17.	 Qian, X.-F., Vamivakas, A. & Eberly, J. Entanglement limits duality and vice versa. Optica 5, 942–947 (2018).
	18.	 Qian, X.-F. et al. Turning off quantum duality. Phys. Rev. Res. 2, 012016 (2020).
	19.	 Leach, J. et al. The duality principle in the presence of postselection. Sci. Rep. 6, 19944 (2016).
	20.	 Menzel, R., Puhlmann, D., Heuer, A. & Schleich, W. P. Wave-particle dualism and complementarity unraveled by a different mode. 

Proc. Natl. Acad. Sci. 109, 9314–9319 (2012).
	21.	 Bolduc, E., Leach, J., Miatto, F. M., Leuchs, G. & Boyd, R. W. Fair sampling perspective on an apparent violation of duality. Proc. 

Natl. Acad. Sci. 111, 12337–12341 (2014).
	22.	 Dada, A. C., Leach, J., Buller, G. S., Padgett, M. J. & Andersson, E. Experimental high-dimensional two-photon entanglement and 

violations of generalized Bell inequalities. Nat. Phys. 7, 677 (2011).
	23.	 Nape, I., Ndagano, B. & Forbes, A. Erasing the orbital angular momentum information of a photon. Phys. Rev. A 95, 053859 (2017).
	24.	 Romero, J. et al. Violation of leggett inequalities in orbital angular momentum subspaces. New J. Phys. 12, 123007 (2010).
	25.	 Cardano, F., Karimi, E., Marrucci, L., de Lisio, C. & Santamato, E. Violation of leggett-type inequalities in the spin-orbit degrees 

of freedom of a single photon. Phys. Rev. A 88, 032101 (2013).
	26.	 Bornman, N. et al. Ghost imaging using entanglement-swapped photons. NPJ Quant. Inf. 5, 63 (2019).
	27.	 Toninelli, E. et al. Concepts in quantum state tomography and classical implementation with intense light: A tutorial. Adv. Opt. 

Photon. 11, 67–134 (2019).
	28.	 Nape, I., Sephton, B., Ornelas, P., Moodley, C. & Forbes, A. Quantum structured light in high dimensions. APL Photon. 8, 14 (2023).
	29.	 Forbes, A. & Nape, I. Quantum mechanics with patterns of light: Progress in high dimensional and multidimensional entanglement 

with structured light. AVS Quant. Sci. 1, 011701 (2019).
	30.	 He, C., Shen, Y. & Forbes, A. Towards higher-dimensional structured light. Light Sci. Appl. 11, 205 (2022).
	31.	 Franke-Arnold, S. 30 years of orbital angular momentum of light. Nat. Rev. Phys. 4, 361–361 (2022).
	32.	 Erhard, M., Krenn, M. & Zeilinger, A. Advances in high-dimensional quantum entanglement. Nat. Rev. Phys. 2, 365–381 (2020).
	33.	 Molina-Terriza, G., Torres, J. P. & Torner, L. Twisted photons. Nat. Phys. 3, 305–310 (2007).
	34.	 Qureshi, T. Analysis of popper’s experiment and its realization. Progress Theor. Phys. 127, 645–656 (2012).
	35.	 Ghirardi, G., Marinatto, L. & de Stefano, F. Critical analysis of popper’s experiment. Phys. Rev. A 75, 042107 (2007).
	36.	 Reintjes, J. & Bashkansky, M. Considerations on an optical test of popper’s experiment. J. Modern Opt. 63, 2–16 (2016).
	37.	 Bolduc, E., Karimi, E., Piché, K., Leach, J. & Boyd, R. W. Experimental investigation of popper’s proposed ghost-diffraction experi-

ment. J. Opt. 19, 104002. https://​doi.​org/​10.​1088/​2040-​8986/​aa8259 (2017).
	38.	 Moreau, P.-A. et al. Experimental limits of ghost diffraction: Popper’s thought experiment. Sci. Rep. 8, 13183 (2018).
	39.	 Reintjes, J. & Bashkansky, M. Spatial and temporal resolution in entangled ghost imaging. J. Modern Opt. 66, 1668–1677 (2019).
	40.	 Kim, Y.-H. & Shih, Y. Experimental realization of Popper’s Experiment: Violation of the Uncertainty Principle? arXiv e-prints 

quant–ph/9905039, https://​doi.​org/​10.​48550/​arXiv.​quant-​ph/​99050​39. arXiv:​quant-​ph/​99050​39 (1999).
	41.	 Popper, K. R. Quantum Theory and the Schism in Physics (Routledge, 1982).
	42.	 Qureshi, T. Understanding popper’s experiment. Am. J. Phys. 73, 541–544 (2005).
	43.	 Richardson, C. D. & Dowling, J. P. Popper’s thought experiment reinvestigated. Int. J. Quant. Inf. 10, 1250033. https://​doi.​org/​10.​

1142/​s0219​74991​25003​35 (2012).
	44.	 Giacomelli, B., Allevi, A. & Bondani, M. Implementation of Popper’s thought experiment with pseudo-thermal light. Phys. Lett. 

A 384, 126482. https://​doi.​org/​10.​1016/j.​physl​eta.​2020.​126482 (2020).
	45.	 Barnett, S. M. & Pegg, D. Quantum theory of rotation angles. Phys. Rev. A 41, 3427 (1990).
	46.	 Miatto, F. et al. Bounds and optimisation of orbital angular momentum bandwidths within parametric down-conversion systems. 

Eur. Phys. J. D 66, 1–6 (2012).
	47.	 Ecker, S. et al. Overcoming noise in entanglement distribution. Phys. Rev. X 9, 041042 (2019).
	48.	 Nape, I. et al. Measuring dimensionality and purity of high-dimensional entangled states. Nat. Commun. 12, 5159 (2021).
	49.	 Arruda, M. F. Z. et al. Klyshko’s advanced-wave picture in stimulated parametric down-conversion with a spatially structured 

pump beam. Phys. Rev. A 98, 85. https://​doi.​org/​10.​1103/​physr​eva.​98.​023850 (2018).
	50.	 McLaren, M., Romero, J., Padgett, M. J., Roux, F. S. & Forbes, A. Two-photon optics of bessel-gaussian modes. Phys. Rev. A 88, 

033818 (2013).
	51.	 Zhang, Y., Mclaren, M., Roux, F. S. & Forbes, A. Simulating quantum state engineering in spontaneous parametric down-conversion 

using classical light. Opt. Express 22, 17039–17049 (2014).
	52.	 Bohm, D. Quantum Theory (Prentice-Hall, 1951).
	53.	 Shankar, R. Principles of Quantum Mechanics (Plenum, 1980).
	54	 Greiner, W. Quantum Mechanics: An Introduction, Physics and Astronomy (Springer, 2000).
	55.	 Messiah, A. Quantum Mechanics. No. v. 2 in Dover Books on Physics (Dover Publications, 1999).
	56.	 Konishi, K. & Paffuti, G. Quantum Mechanics: A New Introduction (Oxford University Press, 2009).
	57.	 Townsend, J. A Modern Approach to Quantum Mechanics (University Science Books, 2012).
	58.	 Mandl, F. Quantum Mechanics. Manchester Physics Series (Wiley, 2013).
	59.	 McIntyre, D., Manogue, C. & Tate, J. Quantum Mechanics (Pearson Education, 2012).
	60.	 Griffiths, D. J. Introduction to Quantum Mechanics 2nd edn. (Pearson Prentice Hall, 2004).
	61.	 Bellac, M. & de Forcrand-Millard, P. Quantum Physics (Cambridge University Press, 2011).
	62.	 Li, C. et al. Arbitrarily structured quantum emission with a multifunctional metalens. eLight 3, 19 (2023).

Author contributions
A..F and G.B. conceived the idea and experiment; N.G, P.O and J.E. performed the experiment; I.N. and A.F. 
supervised the experiment. N.G., I.N., P.O and A.F. contributed to the data analysis. All authors contributed to 
writing and editing the manuscript.

https://doi.org/10.1023/A:1018703709245
https://doi.org/10.1088/2040-8986/aa8259
https://doi.org/10.48550/arXiv.quant-ph/9905039
http://arxiv.org/abs/quant-ph/9905039
https://doi.org/10.1142/s0219749912500335
https://doi.org/10.1142/s0219749912500335
https://doi.org/10.1016/j.physleta.2020.126482
https://doi.org/10.1103/physreva.98.023850


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21701  | https://doi.org/10.1038/s41598-023-48915-7

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to I.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Popper’s conjecture with angular slits and twisted light
	Theoretical considerations
	Revisiting Popper’s conjecture
	Analogous interpretation using OAM-angle

	Method
	Results
	Discussion
	Conclusion
	References


