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field
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The detection of the longitudinal component of a highly focused electromagnetic beam is not a simple
task. Although in recent years several methods have been reported in the literature, this measure is
still not routinely performed. This paper describes a method that allows us to estimate and visualize
the longitudinal component of the field in a relatively simple way. First, we measure the transverse
components of the focused field in several planes normal to the optical axis. Then, we determine

the complex amplitude of the two transverse field components: the phase is obtained using a phase
recovery algorithm, while the phase difference between the two components is determined from

the Stokes parameters. Finally, the longitudinal component is estimated using the Gauss’s theorem.
Experimental results show an excellent agreement with theoretical predictions.

Highly focused beams with a non-homogeneous distribution of polarization have been studied over the
last years!~!? because of its potential applications in many fields such as microscopy, nonlinear optics and
plasmonics'*!. The input vector field*>? at the entrance pupil of the focusing system should be tailored accord-
ing to the specific requirements of the problem. Very often, a combination of diffractive, interferometric and
holographic techniques is used in order to achieve full control of the complex amplitude and polarization dis-
tributions of the input field. See, for instance?*-4,

Arguably, the most intriguing property of focused beams is the longitudinal component that, under certain
conditions, can gather more energy than the transverse one. As it is well-known, the longitudinal component
cannot be recorded using a conventional imaging system®>*. So far, its direct observation remains a challeng-
ing task. Several techniques for direct measuring of the longitudinal component have been described, but they
typically are complex or specific for the field of application where they have been designed®”-*°. One of the most
promising methods are those based on scanning near-field optical microscopy (SNOM)*-*2, Nevertheless, the
performance and the energy ratio between transverse and longitudinal components collected by SNOM signifi-
cantly depends on the type and quality of SNOM probes**-%. Even though, since the transverse components are
easily accessible, an alternative can be found by estimating the longitudinal component using the Gauss theorem,
provided the complex amplitude and polarization of the transverse field are known®**. Indeed, the amplitude
can be inferred from a conventional camera, while the phase cannot be accessed in a straightforward way. Phase
distribution can be inferred using interferometric techniques**’, but the use of an interferometric setup increases
the complexity of the optical system. In contrast, the well-known Gerchberg-Saxton algorithm provides a way
to retrieve the phase distribution through an iterative Fourier Transform algorithm with imposed constraints. In
the case of free space propagation, these constraints naturally translate into two plane irradiance distributions.
Later on, more general and robust methods were proposed, such as the hybrid input-output algorithm®"->? or
other derivative approaches that can be used when the planes are computationally connected by means of the
Fresnel transfer function®. Furthermore, the relative phase between the two transverse components can be
recovered by means of polarimetric analysis based on the measurement of Stokes images in the observation
planes®. Once the electric field is determined at a given plane, the beam can be propagated to any new location®.
Recently, some authors are considering applications on shaping the longitudinal component for beam design®®
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or in information optics®!. In the present paper we propose a method to estimate the longitudinal components
in the focal region of a highly focused beam based on the information contained on complex amplitudes of the
corresponding transverse part.

This paper is organized as follows: first, we describe the theoretical background for the longitudinal compo-
nent estimation. Thereafter, in "Methods", we describe the adapted algorithm used to retrieve the phase of an
electromagnetic field, and explain the experimental setup. The estimation of the longitudinal component can
be found in "Results and discussion" and finally, our conclusions are summarized in the "Concluding remarks"
section.

Longitudinal and transverse components of an electromagnetic field
The electromagnetic field in free space must satisfy Maxwell’s Equations, specifically, the Gauss’ theorem

V-E(r) =0, (1)

where E(r) is the electric field and r is the position vector. Time dependence is dropped since in this work we
only consider quasi-monochromatic waves. For plane waves, the Gauss’ theorem represents the transverse con-
dition for the electromagnetic field: the polarization direction of the beam is perpendicular to the direction of
propagation. However, non-homogeneous fields can be understood as being composed by a set of plane waves
traveling in different directions. Therefore, the direction of propagation is not perfectly defined, and we cannot
strictly talk about transverse waves.

Without loss of generality, we consider the propagation of electromagnetic waves with respect to a reference
axis, say the z axis. We split the electromagnetic field E(r) in the following way

E@) =EL(r) + E:(v)e,, )

where E| (r) and E, (r) are the transverse and parallel components to the z axis respectively, and e; is the unit
vector in the direction of the z axis. Introducing Eq. (2) into Eq. (1) we obtain the following identity
JdE,(r)

Vi-Ei(r)+
dz

=0, (3)

withV| = e, % +e % and ey, e, €, is a orthogonal triad of unit vectors. If we consider each component of the
electromagnetic field as composed by a superposition of plane waves*’,

E.(r) = / B (kos2)e Td?k, (4a)

472
E.(r) = P / E.(k ;z)e® Td%k (4b)

wherek, = (ky, k) and k; are the transverse and longitudinal wave-vectors, respectively, satisfying k* = k3 + k2

ko =\/k2— k2 if k& <K (5)
ke =i\/k2 — k2 if K3 >k (6)

In the present paper, we only consider the case k, real due to the experiments we are carrying out.
E) (ky; 2), B, (ky; z) are the plane wave spectra of the transverse and longitudinal components, respectively.
Introducing Egs. (4)(a-b) in Eq. (3), we obtain the equality

A ok, (k ;
ikL~EL(kL;z)+%=O. (7)

Now, as we are considering waves propagating through free space, each Cartesian component satisfies its own
Helmbholtz equation,

V2Ei(r) + K*Ei(r) = 0, (8)

where i = x, y, z. Using the decomposition into plane waves of Eq. (4) in the Helmholtz equation (Eq. (8)), we
obtain

32k, ; .
VEKLZ 4 op =0 ©)
022 z
with general solution
Ei(ky;2) = Ei(ky; z = 0y, (10)

Introducing Eq. (10) into Eq. (7) we obtain at once
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ky Ei(ki;z=0)

E(ki;z=0) = .
Z

(11)
Finally, the longitudinal component in real space is just the inverse Fourier Transform of this spectrum, multi-
plied by the complex factor e*+*

1 ki -E (ki;z=0) ikyz ikt 12
EO="1n / Tk i (12)

K% <k?

Therefore, the longitudinal component of the electromagnetic field can be written in terms of just the transverse
component, up to an unimodular complex factor. The shape of the longitudinal component is greatly depend-
ent on the polarization of the transverse component, through the dot product. For example, two fields with the
same complex amplitude, but different polarizations result in two different z components. Equation (12) is the
key concept of this work.

Methods
Phase recovery algorithm. To recover the longitudinal component of an electromagnetic field by means
of Eq. (12), it is necessary to determine the complex amplitudes of the transverse components. However, only
the irradiance of the field can be recorded without the use of specific techniques such as holography. However,
thanks to the mathematical properties of the electromagnetic fields, a variety of methods to recover the phase
by means of irradiance measurements have been developed®®*. Among them, iterative algorithms such as the
Hybrid Input-Output™, might be suitable for the estimation of the longitudinal component.

In order to obtain a fair estimation of the phase of the beam, we record the modulus of the electromagnetic
field at P different planes perpendicular to the z—axis zj (j = 1,..., P),

AF = [Ei(x,y,2)I*. (13)

with i = x, y. Note we should determine the phase associated to each polarization component independently
and thus, the procedure should be repeated twice. Complex amplitudes U; = Aje‘¢i are obtained by means of
the following procedure:

1. Assign an initial phase estimation for the first modulus, U; = A;e'.
Propagate complex amplitude U; to plane z; using a Fresnel propagation. The modulus is discarded, and the
phase is assigned to the experimental measure of the irradiance.

3. Repeat the previous step until we reach the final plane, P '

4. Back-propagate Up to the first plane. This gives us the next estimation for the initial phase ¢!, The error
between the recovered modulus and the experimental one is measured at this step. This process is repeated
until the error measure arrives at the prescribed value and/or the measure stagnates.

This kind of iterative algorithms have two main drawbacks: slow rate of convergence and stagnation at local
minima of the error function® . We address each of these problems separately in the following subsections.

Propagation method and local minima evasion. The propagation of the electromagnetic field is performed using
the angular spectrum of plane waves and the free space transfer function (see Eqs. (4) and (10))>>*". Note that
other propagation methods could be used as long as the size of the window is not modified®>*%. The relationship
between two planes separated a distance z is

1 N o
Ux,y,z) = yoe) // U(kx>ky; O)elkzlel(kxx+kyy)dkxdky

K2 <k?

(14)

where U(ky, ky; 0) is the spectrum at the first plane.

Recorded moduli might contain a certain amount of noise. This means that the calculated spectra from the
experimental recordings have non-zero high frequency components. Moreover, most of the recorded amplitudes
have values near to the lower end of the dynamic range of the sensor. These two effects combined can produce
the iterative algorithm to prioritize the fitting of noise instead of the actual beam values.

To avoid this effect, we limit the extent of the field spectra. The limiting frequency is estimated by consider-
ing the Fourier transforms of the recorded irradiance AJ2 distributions. Because the maximum frequency extent
of the irradiance is twice the cutoff frequency of the complex amplitude, in our calculation we set the radius
of the support region by considering the frequency for which the Fourier Transform of the irradiance falls to a
value close to zero.

Acceleration of the convergence speed. Iterative algorithms, although robust, display slow rates of convergence.
To overcome this limitation, we use the ad hoc acceleration procedure developed by Biggs and Andrews®. This
algorithm is independent of the exact shape of the phase recovery method and can be used with any iterative
method.

The acceleration algorithm is implemented as follows. We define the following parameters
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Figure 1. Experimental setup. L, LP, QWP, TN-LCD, SE MO and CCD stand for lens, linear polarizer, quarter
wave plate, Twisted nematic liquid crystal display, spatial filter, microscope objective and charge-coupled device,
respectively.

X = el% (15a)
hie = X — Xk—1 (15b)
Yk = X+ Oy (15¢)
Xi+1 = Yk + 8k (15d)
8k = W(yk) — vk (15¢)

where xj is the estimation for the initial phase at the kth iteration, h is the difference between the current phase
and the previous one, y is the estimation for the next value of the phase at the kth iteration, and o is the kth
iteration acceleration parameter, explained below.

The next value of the phase xx 1 is determined using gi, a parameter defined as the difference between v (y)
and yi; ¥ (-) represents a single iteration of the phase recovering algorithm. Note we work with complex expo-
nentials to ensure a robust convergence: the phase has a branching point at 27 which would create meaningless
gradients or oscillations around this point.

The definition of the acceleration parameter is®

(16)

*
ar =R [nglgkz }

D882

where the summation is taken over all values of the elements of gx and * denotes complex conjugate. We have
introduced the symbol R, which discards the possible imaginary part, as we are working with complex valued
functions. For consistency and to ensure convergence, the acceleration parameter is forced to reside inside the
interval 0 < ax < 1. At each iteration, we start with the current estimation of the phase ¢;. Then, we compute
the acceleration parameter and gradient to predict the closest possible phase to the next iteration, yk. To this
estimation, we apply our algorithm, ¥ (yx), to obtain the next point phase estimation, ¢y .

Experimental implementation. The experimental system used in this work is divided in two parts. First,
a beam generator able to produce highly focused fields with arbitrary irradiance and phase distribution (Fig. 1,
left blue box). Second, a beam analyzer used to retrieve the transverse Stokes images of the produced beam
(Fig. 1, right blue box).

A collimated beam is obtained after lens L; placed at a distance equal to focal length from the fiber end of
a pig-tailed laser (Thorlabs LP520-SF15@ 520 nm). The beam is modulated with a translucent twisted-nematic
liquid crystal display (Holoeye HEO 0017), with a pixel pitch of 32pum. Linear polarizers LP; and LP; and quarter
wave plate QWP; are set to achieve a phase-mostly modulation response® able to produce computer generated
holograms according to the Arrizon’s Double-Pixel Hologram approach®. In order to produce radially polarized
beams, we set a vortex retarder VR after polarizer LP,. This element might be replaced with a QWP or simply
removed to generate circularly or linearly polarized beams. Lens L, and L3 form a telecentric (4f) system. A spatial
filter is placed at the back focal plane of L. This element is required to remove high orders of the diffracted beam
produced by the encoded hologram. An extended description on the use of the spatial filter in combination with
Arrizon’s holograms can be found in'>%. The use and generation of holograms with this method in the context
of high NA optical systems, as well as the intrinsic limitations due to the sampling of the modulation points, can
be found in*. Then, microscope objective MO; (Nikon Plan Fluorite N40X-PF with NA= 0.75) is used to focus
the tailored beam and produce a highly focused beam.

The generated beam is imaged on a CCD camera (Stingray with a 14 bit depth and a pixel pitch of 3.75 um)
by means of microscope objective MO, (Nikon with NA = 0.8) mounted on a movable stage, which is driven by
a motorized device (Newport LTA-HL) with a uni-directional repeatability of 100 nm. Note that MO, should
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have a larger NA than the MO; in order to be able to collect all the beam. In this way, a set of observation planes
separated by 2 jum are recorded. The magnification (M) and resolution of the beam analyzer part (Fig. 1, right
blue box) is measured by imaging a 1951 USAF resolution test placed in front of MO, resulting in M=50x and
a spatial sampling of 75 nm.

As described in “Longitudinal and transverse components of an electromagnetic field” and “Methods” sec-
tions, the longitudinal component of the electric field can be inferred from the two complex amplitudes of the
transverse electric field, E; = (Ex, Ey) [see Eq. (12)]. This means that the phase recovery algorithm should be
independently used for the set of recorded irradiances |Ey|> and |Ey |2 and thus, phases ¢, and ¢y can be obtained.
Note that analyzers are placed in a zone where the beam can be considered under paraxial conditions. Therefore,
LP; acts as a projector®® and can be used to select the proper direction of polarization of E| ; the use of quarter
wave plate QWP; is explained in the next paragraph.

Note that there is an arbitrary constant phase factor for each component that has no effect on the propagation
of each amplitude alone, i.e. the relative phase delay between the two transverse components is arbitrary. How-
ever, since this relative phase is relevant for the longitudinal component estimation, we experimentally retrieve it
by recording the corresponding Stokes images. A set of six polarimetric images is taken for each observation plane
using quarter wave plate QWP, and linear polarizer LP3 in front of the camera plane. Denoting by 8, 6 the phase
delay introduced by the quarter wave plate and the rotation of the polarizer axis respectively, the Stokes meas-
urements Iy gare: oo ; Tooo 5 loas; lo,135 5 Ix/245 5 Ir/2,135. Finally, the relative phase delay § is evaluated by

S L —1I
tans = 23 = Im/2135 = Injoas

= s 17
\Y) Toas — Io,135 (17

whereas the amplitudes |Ey|and |E, | are

|Ex| = \/Top and |Ey| = \/Tog0 (18)

Results and discussion
Two different beams have been generated to estimate their corresponding longitudinal component. The first one
is a radially polarized beam with a vortex phase :

2
Ei(p) = [cos ¢, sinp]T p ei®e PNa circ —L— ), (19)
fNA.

where p = (x,,0), ¢ is the azimuth coordinate, and f = 5 mm is the focal length of MO1. NA. is the effective
pupil size of the beam which is determined according to the present size of the beam. The second one is a linearly
polarized (1,1)-Hermite—Gauss beam:

o) (5
FNA, fNA.
The exact size of the beam at the EP of objective lens MO is difficult to assess. Note that the aperture of each
optical element limits the size of the beam as it propagates and the shape of the beam is modified by means of
the computer generated hologram displayed on the liquid crystal display. Moreover, the EP of the objective is
not physically accessible nor measurable. As the spectra of each component is limited by the physical size of the
EP of the microscope, all generated beams are band limited. Then, as the Fourier Transform of the intensity can
be demonstrated to contain up to twice the frequency content of the amplitude, we use its size to determine the
effective pupil size that each beam uses. This calculation gives us NA, = 0.406 and NA, = 0.379 for the radially
polarized vortex and the Hermite—Gauss beams respectively. We have NA= 0.75 for MO, for reference, meaning
that the beams do not completely fill the EP of the objective. The recorded transverse irradiance distributions
of these beams after propagation through the optical system, using the electromagnetic propagation theory of
Richards and Wolf”/, is presented in Fig. 2.

Figure 3 shows the Stokes parameters for two experimentally measured planes (first and second rows) for the
radially polarized vortex beam case. The distance between these two planes is 2 wm. Smaller distances proved
to converge to a spherical wave independently on the shape of the beam. Note that the position z is close to the
focal plane, but cannot be easily set due to the difficulty to determine the focal plane with enough precision.
We will numerically estimate its position as the plane where the energy of the beam is tightly concentrated. We
observe that the polarization state of the beam is a complex combination of radial and circular polarizations
distributed along the width of the beam. Moreover, we note that the exact polarization state of the beam changes
as it propagates, specially near the center of the beam. This can be attributed to the spiral phase of the beam,
which curls and uncurls while changing the phase difference between components.

Figure 4 (first and second rows) shows beam amplitudes /Tpo and +/Tp,g¢ at planes zpand zp + 2 pm . Using
the phase retrieval algorithm (“Phase recovery algorithm” section), we obtained the corresponding phases ¢,
and ¢,. However, due to recovering each phase separately, the origin of phases for both ¢, and ¢, might be dif-
ferent. We have determined this constant random phase difference §y at the maximum of irradiance of the beam
max (Io,o + Io,go) to be the one given by the Stokes parameters (Fig. 3), 8o = arctan S3/S,. With this information,
the beam is propagated up to he focal plane. It can be observed that the focal plane is also the position where the
phase has its simplest form, as a series of concentric ramification points. We must also remark that the phase
difference in the focal plane is ¢, — ¢, = 0.062 rad, in contrast with its theoretical value, ¢, — ¢, = 7/2 rad.

T 2
Ei(p) = e [2NA;2 circ( P ) (20)

FNA.
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Figure 2. Modulus of the Fourier Transform of the intensity for a the radially polarized vortex beam and b

the Hermite Gauss beam in logarithmic scale. The green circle indicates the theoretical maximum frequency
allowed by the EP of the microscope objective.
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Figure 3. Stokes parameters for the radially polarized vortex beam measured at two planes perpendicular to the
optical axis. The distance among these two planes is 2 pum.

This discrepancy may be due to some optical component introducing an uncontrolled phase difference between
components. To compensate for this experimantally observed discrepancy, we include the phase difference
between theory and experiment into the simulations of the beam in Eq. (19).

As the Hermite-Gaussian beam is linearly polarized, calculation of the Stokes parameters is unnecessary, and
the amplitude is readily obtained from the irradiance. Figure 5 shows the x and y amplitudes of the experimentally
measured beam and the synthetically refocused at the focal plane. The x component, although present, is very
weak in comparison with the y component and does not affect the shape of the total irradiance. Its presence can
be attributed to a failure of the analyzer to completely absorb the strong y component.

Longitudinal component estimation. Provided that the complex amplitude of the transverse vector
E| (ki ; z = 0) is known, Eq. (12) can be used to estimate the longitudinal component E; (k| ; z = 0). Figure 6
summarizes the longitudinal component outcomes for the two beams considered. We observe a remarkable
agreement between theoretical and experimentally estimated distributions: both show a similar size and shape.

As previously discussed, our beam does not strictly fulfill Eq. (19) due to an unforeseen phase difference intro-
duced by some optical element in the experimental setup. This results in Fig. 6a, b, where two protruding lobes
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Figure 4. Vortex beam: Amplitudes and phases of the two experimentally observed planes (first two rows) and
the synthetically refocused focal plane (bottom row).
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Figure 5. Hermite-Gauss beam: Amplitudes and phases of the two experimentally observed planes (first two
rows) and the synthetically refocused focal plane (bottom row).
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Figure 6. Estimation and theoretical irradiances at the focal plane of the microscope objective: (a—c) vortex
beam: (a, b) 2D irradiance distribution; (c) profile of the irradiance across the diagonal depicted in red. The
blue solid line and the orange dots corresponds to the theoretical and experimental values respectively. (d-g)
Hermite-Gauss beam: (d, e) 2D irradiance distribution; (f, g) irradiance profiles across the horizontal and
vertical lines superimposed on the experimental image. As in the previous case, orange points represent values
obtained from experimental measures whereas the blue line has been obtained from theoretical calculations.

at 45 degrees can be observed. Figure 6¢ shows the intensity across the diagonal depicted in red, demonstrating a
good agreement between experiment and theory. The experimental distribution is somewhat wider, has stronger
secondary maxima and is slightly asymmetric with respect to the diagonal. These effects can be attributed to the
imperfections in the hologram at the EP of the optical system, mainly due to the double pixel encoding technique
used. Since the Hermite—Gauss beam is linearly polarized [Fig. 6d-g], there is no need to carry out the Stokes
analysis as in the previous case. For this reason, it is noticeable an excellent agreement between theoretical and
experimental results. Their size, principal maxima and secondary maxima coincide and are almost equal. Some
dissimilarities can be observed in the irradiance in the xy plane, Fig. 6f, as the experimental beam is not perfectly
symmetrical with respect to the y = 0 (red) line. The profiles shown in Fig. 6g are also very similar as well. As
in the case of the vortex beam, discrepancies can be explained mainly due to the double pixel encoding used in
the generation of the hologram. We do not have access to a continuous set of modulation points, but a limited
number of them, as we discussed in**%’”. Moreover, they are not uniformly distributed in the unit circle, which
might cause a non-uniform error distribution across the modulation points'>*,

Concluding remarks

In this work we have described a method to visualize the longitudinal component of a highly focused beam.
The method is based on the characterization of the complex amplitude of the two transverse components of the
focused beam in various planes: whereas the irradiance is recorded by means of a camera, the phase is estimated
using phase recovery techniques. We realized it is also required to consider the relative phase between the two
transverse components. This extra measurement can be carried out by determining the Stokes parameters of
the beam. Finally, this information allows us to estimate the longitudinal component with the help of the Gauss
theorem. The results obtained in the two cases analyzed show an excellent agreement between theory and
experiments.

Received: 7 June 2021; Accepted: 18 August 2021
Published online: 09 September 2021

References
1. Zhan, Q. & Leger, J. R. Focus shaping using cylindrical vector beams. Opt. Express 10, 324-331 (2002).
2. Dorn, R., Quabis, S. & Leuchs, G. Sharper focus for a radially polarized light beam. Phys. Rev. Lett. 91, 233901 (2003).
3. Davidson, N. & Bokor, N. High-numerical-aperture focusing of radially polarized doughnut beams with a parabolic mirror and
a flat diffractive lens. Opt. Lett. 29, 1318-1320 (2004).

Scientific Reports |

(2021) 11:17992 |

https://doi.org/10.1038/s41598-021-97164-z nature portfolio



www.nature.com/scientificreports/

10.

11.
. Maluenda, D., Martinez-Herrero, R., Juvells, I. & Carnicer, A. Synthesis of highly focused fields with circular polarization at any

13.

14.
. Oron, D, Tal, E. & Silberberg, Y. Depth-resolved multiphoton polarization microscopy by third-harmonic generation. Opt. Lett.

16.
17.

18.
19.
20.
21.
22.
23.

. Maurer, C,, Jesacher, A., Fiirhapter, S., Bernet, S. & Ritsch-Marte, M. Tailoring of arbitrary optical vector beams. New J. Phys. 9,

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.
39.

40.
41.
42.
43.
44.
45.
46.
47.

48.

. Leutenegger, M., Rao, R., Leitgeb, R. A. & Lasser, T. Fast focus field calculations. Optics Exp. 14, 11277-11291 (2006).
. Kozawa, Y. & Sato, S. Sharper focal spot formed by higher-order radially polarized laser beams. J. Opt. Soc. Am. A 24,1793-1798

(2007).

. Wang, H., Shi, L., Lukyanchuk, B., Sheppard, C. & Chong, C. T. Creation of a needle of longitudinally polarized light in vacuum

using binary optics. Nat. Photonics 2, 501-505 (2008).

. Lerman, G. M. & Levy, U. Effect of radial polarization and apodization on spot size under tight focusing conditions. Opt. Express

16, 4567-4581 (2008).

. Hao, X,, Kuang, C., Wang, T. & Liu, X. Phase encoding for sharper focus of the azimuthally polarized beam. Opt. Lett. 35, 3928-3930

(2010).

. Khonina, S. N. & Volotovsky, S. G. Controlling the contribution of the electric field components to the focus of a high-aperture

lens using binary phase structures. J. Opt. Soc. Am. A 27, 2188-2197 (2010).

Kenny, E, Lara, D., Rodriguez-Herrera, O. & Dainty, C. Complete polarization and phase control for focus-shaping in high-na
microscopy. Opt. Express 20, 14015-14029 (2012).

Yang, L., Xie, X., Wang, S. & Zhou, J. Minimized spot of annular radially polarized focusing beam. Opt. Lett. 38, 1331-1333 (2013).

transverse plane. Opt. Express 22, 6859-6867 (2014).

Brakenhoff, G., Blom, P. & Barends, P. Confocal scanning light microscopy with high aperture immersion lenses. J. Microsc. 117,
219-232 (1979).

Biss, D. & Brown, T. Polarization-vortex-driven second-harmonic generation. Opt. Lett. 28, 923-925 (2003).

28, 2315-2317 (2003).

Sheppard, C. J. & Choudhury, A. Annular pupils, radial polarization, and superresolution. Appl. Opt. 43, 4322-4327 (2004).
Serrels, K., Ramsay, E., Warburton, R. & Reid, D. Nanoscale optical microscopy in the vectorial focusing regime. Nat. Photonics
2,311-314 (2008).

Gorodetski, Y., Niv, A., Kleiner, V. & Hasman, E. Observation of the spin-based plasmonic effect in nanoscale structures. Phys.
Rev. Lett. 101, 043903 (2008).

Masihzadeh, O., Schlup, P. & Bartels, R. A. Enhanced spatial resolution in third-harmonic microscopy through polarization
switching. Opt. Lett. 34, 1240-1242 (2009).

Vuong, L., Adam, A., Brok, J., Planken, P. & Urbach, H. Electromagnetic spin-orbit interactions via scattering of subwavelength
apertures. Phys. Rev. Lett. 104, 083903 (2010).

Carnicer, A., Juvells, I, Javidi, B. & Martinez-Herrero, R. Optical encryption in the longitudinal domain of focused fields. Opt.
Express 24, 6793-6801 (2016).

Zhan, Q. Properties of circularly polarized vortex beams. Opt. Lett. 31, 867-869 (2006).

Zhan, Q. Cylindrical vector beams: From mathematical concepts to applications. Adv. Opt. Photonics 1, 1-57 (2009).

78 (2007).

Wang, H.-T. et al. A new type of vector fields with hybrid states of polarization. Opt. Express 18, 10786-10795 (2010).

Wang, X.-L., Ding, J., Ni, W.-]., Guo, C.-S. & Wang, H.-T. Generation of arbitrary vector beams with a spatial light modulator and
a common path interferometric arrangement. Opt. Lett. 32, 3549-3551 (2007).

Moreno, I, Ilemmi, C., Campos, J. & Yzuel, M. J. Jones matrix treatment for optical fourier processors with structured polarization.
Opt. Express 19, 4583-4594 (2011).

Maluenda, D., Juvells, I., Martinez-Herrero, R. & Carnicer, A. Reconfigurable beams with arbitrary polarization and shape distri-
butions at a given plane. Opt. Express 21, 5432-5439 (2013).

Waller, E. H. & von Freymann, G. Independent spatial intensity, phase and polarization distributions. Opt. Express 21, 28167-28174
(2013).

Han, W, Yang, Y., Cheng, W. & Zhan, Q. Vectorial optical field generator for the creation of arbitrarily complex fields. Opt. Express
21, 20692-20706 (2013).

Martinez-Herrero, R., Juvells, I. & Carnicer, A. On the physical realizability of highly focused electromagnetic field distributions.
Opt. Lett. 38, 2065-2067 (2013).

Guo, C.-S., Rong, Z.-Y. & Wang, S.-Z. Double-channel vector spatial light modulator for generation of arbitrary complex vector
beams. Opt. Lett. 39, 386-389 (2014).

Rong, Z.-Y., Han, Y.-]., Wang, S.-Z. & Guo, C.-S. Generation of arbitrary vector beams with cascaded liquid crystal spatial light
modulators. Opt. Express 22, 1636-1644 (2014).

Martinez-Herrero, R., Maluenda, D., Juvells, I. & Carnicer, A. Synthesis of light needles with tunable length and nearly constant
irradiance. Sci. Rep. 8, 2657 (2018).

Grosjean, T. & Courjon, D. Polarization filtering induced by imaging systems: Effect on image structure. Phys. Rev. E 67, 046611
(2003).

Novotny, L. & Hecht, B. Principles of Nano-Optics (Cambridge University Press, 2012).

Novotny, L., Beversluis, M., Youngworth, K. & Brown, T. Longitudinal field modes probed by single molecules. Phys. Rev. Lett. 86,
5251 (2001).

Bouhelier, A., Beversluis, M. R. & Novotny, L. Near-field scattering of longitudinal fields. Appl. Phys. Lett. 82, 4596-4598 (2003).
Kitamura, K., Sakai, K. & Noda, S. Sub-wavelength focal spot with long depth of focus generated by radially polarized, narrow-
width annular beam. Opt. Express 18, 4518-4525 (2010).

Jia, B., Gan, X. & Gu, M. Direct observation of a pure focused evanescent field of a high numerical aperture objective lens by
scanning near-field optical microscopy. Appl. Phys. Lett. 86, 131110 (2005).

Wang, J., Wang, Q. & Zhang, M. Development and prospect of near-field optical measurements and characterizations. Front.
Optoelectron. 5,171-181 (2012).

Khonina, S. N. et al. Experimental demonstration of the generation of the longitudinal e-field component on the optical axis with
high-numerical-aperture binary axicons illuminated by linearly and circularly polarized beams. J. Opt. 15, 085704 (2013).
Alferov, S., Khonina, S. & Karpeev, S. Study of polarization properties of fiber-optics probes with use of a binary phase plate. JOSA
A 31, 802-807 (2014).

Kotlyar, V. V., Stafeev, S. S., Liu, Y., O’Faolain, L. & Kovalev, A. A. Analysis of the shape of a subwavelength focal spot for the linearly
polarized light. Appl. Opt. 52, 330-339 (2013).

Chen, W. & Zhan, Q. Realization of an evanescent bessel beam via surface plasmon interference excited by a radially polarized
beam. Opt. Lett. 34, 722-724 (2009).

Khonina, S., Alferov, S. & Karpeev, S. Strengthening the longitudinal component of the sharply focused electric field by means of
higher-order laser beams. Opt. Lett. 38, 3223-3226 (2013).

Carnicer, A., Juvells, I., Maluenda, D., Martinez-Herrero, R. & Mejias, P. M. On the longitudinal component of paraxial fields. Eur.
J. Phys. 33,1235 (2012).

Khonina, S. N., Ustinov, A. V. & Porfirev, A. P. Vector lissajous laser beams. Opt. Lett. 45, 4112-4115 (2020).

Scientific Reports |

(2021) 11:17992 | https://doi.org/10.1038/s41598-021-97164-z nature portfolio



www.nature.com/scientificreports/

49. Paul, S. et al. Wavelength-selective orbital-angular-momentum beam generation using mems tunable fabry-perot filter. Opt. Lett.
41, 3249-3252 (2016).

50. Fienup, J. R. Reconstruction of an object from the modulus of its fourier transform. Opt. Lett. 3, 27-29. https://doi.org/10.1364/
OL.3.000027 (1978).

51. Bauschke, H. H., Combettes, P. L. & Luke, D. R. Phase retrieval, error reduction algorithm, and fienup variants: A view from convex
optimization. J. Opt. Soc. Am. A 19, 1334-1345. https://doi.org/10.1364/JOSAA.19.001334 (2002).

52. Yang, G.-Z., Dong, B.-Z., Gu, B.-Y., Zhuang, J.-Y. & Ersoy, O. K. Gerchberg-Saxton and Yang-Gu algorithms for phase retrieval
in a nonunitary transform system: A comparison. Appl. Opt. 33, 209-218. https://doi.org/10.1364/A0.33.000209 (1994).

53. Hwang, H.-E., Chang, H. T. & Lie, W.-N. Fast double-phase retrieval in fresnel domain using modified Gerchberg-Saxton algorithm
for lensless optical security systems. Opt. Express 17, 13700-13710. https://doi.org/10.1364/OE.17.013700 (2009).

54. Born, M. & Wolf, E. Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light (Cambridge
University Press, 1999).

55. Goodman, J. W. Introduction to Fourier Optics (Roberts and Company Publishers, 2005).

56. Maucher, E, Skupin, S., Gardiner, S. & Hughes, I. Creating complex optical longitudinal polarization structures. Phys. Rev. Lett.
120, 163903 (2018).

57. Richards, B. & Wolf, E. Electromagnetic diffraction in optical systems. ii. structure of the image field in an aplanatic system. Proc.
Math. Phys. Eng. Sci. 253, 358-379 (1959).

58. Gerchberg, R. W. & Saxton, W. O. Practical algorithm for determination of phase from image and diffraction plane pictures. Optik
35,237 (1972).

59. Fienup, J. R. Phase retrieval algorithms: A comparison. Appl. Opt. 21, 2758-2769 (1982).

60. Fienup, J. & Wackerman, C. Phase-retrieval stagnation problems and solutions. J. Opt. Soc. Am. A 3,1897-1907 (1986).

61. Veerman, J. A., Rusch, J. J. & Urbach, H. P. Calculation of the rayleigh-sommerfeld diffraction integral by exact integration of the
fast oscillating factor. JOSA A 22, 636-646 (2005).

62. Nascov, V. & Logofitu, P. C. Fast computation algorithm for the Rayleigh-Sommerfeld diffraction formula using a type of scaled
convolution. Appl. Opt. 48, 4310-4319 (2009).

63. Biggs, D. S. C. & Andrews, M. Acceleration of iterative image restoration algorithms. Appl. Opt. 36, 1766-1775. https://doi.org/
10.1364/A0.36.001766 (1997).

64. Martin-Badosa, E., Carnicer, A., Juvells, I. & Vallmitjana, S. Complex modulation characterization of liquid crystal devices by
interferometric data correlation. Meas. Sci. Technol. 8, 764 (1997).

65. Arrizén, V. Complex modulation with a twisted-nematic liquid-crystal spatial light modulator: Double-pixel approach. Opt. Lett.
28, 1359-1361 (2003).

66. Martinez-Herrero, R., Maluenda, D., Juvells, I. & Carnicer, A. Polarisers in the focal domain: Theoretical model and experimental
validation. Sci. Rep. 7, 1-8 (2017).

67. Maluenda, D., Juvells, I., Martinez-Herrero, R. & Carnicer, A. Modeling axial irradiance distortion in holographic optical needles
produced with high numerical aperture lenses. OSA Contin. 2, 1539-1547 (2019).

Author contributions
K.A.,D.M.,, and M.A. have been contributed equally to the work. A.C. and R.M.-H. jointly supervised the results.

Funding
Agencia Estatal de Investigacion (PID2019-104268GB-C22 / AEI/ 10.13039/501100011033, PID2019-104268GB-
C21/ AEI/10.13039/501100011033).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.C.

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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:17992 | https://doi.org/10.1038/s41598-021-97164-z nature portfolio


https://doi.org/10.1364/OL.3.000027
https://doi.org/10.1364/OL.3.000027
https://doi.org/10.1364/JOSAA.19.001334
https://doi.org/10.1364/AO.33.000209
https://doi.org/10.1364/OE.17.013700
https://doi.org/10.1364/AO.36.001766
https://doi.org/10.1364/AO.36.001766
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experimental estimation of the longitudinal component of a highly focused electromagnetic field
	Longitudinal and transverse components of an electromagnetic field
	Methods
	Phase recovery algorithm. 
	Propagation method and local minima evasion. 
	Acceleration of the convergence speed. 

	Experimental implementation. 

	Results and discussion
	Longitudinal component estimation. 

	Concluding remarks
	References


