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O P T I C S

Broadband uniform-efficiency OAM-mode detector
Suman Karan1*, Martin P. Van Exter2, Anand K. Jha1*

The high-dimensional basis of orbital angular momentum (OAM) has several added and unique advantages for 
photonic quantum technologies compared to the polarization basis, which is only two-dimensional. However, one 
of the major roadblocks in implementing OAM-based applications with their full potentials is the absence of an 
ideal OAM-mode detector. Despite the plethora of efforts in the last three decades, currently, there is no OAM 
detector that can detect a broad OAM-mode spectrum, has uniform detection-efficiency over all the modes, mea-
sures the true spectrum, and works for an arbitrary quantum state without the need for any previous information. 
Here, we experimentally demonstrate just such an OAM detector. We report detection of pure and mixed OAM 
states with fidelities more than 98% and with measurement times of only a few minutes for dimensionalities up to 
100. We expect our work to substantially boost the OAM-based photonic quantum technology efforts.

INTRODUCTION
In 1992, Allen et  al. showed that a photon in a Laguerre-Gaussian 
(LG) mode, represented as LG∣l∣

p (ρ)e
ilϕ in the transverse polar coordi-

nates, carries lℏ orbital angular momentum (OAM). Here, l is an inte-
ger ranging from − ∞ to ∞ and is referred to as the OAM-mode index, 
whereas p is called the radial-mode index, ranges from 0 to ∞, and 
decides the radial profile of the mode (1). As the OAM of a photon 
provides a basis that is not only high-dimensional but also discrete, 
several OAM-based applications have been proposed and demonstrated, 
highlighting the added and unique advantages of the high-dimensional 
OAM basis for photonic quantum technologies compared to the two-
dimensional polarization basis (2, 3). These include demonstrating 
terabit-scale data transmission using OAM-mode multiplexing for 
long-distance communication through free space (4, 5) and fiber (6), 
enhanced security and error tolerance for quantum communication 
protocols (7, 8), efficient gate implementation (9, 10), super-sensitive 
measurement in quantum metrology (11, 12), and fundamental tests 
of quantum mechanics (13–16). The OAM basis has been shown to 
be the preferred basis for ground-to-ground and ground-to-satellite 
long-distance communications (17–19). More recently, the OAM 
basis has been used for demonstrating quantum cryptography within 
a city (20) and through outdoor underwater channel (21). High-
dimensional quantum gates (22) and entanglement distribution (23) 
have been demonstrated with OAM modes. As an important advance-
ment for long-distance communication, optical fibers have been 
demonstrated, which can carry several OAM modes up to a kilometer 
without substantial loss or cross-talk (24).

Although the push for exploiting OAM basis for quantum in-
formation technologies has been steadily increasing in the past 
three decades, one of the major roadblocks for implementing OAM-
based applications with their full potential is the absence of an OAM 
detector that detects a broad range of modes with uniform detection 
efficiency, measures the true spectrum, and works for an arbitrary 
quantum state without the need for any previous information about 
the state. Consequently, developing such a detector has been an 
active area of research (12, 25–32). There are several approaches to 
detecting the OAM of photonic quantum states.

One main approach (25, 26), which is currently the most widely 
used, is based on displaying holograms specific to different OAM 
modes onto a spatial light modulator (SLM) and then measuring the 
intensity of the (l = 0, p = 0) mode at the first diffraction order of the 
SLM using a single-mode fiber (SMF). This way, by placing holo-
grams specific to different input OAM modes in a sequential man-
ner, one is able to measure the spectrum. However, an SMF has 
nonuniform coupling efficiencies for different OAM modes (33) and 
therefore the efficiency of this method decreases with increasing l, 
making it unsuitable for broadband detection. Furthermore, an SMF 
detects primarily the p = 0 mode and therefore this method does 
not work for quantum states in which the OAM is distributed over 
multiple radial modes (34, 35). Even the p = 0 mode detection can 
be efficient only if one has the previous knowledge of the generation 
beam waist (see section S1 for a detailed analysis). The SMF-based 
OAM detection method has also been integrated with compressive 
sensing techniques for faster measurement of up to 17-dimensional 
nearly pure states in the OAM basis (36). However, besides the fact 
that this method works only for nearly pure states and requires 
previous knowledge of the state to achieve faster detection, it suffers 
from all the limitations faced by the SMF-based schemes. More re-
cently, the traditional SMF-based techniques for measuring just the 
p = 0 modes, which works on the principle of phase flattening, have 
been extended to also detect p ≠ 0 radial modes by implementing a 
smart technique referred to as the intensity flattening (37). With 
this, detection of up to 8 radial modes as well as the first 55 lowest-
order LG modes have been demonstrated. However, this detector 
suffers from considerable loss and requires previous information 
about the mode space and its dimensionality to optimize the detec-
tion efficiency of different modes. Even more recently, advanced 
techniques for measuring spatial modes have been demonstrated 
using multiple SLMs and an SMF (38–40). These methods provide 
more control as far as optimizing the mode-dependent efficiency is 
concerned. Nonetheless, due to the inherent reflections at multiple 
SLMs, the loss in general is high, and for the better optimization of 
detection efficiency, one need to have previous information about 
the input state.

The second set of approaches, which do not use an SMF and thus 
do not suffer from the coupling-efficiency issues, rely on recon-
structing the OAM spectrum by measuring the angular coherence 
function (12, 27–29). An effective way to measure the angular co-
herence function is by measuring the visibility in a Mach-Zehnder 
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interferometer of the interference between two optical fields that are 
rotated with respect to each other (27, 28). The experimental imple-
mentation of such OAM detectors has been carried out for diagonal 
mixed states at high-light levels (27) as well as for entangled two-
photon states (28), in which case the method even becomes phase 
insensitive. However, we note that the scheme in (28) works only for 
measuring the OAM Schmidt spectrum of entangled photons but 
does not work for single-photon OAM states. Another way of mea-
suring the angular coherence function (12, 29) is by using angular 
double slits (41); however, since only a very small portion of the in-
cident field can be used for detection, this method is not suitable at 
single-photon levels. The other approaches to measuring the OAM 
spectrum include techniques based on rotational Doppler frequen-
cy shift (30,  31) and concatenated Mach-Zehnder interferometers 
(32). However, due to experimental challenges, these approaches 
(30–32) have been demonstrated only for quantum states consisting 
of just a few OAM modes.

More recently, there have been several works that have also over-
come some of the limitations mentioned above. For example, detec-
tion of 27-dimensional pure states has been demonstrated using 
weak measurement techniques (42). Such weak measurement-based 
technique can work for measuring a general density matrix as well, 
as proposed theoretically (43) and demonstrated experimentally 
(44) in the position basis. However, there has been no experimental 
demonstration of weak measurement-based technique for measur-
ing an arbitrary quantum state in the OAM basis. Next, using inter-
ferometric schemes, detection of up to 25-dimensional pure states 
(45) and more than 200-dimensional mixed diagonal states (35, 46) 
has been demonstrated. However, these schemes have so far been 
demonstrated only for specific classes of quantum states and not for 
an arbitrary quantum state in the OAM basis. Another technique 
that overcomes several of the limitations mentioned above is based 
on the idea of measuring the azimuthal Wigner distribution func-
tion and thereby reconstructing the state in the OAM basis (47). 

Although this technique in principle works for arbitrary high-
dimensional states, it has so far been demonstrated only up to 
7-dimensional states with fidelity up to only 90%.

A slightly different set of efforts has been through making an 
OAM sorter, which aims to spatially separate OAM modes based on 
their mode index l  (42, 48–52). An ideal OAM sorter works as a 
perfect OAM detector. However, the current OAM sorter imple-
mentations involve either multiple diffractive elements and thus 
suffer from losses that are very difficult to estimate (42, 48–50), 
or sort the OAM modes with substantial overlap between neighbor-
ing modes (52), or need spatially separated modes at the input 
itself (51). Therefore, these cannot be used as OAM detectors. In 
contrast, here, we experimentally demonstrate an OAM-mode de-
tector that works for a broad range of modes, has uniform detection 
efficiency over the entire range, measures the true mode spectrum, 
and works for an arbitrary quantum state without the need for any 
previous information.

RESULTS
Theory of OAM spectrum detection
We consider an arbitrary 2N + 1-dimensional single-photon quan-
tum state in the OAM basis given by the density matrix

Here, ∣l1, p1⟩ is a single-photon state with mode indices (l1, p1) and 
C
p1,p2
l1,l2

 is the density matrix element corresponding to indices (l1, p1) 
and (l2, p2). The projection of ∣l1, p1⟩ on the transverse polar basis state 
∣ρ,ϕ⟩ is given by ⟨ρ,ϕ ∣ l, p⟩ = LG

∣l∣
p (ρ)e

−ilϕ. Figure 1C shows the sche-
matic of our experimental setup. The state ρin enters the interferometer 
having an image rotator (IR) oriented at angle θ in one of the two arms 

ρin =

+N�

l1,l2=−N

∞�

p1,p2=0

C
p1,p2
l1,l2

∣l1, p1 ⟩ ⟨ l2, p2∣ (1)
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Fig. 1. Experimental setup. (A) Schematic of the experimental setup for generating single-photon quantum states using an attenuated He-Ne laser and an SLM. 
(B) Schematic of the experimental setup for generating single-photon quantum states through SPDC. (C) Schematic of the experimental setup of the proposed OAM 
detector. Q and H stand for quarter- and half-wave plates. The combination Q-H-Q is geometric phase unit comprising a quarter-wave plate (Q) at 45°, a half-wave plate 
(H) at δ∕2, and another quarter-wave plate at 45°, resulting in a geometric phase of δ. The angular deviation of the beam caused by IR is adjusted by two electronically 
controlled mirrors M1 and M2 using an automatic feedback mechanism. In the above figure, DM is the dichroic mirror to block the UV pump; IF is the interference filter of 
central wavelength 810 nm with bandwidth of 10 nm; BS stands for a beam splitter; IR is a homebuilt image rotator; and SF is a spatial filter.
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and gets detected using a single-photon sensitive electron-multiplied 
charge-coupled device (EMCCD) camera. IR is a homebuilt wavefront 
rotating device consisting of three mirrors. As depicted in the figure, we 
consider the beam propagation direction to be along ẑ and the azi-
muthal angle ϕ = 0 to be along x̂. We define the θ = 0 rotation angle to 
be when the three mirrors are on the x-z plane. The transformation of 
the field due to a mirror reflection can be written as ϕ→ π − ϕ, while 
that due to the IR can be written as ϕ→ − ϕ + π + 2θ. Therefore, 
we express the projection operators for the mirror and the IR as 
M̂ =

∑
l,pe

−ilπ∣ −l, p⟩ ⟨ l, p∣ and IR̂(θ) =
∑

l,pe
−il(π+2θ)∣ −l, p⟩ ⟨ l, p∣, 

respectively (see sections S2 and S3 for the detailed derivations). For an 
x̂-polarized input, the polarization state of the field after passing 
through the IR is given by ϵ̂(θ) = cos

[
ψ(θ)

]
x̂ + sin

[
ψ(θ)

]
eiχ(θ)ŷ (53). 

Therefore, the projection operator at the EMCCD plane becomes 
P̂=

∑∞

l=−∞

∑∞

p=0
ei(−lπ+β1−ω0t1+γ1)

�
∣k1∣̂x+∣k2∣e

−i(δ+2lθ) ϵ̂(θ)
�
∣ − l, p⟩⟨l, p∣, 

where ω0 is the central frequency and k1 =∣k1∣e
iγ1 and k2 =∣k2 ∣e

iγ2 
are the fractions of the input field passing through the two arms; these 
fractions depend on the reflection and the transmission coefficients of 
the beam splitters and the mirrors; δ = (β1−β2) −ω0(t1−t2) + γ1−γ2, 
where t1 and t2 are the photon travel times, and β1 and β2 are the nondy-
namical phases in the two arms. The combination Q-H-Q is used for 
introducing a geometric phase δ. The density matrix at the EMCCD 
plane is given by ρout = P̂ρinP̂

†
, and thus, the total photon detection 

probability is given by Iδ
out
(θ)= ∫∞

0
∫ 2π
0

⟨ρ,ϕ∣ρout ∣ρ,ϕ⟩ ρdρ dϕ (see 
section S4 for detailed derivation)

The OAM spectrum of the input state Sl is obtained by summing 
C
p,p

l,l
 over all possible p modes, i.e., Sl =

∑∞

p=0
C
p,p

l,l
. We note that our 

detection scheme does not require measurements of spatially re-
solved photon detection probability and is therefore not limited 
by the spatial resolution of the EMCCD in contrast to several other 
schemes (35,  45,  46). In realistic experimental situations, the 
measured photon detection probability always contains some noise 
contributions Iδ

n
(θ), the sources of which in our experiments are 

the ambient light and the dark count of the EMCCD. Thus, the 
measured probability becomes Iδ

out
(θ) = Iδ

n
(θ) + Iδ

out
(θ). To bypass 

such contributions, we use the two-shot technique (35) and per-
form the measurements at δ = δc and δ = δd. We assume that the 
shot-to-shot noise remains constant and that the spectrum is 
symmetric, that is, Iδcn (θ) ≈ I

δd
n (θ) and Sl = S−l. The difference 

probability ΔIout(θ) = I
δc
out
(θ) − I

δd
out
(θ) can therefore be written as 

ΔIout(θ)=2∣k1‖k2∣ cos
�
ψ(θ)

�
(cosδc−cosδd)

∑+N

l=−N
Slcos2lθ. For by-

passing the polarization effects manifesting as cos
[
ψ(θ)

]
, we 

work with the polarization-corrected difference probability 
 ΔIout(θ) = ΔIout(θ)∕cos

[
ψ(θ)

]

Since cos
[
ψ(θ)

]
 is the x̂-projection of the field, we have

where I tot
2

 and I2x(θ) are the total probability and the probability 
along x̂ of the field passing through the IR (see Materials and Meth-
ods for the experimental measurement of cos

[
ψ(θ)

]
). We define the 

measured OAM spectrum Sl to be

We note that Sl is not normalized but is proportional to the true 
OAM spectrum Sl. Therefore, using the fact that Tr(ρin) = 1, we ob-
tain the true OAM spectrum as

To estimate the measurement accuracy of our experimental 
scheme, we use the coefficient of determination R2

where Sin
l

 and Sob
l

 are the input and the observed OAM spectra, 
and ⟨Sin

l
⟩ is the average of Sin

l
.

Although in this section we have worked out the theory only for 
symmetric spectrum, in which case Sl = S−l, our scheme works for 
nonsymmetric spectrum as well (see section S5). However, for a 
nonsymmetric spectrum, our scheme requires four intensity mea-
surements instead of just two in the case of a symmetric spectrum. 
So, in situation in which one has the previous information that the 
spectrum is symmetric, one can measure the spectrum using only 
two intensity measurements. Otherwise, using four intensity mea-
surements, one can measure any spectra, symmetric or asymmetric.

Experimental setup
We use two separate methods for generating a variety of single-
photon quantum states in the OAM basis. Figure 1A is the sche-
matic of the experimental setup for generating states using an 
attenuated He-Ne laser and an SLM, while Fig. 1B is that using 
the nonlinear optical process of spontaneous parametric down-
conversion (SPDC). The generated states are detected using the pro-
posed OAM detector, the schematic setup of which is shown in Fig. 
1C. The setup involves an EMCCD camera for ensuring that the de-
tection is at the single-photon level. We report experimental mea-
surements for various different types of single-photon OAM states 
in Figs. 2 to 5. In each of these figures, panels (A) and (B) show the 
plots of Iδ

out
(θ) as a function of θ at δ = δc ≈ 0 and δd ≈ π. Panel (C) 

presents the measured polarization-corrected difference probability 
ΔIout(θ); the red dots are the experiments, and the solid green line is 
the theory. Using Eq. 6, we calculate Sl from the measured ΔIout(θ) 
and plot them in panel (D), where the blue bars are for the observed 

Iδ
out
(θ)=

N�

l=−N

∞�

p=0

C
p,p

l,l

�
∣k1∣

2+∣k2 ∣
2 +2∣k1‖k2∣ cos

�
ψ(θ)

�
cos(δ+2lθ)

�
(2)

ΔIout(θ)=2∣k1‖k2∣

N�

l=−N

Sl(cosδc−cosδd)cos2lθ (3)

cos
[
ψ(θ)

]
=

√

∣ ϵ̂(θ) ⋅ x̂ ∣2

∣ ϵ̂(θ) ∣2
=

√
I2x(θ)

I tot
2

(4)

Sl ≡
π

�
0

ΔIout(θ)cos(2lθ)dθ=2∣k1‖k2∣ (cosδc−cosδd)Sl (5)

Sl = Sl ∕

(
+N∑

l=−N

Sl

)

(6)

R2 ≡

+N�

l=−N

(Sob
l
−Sin

l
)2

+N�

l=−N

(Sin
l
−⟨Sin

l
⟩)2

× 100% (7)
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and the blue dots are for the input states. The red bars represent the 
performance of the SMF-based method (25, 26) in the same situa-
tion with an SLM that has 50% diffraction efficiency in the first or-
der. The measurement accuracy R2 is shown inside each panel (D) 
(see Materials and Methods for details on experimental techniques, 
procedures, analysis, etc.).

Generating quantum states using an attenuated He-Ne laser 
and an SLM
For generating OAM states using the experimental setup of Fig. 1A, 
we use a Newport He-Ne laser of wavelength 633 nm followed by an 
SLM. Using the method by Arrizón et al. (54), we generate various 
input states ρin. First, we generate a pure quantum state with its 
OAM spectrum in the form of a Gaussian function of SD equal to 8. 
Figure 2 presents the experimental results. We obtain the measure-
ment accuracy R2 of 98.96%. Next, we generate a general mixed state 
by incoherently adding two pure states in 0.54 and 0.46 proportion 
(55); the pure states have Gaussian OAM spectra with SDs equal to 
10 and 6. For details on how a general mixed state is produced using 
an SLM, see (56). Figure 3 shows the experimental results, with 
R2 = 98.58%. Finally, we demonstrate that our OAM detector is ca-
pable of detecting not only a continuous set of OAM modes but also 
a discrete set. For this purpose, we generate a state with five OAM 
modes (l = 0, ± 4, ± 8) with equal weightage and present the ex-
perimental results in Fig. 4, with R2 = 98.27%.

Generating quantum states using SPDC
Although one can synthesize an arbitrary single-photon quantum 
states using an attenuated He-Ne laser and an SLM, the implementa-
tion always introduces some generation errors. Such errors can be 
avoided if a quantum state is generated through some natural 

process. SPDC, a second-order nonlinear effect, is one such process, 
which naturally generates single-photon quantum states in the form 
of diagonal mixed state. So, for generating diagonal mixed states, we 
use SPDC, in which a pump photon gets down-converted into two 
separate photons called the signal and idler (57), and for a Gaussian 
pump field, the states of both the signal and idler photons are diago-
nal mixed states in the OAM basis (12, 28). The spectrum Sl of each 
of the two photons depends on several experimental parameters 
such as the pump beam waist w0, crystal thickness L, and phase-
matching angle θp (49, 57). Using SPDC in a β-barium borate (BBO) 
crystal with collinear phase-matching condition, we experimentally 
generate single-photon diagonal mixed states using the setup de-
picted in Fig. 1B, with θp = 28.668◦, L = 15 mm, and w0 = 388 μm. 
Figure 5 presents the experimental results, with R2 = 99.85%. We 
find that for the same state, the detection efficiency of the SMF-
based measurement scheme is relatively much less, is mode depen-
dent, and becomes negligible for OAM modes with ∣l∣ > 20.

Note on the generation error
We note that the measurement accuracy of the results reported in 
Figs. 2D, 3D, and 4D is smaller than that of Fig. 5D. We attribute this 
to the error in the generation process adopted to produce the states. 
For the results reported in Figs. 2D, 3D, and 4D, the state was gener-
ated using an SLM. The input spectrum plotted as blue dots in Figs. 
2D to 4D is what we ideally desired to generate, but it is not what was 
generated by the SLM due to all the associated generation errors. 
Nonetheless, we plotted the blue dots as input spectrum. Therefore, 
the inaccuracies in Figs. 2D to 4D are primarily because of the error 
in the generation process and thus in the plotted input spectrum but 
not because of the error in the observed spectrum. However, we note 
that, if the state generation has no error, the match between the input 
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Fig. 2. Experimentally measured OAM spectrum for a 50-dimensional pure state Tr(�2
in
) = Tr(�

in
) = 1. (A and B) Plots of the photon detection probability I

δ

out
(θ) as 

a function of the rotation angle θ at δ = δc ≈ 0 and δ = δd ≈ π. (C) Experimentally measured polarization-corrected difference probability ΔIout(θ) as a function of θ. The 
red dots are the experiments, and the solid green line is the theory. (D) Reconstructed OAM spectrum. Blue bars are the measured spectrum, while the blue dots are the 
input spectrum; the red bars represent the performance of an SMF-based detector.
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and observed spectra is much better. This can be observed through 
the results presented in Fig. 5D. In this case, since the input state was 
naturally produced using the nonlinear optical process of SPDC, 
there was no generation error and it could be very accurately pre-
dicted by the theory. As a consequence, the measurement accuracy 
for this dataset is higher. We further note that because of the issues 

related to generation accuracy, we only use data presented in Fig. 5D 
for estimating the detection efficiency presented in Fig. 6.

Analyzing the uniformity of detection efficiency
One of the objectives of this work is to develop a detector that has 
uniform detection efficiency over a broad range of OAM modes as 
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Fig. 3. Experimentally measured OAM probability distribution for a 80-dimensional general mixed state Tr(�2
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) = 1. (A and B) Plots of the photon detec-

tion probability I
δ

out
(θ) as a function of the rotation angle θ at δ = δc ≈ 0 and δ = δd ≈ π. (C) Experimentally measured polarization-corrected difference probability ΔIout(θ) 

as a function of θ. The red dots are the experiments, and the solid green line is the theory. (D) Reconstructed OAM spectrum. Blue bars are the measured spectrum, while 
the blue dots are the input spectrum; the red bars represent the performance of an SMF-based detector.
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Fig. 4. Experimentally measured OAM probability distribution of discrete pure state. (A and B) Plots of the photon detection probability I
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(θ) as a function of the 

rotation angle θ at δ = δc ≈ 0 and δ = δd ≈ π. (C) Experimentally measured polarization-corrected difference probability ΔIout(θ) as a function of θ. The red dots are the 
experiments, and the solid green line is the theory. (D) Reconstructed OAM spectrum. Blue bars are the measured spectrum, while the blue dots are the input spectrum; 
the red bars represent the performance of an SMF-based detector.
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opposed to the SMF-based detectors (25, 26). We take the mode de-
tection efficiency ηl of our scheme to be

where κ is the overall quantum efficiency of the detection system. Sin
l

 
and Sob

l
 are the input and the observed OAM spectra. Since the re-

sults reported in Fig. 5D have the lowest state generation error, we 
use these for estimating ηl and plot it in Fig. 6. The factor ηl ∕κ is 
uniform over ∣l∣, demonstrating a broadband mode–independent 
detection efficiency. The increase in the variance of ηl ∕κ at large ∣l∣ 
is attributed to decreasing signal-to-noise ratio of the dataset at large 
∣l∣, which eventually becomes unfit for estimating ηl beyond ∣l ∣ = 40.

DISCUSSION
In conclusion, we have proposed and demonstrated a broadband, 
uniform-efficiency OAM-mode detector that measures the true OAM-
mode spectrum, is noise insensitive, and is capable of measuring the 

OAM spectrum of an arbitrary quantum state without any previous 
information at both high-light and single-photon levels. Such an 
OAM-mode detector can have important consequences for OAM-
based photonic quantum technologies, such as the high-dimensional 
cryptography protocols (58) and optical communications (6), quan-
tum computing (59), quantum metrology (60, 61), and quantum im-
aging (62, 63). We believe that the OAM-mode detector reported here 
will not only render the existing OAM-based applications more viable 
but also enable novel OAM-based quantum technologies.

To emphasize the noise-insensitive aspect of our technique, we 
note that in panels (A) and (B) of Figs. 2 to 5, the plots of Iδc

out
(θ) and 

I
δd
out
(θ) contain large background contributions, resulting in poor 

contrast, the main sources of which are the EMCCD dark counts 
and the ambient light. This is because, in our experiment, the trans-
verse size of the field falling onto the EMCCD is much smaller than 
the EMCCD sensor size. As a result, only a small fraction of the 
EMCCD pixels is involved in detecting the field and contributing to 
the signal; the remaining pixels only contribute to noise. Nonethe-
less, as shown in panel (C), the noise contributions Iδcn (θ) and Iδdn (θ) 
cancel each other in the difference probability ΔIout(θ), which be-
comes almost free of such noise. As a result, our technique becomes 
extremely insensitive to noise sources and thus achieves very high 
detection fidelity even in the presence of substantial noise. This is in 
contrast to the most widely used method of OAM-mode detection 
based on an SLM and an SMF (25, 26) that cannot filter out such 
noise sources and thus get adversely affected by them.

In addition to being noise insensitive, our technique does not in-
volve loss of the input state and can be very fast. A careful alignment 
of our homebuilt IR brings the angular deviations to about 30 μ
-radians, and we observed that a realignment of IR was required 
only if θ was changed by more than 30°. Therefore, if there is previous 

ηl = κ
Sob
l

Sin
l

× 100 (8)
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information that the angular width of Iδ
out
(θ) is less than 30°, then no 

realignment is required. However, if we have no previous informa-
tion or if Iδ

out
(θ) has larger angular widths, realignments are required. 

For the spectra reported in Figs. 2, 3, and 5, no realignment was re-
quired and the entire data taking was finished within a few minutes. 
However, for the spectra in Fig. 4, realignments were done, increasing 
the data taking time proportionately.

We note that our approach for broadband OAM-mode detection 
ensures unique features such as (i) uniform detection efficiency, (ii) 
true spectrum measurement without post-selecting on a particular 
radial mode, (iii) no need for previous information, and (iv) insen-
sitivity to phase-uncorrelated background. However, our present 
implementation technique that has been demonstrated for the di-
agonal elements of an arbitrary density matrix in the OAM basis 
cannot be used for measuring the off-diagonal elements, which con-
tains information about whether two given OAM modes are phase 
coherent or phase incoherent with respect to each other. Nonethe-
less, if such an approach could be extended to off-diagonal elements, 
then for an arbitrary density matrix even the off-diagonal elements 
could be measured with high fidelity and the measurement scheme 
by default would have all the unique features of this approach.

The prime reason for stringent alignment and stability require-
ments in our technique is the unavailability of IRs with near-zero 
angular deviations and faster rotation speeds. If such image rotators 
become commercially available, the alignment and stability require-
ments as well as the measurement time will reduce proportionately, 
making our technique suitable even for applications that require 
very fast measurements. Until such IRs become commercially avail-
able, the existing techniques such as those based on an SLM and an 
SMF may be preferred in situations in which the dimensionality of 
the state is very low and the true state measurement with high fidel-
ity is not crucial. However, for any high-dimensional applications 
requiring accurate, noise-robust, and high-fidelity measurement of 
OAM spectrum, our technique would be most suited. Also, al-
though our technique is not based on having previous knowledge of 
the input state, leveraging such knowledge, as is done in compres-
sive sensing–based methods (36), can further reduce the alignment 
requirements and markedly increase the measurement speeds.

MATERIALS AND METHODS
Polarization calibration of the interferometer
To bypass the polarization issues caused by the rotation of the IR, 
the interferometer needs to be calibrated according to Eq. 3 by mea-
suring both I tot

2
 and I2x(θ) and thus cos

[
ψ(θ)

]
. The probabilities I tot

2
 

and I2x(θ) can be measured by blocking the upper arm of the inter-
ferometer. For measuring I2x(θ), we place a polarizer along x̂, right 
before the EMCCD, and measure the probability as a function of θ. 
We note that I tot

2
 is the total probability through the IR without any 

polarizer and thus that it is independent of θ. Figure 7 shows the plot 

of 1

cos[ψ(θ)]
=

√
I tot
2

I2x (θ)
 and is used for calculating ΔIout(θ) using Eq. 3 

for the results reported in Figs. 2 to 5.

Details of the experimental setup in Fig. 1A
In this experimental setup, we generate high-dimensional OAM 
states using a He-Ne laser of wavelength 633 nm and a beam waist of 
0.4 mm. We make the Gaussian beam go through a spatial filter and 

then magnify it using a 4f configuration with lenses of focal lengths 
13.86 and 200 mm. The resulting beam is projected onto a Holoeye 
Pluto-2-NIR-011 SLM. We use the method by Arrizón et al. (54) to 
imprint a suitable hologram on the SLM for producing a desired 
coherent superposition of LG∣l∣

p=0
 modes. The generated state is ob-

tained at the first diffraction order of the SLM. To measure the prob-
ability, we use an Andor iXon Ultra897 EMCCD camera with a 
512 × 512 pixel grid and a pixel pitch of 16 × 16 μm2. EMCCD gain 
is set at 1 with sufficient neutral density filter to avoid saturation.

Details of the experimental setup in Fig. 1B
In this setup, we generate single-photon states by producing SPDC 
photons in a type-I BBO crystal of thickness 15 mm, pumped by an 
ultraviolet (UV) 100-mW TOPTICA TopMode continuous wave 
laser of wavelength 405 nm with beam waist 388 μm. A dichroic fil-
ter is used for blocking the UV laser source while allowing the 
down-converted photons at 810 nm to pass through. Subsequently, 
the down-converted photons are filtered through a 10-nm band-
width interference filter having a central wavelength of 810 nm. The 
crystal plane is imaged with a magnification of 6 using the 4f con-
figuration with lenses of focal lengths 50 and 300 mm. The Fourier 
transform of this magnified image is obtained at the EMCCD plane 
using a lens of focal length 500 mm. The EMCCD is used with a gain 
of 300 and an acquisition time of 0.4 s.

We note that since we are using collinear down-conversion, the 
individual signal and idler photons have equal probability of arriv-
ing at the EMCCD. Therefore, the camera records the sum of photon 
count rates due to signal and idler fields. However, since the indi-
vidual signal and idler fields have the same OAM spectrum, the dif-
ference probability ΔIout(θ) due to the signal and idler photons is 
also the same. Here, we have assumed that the probability of the si-
multaneous arrival of the signal and idler photons at the same 
EMCCD pixel is negligibly small. This assumption is justified given 
that the EMCCD has 512 × 512 pixels, and we work at the level of 
only a few photons per EMCCD frame.

Aligning the interferometer in Fig. 1C
In our experiment, first we align the IR manually to reduce the angu-
lar deviations of the field passing through it to be less than 1 millira-
dian. We then insert two mirrors M1 and M2 with actuator-based 

-90 900 45-45

1.8

1.2

0.6

0.0

Fig. 7. Measured 1

cos[�(�)]
=

√
I
tot

2

I2x ( � )
 as a function of �. 
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control after the IR and use a feedback mechanism for automated 
alignment. To track the center of the Gaussian beam from the He-Ne 
laser at two locations, we use two cameras placed at the output ports 
of the beam splitter. One camera is a charge-coupled device (CCD) 
camera with a pixel grid of 2592 × 2048, while the other is the 
EMCCD camera. Next, we manually align the interferometer for 
zero fringe condition with a Gaussian beam and block the upper in-
terferometric arm containing Q-H-Q to determine the coordinates 
of the center of the beam falling on each camera. These coordinates 
serve as the target coordinates for alignment at each subsequent θ, if 
re-alignment is required. We then center the beam by electronically 
adjusting the mirrors M1 and M2 through an iterative algorithm. For 
this, we make sure that the distance between the EMCCD and BS2 is 
far greater than that between the CCD and BS2. Then, by adjusting 
M1, we bring the beam toward the CCD target center, and by adjust-
ing M2, we bring the beam toward the EMCCD target center. This 
way, we are able to align the fields to within 30.5 μ-radian to the 
EMCCD. To set the interferometer for δ = δc and δ = δd conditions, 
we remove the blocker from the upper arm and record the output 
intensity I at the EMCCD camera for a Gaussian input beam. We 
take five such intensity measurements at five different orientations β 
of the half-wave plate, separated by 36°. We fit these measurements 
with the function I = a + bcos2(β − c) and obtain the orientation at 
which I is maximum and thus obtain δ ≈ 0. From this orientation, 
we rotate the half-wave plate by 90° to obtain the δ ≈ π condition. 
We then measure the probabilities Iδc

out
(θ) and Iδd

out
(θ). To reduce the 

effects due to thermal and air-flow fluctuations, we cover the inter-
ferometer with a box and wait for it to stabilize.

Rotation resolution and OAM spectrum reconstruction
Our technique requires Sl to be reconstructed from the mea-
sured ΔIout(θ) through Fourier transformation. According to the 
Whittaker-Shannon sampling theorem (64), the sampling rate of a 
signal should be at least twice its highest frequency to completely 
characterize the signal. So, for our scheme, if the highest OAM in-
dex of the incident state is lmax, the step size for θ should be smaller 
than 180°/(2lmax + 1). Therefore, to reconstruct an OAM spectrum 
having lmax number of modes, one needs to measure ΔIout(θ) at a 
minimum of 2lmax number of θ points. Nonetheless, since we do not 
use any previous information about the input state including its di-
mensionality, we first measure ΔIout(θ) at fewer numbers of θ values 
to get some idea about the functional form of ΔIout(θ), and then 
repeat the measurements of ΔIout(θ) at an appropriate number of θ 
values as dictated by the sampling theorem. For the state reported in 
Figs. 2 to 4, we measure ΔIout(θ) at θ values separated by 3.6°. For the 
state reported in Figs. 3 and 5, the variation of ΔIout(θ) is maximum 
in the range θ = −18◦ to θ = 18◦. So, for this range, we take measure-
ments at θ values separated by 0.36°, while for the remaining range, 
the separation is 7.2°.

Effects due to the angular deviation of the image rotator
In our technique, it is very important that the output intensity Iδ

out
(θ) 

as a function of rotation angle θ is measured correctly. For this, it is 
necessary that the two fields interfering at the second beam splitter 
(BS2) of Fig. 1C have perfect overlap; any deviation from the perfect 
overlap results in error in the measurement of Iδ

out
(θ) and thus in the 

estimated spectrum. However, due to manufacturing errors, IRs 

invariably introduce angular deviations in the transmitted field, 
resulting in decreased overlap as a function of θ. In section S6, we 
present a detailed analysis of the effects due to angular deviation. In 
that section, through illustrative figures and numerical analysis, we 
show how angular deviation of an image rotator affects the measure-
ment of Iδ

out
(θ). We find that with a commercial Dove prism having 

angular deviation greater than 10000 μ-radians, the average frac-
tional overlap of the two fields is less than 0.1, which implies a very 
inaccurate measurement of Iδ

out
(θ). On the other hand, for the 

homebuilt image rotator reported here, having angular deviations 
less that 30 μ-radians, the average fractional overlap is close to 1, 
resulting in a very accurate measurement of Iδ

out
(θ).

Details of the experimental setup for SMF-based 
OAM measurement
Figure 8 shows the experimental setup for an SMF-based measure-
ment (25, 26). For the input spectra produced using the setup of Fig. 
1 (A and B), we couple the first-order diffraction output from the 
SLM to the SMF by imaging the SLM plane onto the SMF using a 
500-mm focal length lens and a Newport 60× objective with effec-
tive focal length 2.9 mm in a 4f configuration. In this configuration, 
we obtain σ∕w0 = 0.6, where σ =Mσsmf, w0 is the beam waist of the 
OAM modes, σsmf is the core radius of the SMF, and M is the mag-
nification of the imaging system. The SMF is then coupled to a 
single-photon avalanche diode detector to measure the OAM spec-
trum. For the state generated using the setup of Fig. 1B, we image 
the BBO crystal of Fig. 1B onto the SLM.

Supplementary Materials
This PDF file includes:
Supplementary Sections S1 to S6
Figs. S1 to S5
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