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Highly twisted M-line of a vortex beam due to the coupling
of ultrahigh-order modes
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In modern optics, particular interest is devoted to the phase singularities that yield complicated and twisted phase struc-
tures by photons carrying optical angular momentum. In this paper, the traditional M-line method is applied to a vortex
beam (VB) by a symmetric metal cladding waveguide chip, which can host numerous oscillating guided modes via free space
coupling. These ultrahigh-order modes (UOMs) result in high angular resolution due to the high finesse of the resonant chip.
Experiments show that the reflected pattern of a VB can be divided into a series of inner and outer rings, whilst both of them
are highly distorted by the M-lines due to the UOMs' leakage. Taking the distribution of the energy flux into account, a simple
ray-optics-based model is proposed to simulate the reflected pattern by calculating the local incident angle over the cross
section of the beam. The theoretical simulations fit well with the experimental results, and the proposed scheme may enable
new applications in imaging and sensing of complicated phase structures.
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1. Introduction

It is well known that a light beam with a phase singularity nested
in its wave front carries an orbital angular momentum (OAM)
equivalent to I per photon'"). Now, there is considerable inter-
est in these unique properties arising from the special phase
structures'®!. The vortex beam (VB) has many applications in
optical manipulation', optical communications™!, and quan-
tum optics”®!. Many researches have been devoted to the gener-
ation, transformation, or modulation of VBs via planar optical
components, such as dielectric-based metasurface'®!, wave-
guide!”), and nanoslits'®.

The complicated phase pattern of light beam carrying OAM is
of particular interest in modern optics'®’. In this paper, we pro-
posed a novel approach to detect the phase pattern of a VB by
reflection on a symmetrical metal cladding waveguide (SMCW)
chip based on the traditional M-line method"®’. The M-line
spectra were widely applied to the prism-coupled planar wave-
guide structure for its high sensitivity. It can provide a dramatic
view of the mode spectrum by direct visualization of the scat-
tered light, and the observed dark line corresponding to the
mth mode is referred to as the ‘M-line’. It is not mentioned a
lot nowadays, though it is still widely applied in optical sensing
applications!' ',
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The SMCW structure can support various unique oscillating
guided modes, i.e., the ultrahigh-order modes (UOM:s). Critical
coupling of a specific UOM can be achieved when the mode
leakage interferes destructively with the reflected beam, resulting
in a resonant dip in the reflection spectrum and an M-line in the
scattered beams. The high sensitivity of the UOMs is very useful
and has been applied in various fields, e.g., we have recently
demonstrated an enhanced Imbert-Fedorov effect directly
without quantum weak measurement!’>'*. Along with the
high mode density and the narrow full-width at half-maximum
(FWHM) of the resonant dips, the coupling of the UOMs pro-
vides extremely high finesse and high angular resolution to
facilitate phase structure detection.

Our experiments show that the reflected pattern varies signifi-
cantly near the UOMSs’ resonance, whilst several concentric
rings are severely distorted as the twisted M-line sweeps across
the light spot. The usual transfer matrix method for the wave-
guide fails on this issue since the beam axis of the VB cannot
be applied to define the incident angle. Instead of applying
Fourier analysis, which describes the light propagation using
a plane-wave basis, we find that a simple model in the ray optics
picture is sufficient. We replace the common incident angle by a
local incident angle, which is defined via the energy flux over the
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whole cross section of the VB; then, the reflected pattern is simu-
lated with high accuracy. Furthermore, the evolution of the
M-line depends crucially on the phase structure and can be used
for detection purposes. This work helps us to understand the
mode coupling process using twisted photons and may provide
an effective approach to the sensing of complicated phase
structures.

2. Experimental Results

The schematic in Fig. 1 shows an incident VB reflected by an
SMCW chip, and the insert shows the distribution of a specific
UOM. The SMCW structure is similar to the metal-dielectric-
metal (MDM) scheme that is widely studied in plasmonics.
Instead of the basic symmetric and antisymmetric modes, our
interest mainly focuses on the oscillating modes of high order.
In our experiment, a 0.23 mm thick glass slab with excellent
optical parallelism is sandwiched between two silver films.
The excited UOMs will propagate along the millimeter thick
glass layer until all of the energy is leaked out through the metal
claddings. The upper coupling layer is made of 30 nm thick sil-
ver film, which facilitates the direct coupling into the chip from
free space. No high index prism or coupling grating is needed,
since the effective index of UOMs can approach zero. The metal
substrate is also 30 nm thick, so both reflection and transmission
can be detected. Theoretically, it is simple to calculate the reflec-
tivity and field distribution of a Gaussian beam via the transfer
matrix method. What we are more interested in is the reflection
of an incident beam carrying OAM at the resonance of
the UOMs.

A VB generated by a spiral phase plate is incident on the sur-
face of the SMCW with an angle 6, where the topological charge
is I =1, and the wavelength and the beam waist are 532 nm and
0.5 mm, respectively. The SMCW chip is placed on a goniometer
to carry out angular scanning. The reflection spectrum is
recorded by a photoelectric detector, and the reflected pattern
is detected by a charge-coupled device (CCD). The typical
reflected patterns measured around a UOM’s resonance are
illustrated in Fig. 2, whilst the corresponding reflectivity is
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Fig.1. Refraction of an optical VB by an SMCW chip and the E-field distribution
of an oscillating UOM at resonance (red line).
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Fig. 2. (a) Optical field of the incident beam generated by a spiral phase plate
with /= 1. (b}, (c], and (d) Optical field of the reflected beam at 9.42, 9.50, and
9.52 deg, respectively. The intensity is normalized to the maximum of the inci-
dent light spot.

shown in Fig. 3. Note that the angle corresponding to Fig. 2(c)
is located close to the center of a resonant dip, and the reflected
spots are significantly distorted in comparison with the incident
beam. Careful examination shows that several outer rings other
than the inner ring exist in the reflected spot, which evolve con-
tinuously as we scan the incident angle gradually. A twisted
M-line appears from one side, moves across the light spot,
and disappears on the other side. As the twisted dark line passes
through the beam center, the reflectivity decreases to a mini-
mum, leading to the resonant dip.

The inner ring is formed by the direct reflection of incidence
at the chip surface. The physics behind the occurrence of outer
rings can be attributed to the random scattering caused by the
natural roughness of the silver film, which enables the coupling
between different UOMs of different orders in all azimuthal
directions!"*. Thus, hollow light cones other than the reflected
spot are formed due to the leakage of the UOMs. The outer rings
in Figs. 2(c) and 2(d) are brighter than that in Fig. 2(b), while the
inner ring shows an opposite manner. The reason can be
explained as follows: critical coupling of the UOMs can be
achieved when destructive interference between the leakage of
the UOMs and the direct reflection at the upper surface is com-
plete, and thus the inner ring at resonance is dim. On the other
hand, most energy is shifted to UOM:s at resonance, so the mode
leakage is enhanced to produce brighter outer rings. Given the
origins of the inner and outer rings, the rest of this paper will
focus on the physics behind the twisted M-line.

In Fig. 3, the measured reflectivity of a VB is compared with
the simulated results. Since the number of the UOMs in the sub-
millimeter thick SMCW is very large, we only show a part of the
spectrum for clarity. The FWHM of the dips in the experiment is
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Fig. 3. (Top) Experimentally measured reflectivity of a VB reflected by the
SMCW chip; (bottom) numerically simulated reflectivity of a planar wave
model via the transfer matrix method. The permittivity of silver is based
on the Drude model 4, = —13.9235 + 0.7233] and the permittivity of the guid-
ing layer is 2.25.
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Fig. & Evolution of the M-line in a reflected Gaussian beam under the same
experimental conditions. The coupling angle of the resonant dip is around
9.13 deg. The intensity is normalized to the maximum of the reflected light
spot in (b).

much wider, which can be attributed to the different incidence
conditions and will be explained later. In Fig. 4, we show the
reflection of an ordinary Gaussian beam near resonance, which
differs significantly from the VB case. Figures 4(b) to 4(d) show
that the Gaussian beam is stretched at first, then a curved M-line
appears corresponding to the resonant angle, and finally the
Goos-Hinchen effect manifests itself as a discernible shift of
the beam peak.

3. Theoretical Model

First, we demonstrate the high angular sensitivity of the UOMs,
which is crucial to sensing the phase pattern of a VB. To clarify
the inner relation among the UOMs, the surface plasmon (SP)
mode, the symmetric (TM,) mode, and the anti-symmetric
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(TM;) mode, the reflection spectra of a prism-coupled SMCW
chip are plotted in Fig. 5. Note that the prism is not necessary for
the coupling of the UOMs, since they can be excited at a small
incidence angle. The prism facilitates the coupling of the SP and
the symmetric modes since they can only be excited under the
attenuated total reflection (ATR) condition. As the thickness of
the guiding layer increases, the TM; and TM; modes degenerate
into the SP mode, while the remaining TE and TM modes
degenerate into the UOMs. For an SMCW chip of millimeter
scale, the total number of the UOMs is in the order of 103,
and the corresponding FWHM of each resonance dip is much
narrower than that of the SP resonance. Consequently, higher
angular resolution can be obtained via the UOMs.

Let us further consider the finesse F of the chip, which is
defined by the ratio of the mode spacing Af to the mode width
wy. From the dispersion relation of UOMs, it is easy to find that
the mode spacing can be approximated as A0 « 1/ sin 26, and
the mode width is

_ 2[Im(ﬂrad)]

kng cos 0

(1)

0

where k is the free space wavenumber, 1, is the refractive index
[16]

of the guiding layer, and the radiative damping is
exp(2ias)

M (Braa) dsin@ -’

)
s, d are the thickness of the coupling and guiding layers, respec-
tively, and «a is the attenuation coefficient of the metal cladding.
Substituting Eqgs. (1) and (2), the finesse of the UOMs can be
written as
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Fig. 5. Reflection spectra of a prism-coupled SMCW chip as a function of film
thickness and incident angle. 6, is the critical angle for total reflection of the
guiding layer.
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~ ngkd 3) When the beam is incident with a nonzero 6, the cross section

exp(2ias) of incidence is also tilted by 6. An example is shown in Fig. 6(b),

where a VB travels along the z axis, and the vector n denotes the

Under weak coupling condition, there is exp(2ias) < 1. For  normal to the chip surface of the SMCW. Apparently, the local

the millimeter thick waveguide, there is kd ~10°. Thus, the  incident angle 6, at a specific point should be defined as the

finesse of the proposed SMCW chip is very high, whilst a typical angle between the normal 7 and the energy flux vector S for
Fabry-Perot cavity only has finesse in the order of 10%. Usingthe ~ each point.

same parameters as we have applied for the numerical simula- For the calculation of the local incident angle 8; in the
tion in Fig. 3, the finesse can be evaluated as 3.804 X 103. The -
high finesse of our resonant chip can also be illustrated by the
extremely narrow dips in the numerical simulation based on pla-
nar incidence in Fig. 3. Consequently, the UOMs can provide

Cartesian coordinates, Eq. (6) can be recast into S « S,e,+
S,e, + S.e;, with

z
high angular resolution to facilitate the phase structure sensing S/S. = % Cos ¢ ——— sin @,
z- + zg kp
of a VB.
Next, we consider a Laguerre-Gaussian beam carrying an S,/S, = sin @ + i cos )
. . . S y/O2 =3 2 ? T ®-
optical vortex with a topological charge I, whose phase @ is given z°+ 2z P
17]
by'

In view of Fig. 6(b), the normal to the chip surface n can be
kp*z defined as (—sin 6,0, cos 8). Finally, we can write down the

®= 2(22 + 23) +lp +kz = @p+ Il + Darctan(z/zp). () 1ocq incident angle 6; as

For the. parametérs, Zp = k.wg / 2is the Rayleigh range, o is thg 0, = arccos cos 0S, —sin esx. )
beam waist, and p is the radial index. The last term in Eq. (4) is /2 4 $ + 82
the Gouy phase. Let us assume that the Poynting vector S is
always perpendicular to the helicoidal phase plane, which Eq. (8) can be applied to calculate the distribution of §; over
follows the titled cross section at different propagation distances z. Note

= 9 o ob that the VB has a spread at the local incident angle 8;, which

Sx—e,+—e,+——e,. (5) explains the wide FWHM observed for VB incidence, as shown
ap pPop 0z o
in Fig. 3.
Inserting Eq. (4) into Eq. (5) and neglecting the Gouy phase,
we have . .

L. Results and Discussion
S Jk % e, + 1 e, + e, (6)  Asmentioned in Section 2, the outer rings in Fig. 2 are formed by
z° + 2 ko random scattering of the natural roughness and the coupling

—~  between UOMs. The inner ring is formed mainly due to the
As shown in Fig. 6(a), it is simple to plot the distribution of S gjrect reflection of the VB. Based on the proposed theory, the
on different cross sections of the beam as the light propagates.  patterns of the inner ring can be simulated by taking the local
Obviously, the conventional incident angle ¢ defined by the  jpcident angle 6, into account, and the results are shown
beam axis cannot represent the actual incident angle at specific Fig. 7.
positions. Thus, when a VB is refracted by an SMCW chip with The similarity between Figs. 2 and 7 is obvious, so the pro-
high angular sensitivity, great care is required. posed model fits well with the experiments. Figure 7 shows
the whole process of how the reflected beam is distorted by a
twisted M-line. The M-line emerges from the central phase sin-
gularities, moves across the beam, and finally disappears into the
singularity again. Since the M-line varies continuously as a func-
tion of the incident angle, the M-line method via UOMs pro-
vides sufficient sensitivity for the phase structure detection of
the light beam carrying OAM.

For large incident angle 6, the density of the UOM:s increases,
which enables the possibility to excite several UOMs simultane-
R ously via a single beam. Thus, more information can be obtained
Fig. 6. (a) Phase structure and related energy flux S distribution (black ~ when more complicated phase structures are detected. An exam-
arrow) in the beam cross sections at different propagation distances.  pleis shown in Fig. 8, where VBs of different charges are incident
(b) The distribution of the energy flux vector (red arrow) at a tilted cross sec-  with a large angle 8 = 30 deg . For both cases of /=1 and [ =2,
tion (blue circle] due to a nonzero incident angle 6. the twisted M-lines in the intensity profiles match well with the
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Fig. 7. Simulated inner ring and the M-line of the reflected VB (/= 1) near a
resonance, where the parameters are the same as those used in Fig. 3. The
beam waist is 0.5 mm, and the propagation distance is z = 50 cm.
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Fig. 8. (a), (d] Intensities and (b), (e) phase structures of the reflected beams
with different topological charge / (c), (f) the phase structures of the incident
beams are also plotted for comparison. The incident angle is 6 = 30 deg, and
the rest parameters are the same as those used in Fig. 7.

phase patterns. Furthermore, since the large topological charge
corresponds to large phase variation, two UOMs (mode a and
mode b) are successfully excited in the case of [ =2, resulting
in two twisted M-lines across the beam. In comparison, the
number of M-lines in the case of =1 is only one. Note that
we should not read too much into the center region of the beam,
where the phase is ill defined at the singularity.

5. Conclusion

In conclusion, we investigate the reflection of a VB by an SMCW
chip. Owing to the high angular resolution of the UOMs, the
phase structure of the reflected beam is well described by the
evolution of twisted M-lines. A very simple model is proposed
based on defining the local incident angle, and the theoretical
prediction matches well with the experiments. This work
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provides an effective approach to the imaging and sensing of
complicated phase structures.
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