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Optical orbital angular momentum (OAM) is a special property of photons and has evoked research onto the
light–matter interaction in both classical and quantum regimes. In classical optics, OAM is related to an optical
vortex with a helical phase structure. In quantum optics, photons with a twisted or helical phase structure will
carry a quantized OAM. To our knowledge, however, so far, no experiment has demonstrated the fundamental
property of the OAM at the single-photon level. In this Letter, we have demonstrated the average photon tra-
jectories of twisted photons in a double-slit interference. We have experimentally captured the double-slit in-
terference process of twisted photons by a time-gated intensified charge-coupled device camera, which is trigged
by a heralded detection. Our work provides new perspectives for understanding the micro-behaviors of twisted
particles and enables new applications in imaging and sensing.
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Recently, an essential quantum feature of photons is the
fact that it can carry orbital angular momentum (OAM)[1],
which has attracted a lot of attention in classical[2,3] and
quantum optics[4]. In classical optics, OAM is related
to an optical vortex with a helical phase structure of
expðilϕÞ (l is the topological charge). This helical phase
wraps around the axis of propagation l times, which re-
sults in a phase singularity at the beam center. For the
first time, to the best of our knowledge, it has been ob-
served that light with a twisted structure travels slower
than the established speed of light[5]. In quantum optics,
photons with a twisted or helical phase structure of
expðilϕÞ will carry a quantized OAM of lℏ (ℏ is the re-
duced Planck constant) per photon, providing an infinite-
dimensional Hilbert space[4]. Therefore, high-dimensional
quantum information can be stored in the OAM of sin-
gle photons, which holds great potential for quantum
computing[6] and communication[7] applications. As a new
and important degree of photons, how to understand the
wave and particle characters of OAM is a fundamental
issue and a basis of the potential application.
The double-slit interference devised by Thomas Young

plays an important role in physics and strikingly demon-
strates the wave-particle duality of quantum objects.
Such an experiment can be performed with particles rang-
ing from individual photons[8,9], electrons[10], neutrons[11],
and atoms[12], to large molecules consisting of dozens of
atoms[13]. Some counterintuitive features such as entangle-
ment, non-locality, wave-particle duality, and delayed-
choice concepts can be demonstrated or tested using
a double-slit configuration[14–21]. Entanglement between
the wave and particle states of two photons has been
proved, which opens the way for potential applications

of quantum information protocols to encode qubits by ex-
ploiting the wave-particle degree of freedom[22]. However,
double-slit interference of twisted photons carrying OAM
at the single-photon level has not been reported yet.

In this Letter, we have demonstrated the average
photon trajectories (APTs) of twisted photons carrying
OAM in Young’s double-slit interference. Kocsis et al.[18]

measured the APTs of single photons in a double-slit
configuration by using the technique of quantum weak
measurements[23]. Later, it appears that weak measure-
ments of the local momentum of photons made by Kocsis
et al. represent measurements of the Poynting vector in an
optical field[24]. This arouses our interest in the study of the
APTs of twisted photons. We carry out Young’s double-
slit interference with single twisted photons based on a
triggered intensified charge-coupled device (ICCD), be-
cause the coincidence image can greatly degrade noise.
Photons pass one by one through a pair of slits, where sin-
gle photons from a given slit can be detected (particle-like
character). The interference fringes emerge (wave-like
character) on a screen behind the slits after many discrete
photons impact, as if each particle is passing through both
slits and interfering with itself. We find that the distribu-
tion of the trajectory end points of the APTs is in agree-
ment with the pattern measured by ICCD. The helical
APTs of single twisted photons help us to understand
the optical manipulations of OAM and enable new appli-
cations in quantum imaging and sensing[25].

We firstly begin with the theoretical analysis, and the
equation describing APTs is[26,27]

dr
ds

¼ 1
c
SðrÞ
UðrÞ ; (1)
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where r is the streamlines, s is a certain arc length of the
corresponding trajectory, and c is the speed of light in
vacuum. SðrÞ is the real part of the time-
averaged Poynting vector carrying electromagnetic energy,

SðrÞ ¼ 1
2
Re½EðrÞ×H�ðrÞ�; (2)

and UðrÞ is the energy density of a monochromatic electro-
magnetic field,

U ðrÞ ¼ 1
4
½ε0EðrÞ·E�ðrÞ þ μ0HðrÞ·H�ðrÞ�; (3)

whereEðrÞ andHðrÞ are the spatial parts of the electric and
magnetic fields of light, respectively. EðrÞ ¼ ψðrÞê (ê indi-
cates the unit vector of polarization state); since the polari-
zation state has no influence on APTs, here we only
consider the scalar field. Let us consider the simplest exam-
ple of a twisted light beam—a linearly polarized Laguerre–
Gaussian beam propagating along the z axis (with a radial
mode index p ¼ 0)[28]:

ψðrÞ ¼ ω0

ωðzÞ
� ���

2
p

r
ωðzÞ

�jlj
exp

�
ikr2

2RðzÞ−
r2

ω2ðzÞ þ ilϕþ ikz
�
;

(4)

where ðr;ϕ; zÞ are cylindrical coordinates, ω0 is the beam
waist, ωðzÞ ¼ ω0ð1þ z2∕zRÞ1∕2 is the beam radius, RðzÞ ¼
ðz2 þ z2RÞ∕z is the curvature radius of the wavefront, and
zR ¼ kω2

0∕2 (k ¼ 2π∕λ) is the Rayleigh diffraction range.
The distance between the centerlines of the two slits is

2a. Behind the double slit, the superposition of the two
twisted beams can be written as

ψ0ðrÞ ¼ ψ1ðr1Þ þ ψ2ðr2Þ ¼ ψðr1;ϕ1; zÞ þ ψðr2;ϕ2; zÞ;
(5)

where

r1 ¼ ½ðx − aÞ2 þ y2�1∕2; (6a)

r2 ¼ ½ðx þ aÞ2 þ y2�1∕2; (6b)

tanϕ1 ¼
y

x − a
; (6c)

tanϕ2 ¼
y

x þ a
: (6d)

Substituting Eqs. (5) and (6) into Eq. (1) for APTs, the
simulated APTs of the twisted photons for the double-slit
interference are shown in Fig. 1. We record the simulated
three-dimensional structures of APTs for 1000 (500 initial
points for each slit) photons in Fig. 1(a) and the two-
dimensional structures in the xz plane for 60 trajectories
in Fig. 1(b). From the APTs behind the double slit, we can
intuitively see that the APTs exhibit helical structures.
This is the reason why the twisted photon travels slower
than the established speed of light[5]. Note that the APTs

should not be identified with the actual path that a photon
would follow[29]. The trajectories are the paths along which
the electromagnetic energy flows, and ensembles of these
trajectories will describe all of the eventual possible paths
taken by any single photon[30].

Spontaneous parametric down-conversion (SPDC) is a
well-known nonlinear optical process, in which one photon
incident on a nonlinear crystal spontaneously splits into
two photons. The experimental setup is shown in Fig. 2.
We use a half-wave plate (HWP) and a broadband polari-
zation beam splitter (PBS) to control the intensity of the
pump laser, which is a horizontally polarized, single-mode,
continuous-wave diode laser at a wavelength of 405 nm
with a power of ∼1 mW, and the inferred production rate
of down-converted beams is ∼3 × 105 s−1·mW−1. The
pump laser is focused by a lens with a focal length of
100 mm to pump a nonlinear crystal, which is a 10-mm-long,
type-II periodically poled potassium titanyl phosphate
(PPKTP) crystal. The temperature of the PPKTP is con-
trolled by a heating oven with a stability of ∼0.1°C. Under
the collinear phase matching condition, the degenerate
down-converted photon pairs are generated at a wave-
length of 810 nm. The SPDC photon pairs are collimated
by a lens with a focal length of 100 mm. The 3 nm narrow
bandwidth interference filters (IFs) (centred at a wave-
length of 810 nm) are used to improve the spectral purity
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Fig. 1. The three-dimensional and two-dimensional APTs of the
twisted light (l ¼ 1) in the double-slit interference. (a) Three-
dimensional structures and their projections at the z ¼ 10zR
plane (500 initial points for each slit). (b) Two-dimensional
structures in the xz plane for 60 trajectories.
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of the correlated photon pairs and to block the remaining
pump laser. A PBS divides the signal and idler photons
into two different paths. In the signal path, we use a pig-
tailed single-photon avalanche detector (SPAD) without
cooling with a response time of ∼15 ns, as the heralding
detector, to detect the signal photons as the external trig-
ger of ICCD. However, here the ICCD is air cooled to
−30°C. The ICCD triggering mechanism leads to an elec-
tronic delay of ∼70 ns. Thus, there is a total electronic
delay of ∼85 ns.
In the idler path, a q-plate with q ¼ 1∕2 is used to gen-

erate the photons carrying OAM. The q-plate can convert
a left-handed circularly polarized photon into a right-
handed circularly polarized one with an l ¼ þ2q OAM,
while it can convert a right-handed circularly polarized
photon into a left-handed circularly polarized one with
an l ¼ −2q OAM[31]. Therefore, we use a fiber polarization
controller (FPC) to adjust the polarization of the idler
photons into left-handed circular polarization. Then, we
used a lens with a focal length of 11 mm to collimate
the beam coming out of the fiber, and the diameter of
the collimated beam is about 2.1 mm. Behind the q-plate
(q ¼ 1∕2), the right-handed circularly polarized idler pho-
tons with l ¼ þ1 OAM pass through a quarter wave plate
(QWP) to become linearly polarized photons with l ¼ þ1
OAM. Meanwhile, we set the intensifier gate width at a
5 ns coincidence gate time to ensure that only the idler
photon events are registered[32]. In order to guarantee that
the photons detected at the heralding detector and at the
ICCD camera are from the same correlated photon pair,
we must introduce a 35 m single-mode fiber (SMF) (cor-
responding to ∼175 ns) to compensate for the electronic
delay of ∼85 ns as mentioned above. Clearly, we over
compensate for a time delay of ∼90 ns (175–85 ns), which
will be cancelled by introducing an electronic delay of

∼90 ns by the ICCD-provided electronic system. Besides
the gate width, there is another timing measure of note in
an ICCD: the exposure time, which determines the accu-
mulated time of the signal on the chip before it is read out.
At first, we adjust the exposure time to be 100 ms (for each
image) to ensure that each acquired frame is photon sparse[33],
which leads to only about dozens of single-photon events.
When only one image is studied, only a few scattering
photons can be found, but no specific pattern can be
recorded, because there are not enough detected photons
to display the image. However, when summing many
images, the pattern and its superposition can be recov-
ered. Figure 3 shows the sum of 100 triggered coincidence
images of l ¼ þ1 OAM photons with 100 ms exposure
time. Summing these images means averaging many
single-photon events. So, we can find that the summing
pattern is consistent with the simulated result based on
Poynting vector theory in Fig. 1(a).

The wave character of twisted photons will be obvious
by extending the exposure time, because the number of
registered photon events per image grows as the exposure
time increases. Figure 4(a) shows the recorded images of
the l ¼ þ1 twisted photons for different exposure times.
As is well known, the observed intensity patterns occur as
a consequence of photon statistics. If photons are detected
one by one, the photons appear to be distributed quite
randomly at first. The distribution behaviour of a large
number of photons will be similar to the classical donut
pattern. Of course, it is well established that photons
exhibit the phenomenon of wave-particle duality in the
double-slit interference, as shown in Fig. 4(b), and the
two slits used here had the same width of 100 μm and
a center-to-center separation of 500 μm. As the total num-
ber of accumulated photons increases, the bent interfer-
ence fringes appear. We find that even if there are few
photons, which have not been considered as electromag-
netic energy flows, the phenomenon is the same as that
of a large number of photons. The APTs can provide theo-
retical guidance for us to understand some phenomena in
quantum to a certain extent, and provide us with more
visual and intuitive understanding of quantum physics.

HWP     L       PPKTP    q-plate

IF PBS   double-slit  QWP   FPC     

35 m
fiber delay

Fig. 2. Schematic diagram of experimental setup. HWP, half-
wave plate; PBS, polarization beam splitter; L, lens; PPKTP,
periodically poled KTP; IF, interference filter; QWP, quarter
wave plate; FPC, fiber polarization controller; PAD, photon
avalanche detector.

Sum of 100 images

Fig. 3. Examples of 100 triggered coincidence images of l ¼ þ1
OAM photons by the ICCD camera and the summing pattern of
100 frame images. Every acquired frame has an exposure time
of 100 ms and is photon sparse.

COL 18(10), 102601(2020) CHINESE OPTICS LETTERS October 2020

102601-3



In summary, we provided a classical-like method to de-
scribe the microscopic behaviour of photons. We theoreti-
cally predicted the APTs in the double-slit interference of
single twisted photons, which still go along helical trajecto-
ries. Then, we experimentally obtained the low noise diffrac-
tion patterns by using the time-gated ICCD camera, which
is triggered by a heralded detection. We demonstrated
Young’s interference of twisted photons at the single-
photon level and the interference of each photon with itself
supported by the heralded detection. The interference pat-
terns obtained from averaging many single-photon events
correspond to the distributions of the end points of APTs.
The average trajectories can also offer a method to explore
the microscopic behaviour of other quantum particles.
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Fig. 4. Triggered images by the ICCD for different exposure
times, for the l ¼ þ1 OAM twisted photons. (a) The l ¼ þ1
OAM twisted photons themselves and (b) in the double-slit in-
terference. If the photons are detected one by one, the photons
appear to be distributed quite randomly. As the total number of
accumulated photons increases, the interference fringes appear.
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