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Abstract—This review offers the reader some of the achievements of modern optical metrology. Over
the past decades, it has become possible to make a leap in the basic approaches of metrology from the
nano to the femto, approaching the pico level of measurements. Control of nano (micro) particle
motion by an optical field and their use for testing complex optical fields; ultra-precise determination
of the optical parameters of both solid and liquid and gas-like substances by optical methods; the tiny
metrology of the phase shift of orthogonally polarized beams and the determination of their degree of
mutual coherence, by interference methods and many other, are proposed for consideration in this
paper. Optical metrology, which is provided by three-dimensional polarization distributions of optical
fields, where structured light plays a special role; by using femtosecond lasers, and much more,
demonstrates the prospects of optical methods in modern measuring systems.
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INTRODUCTION

Metrology is a field of scientific and technical research that has absorbed optical engineering and pre-
cision measurements, directions that intensively develop.

This is proclaimed by the world achievements in the creation of femtosecond lasers (John L. Hall and
Theodor W. Hansch “for their contributions to the development of laser-based precision spectroscopy,
including the optical frequency comb technique”, Nobel Prize in Physics 2005), the making and success-
ful operation of an optical fluorescence microscope with a record resolution of 10 nanometers (Eric
Betzig, Stefan W. Hell and William E. Moerner “for the development of super-resolved fluorescence
microscopy”, Nobel Prize in Chemistry 2014) [1], and the intensive research in the development and use
of optical tweezers, manipulators, molecular motors, etc. (Arthur Ashkin “for the optical tweezers and
their application to biological systems”, Nobel Prize in Physics 2018).

Using the capabilities of optical observation, diagnostics, and metrology, which are opening up thanks
to the evolution of modern methods for the formation of various features of structured light [2], it has
become possible in a practically revolutionary way to reach the verge of a picometer level resolution of
measurements.

With this resolution, to some extent, the advantages of the visible range of the spectrum are retained,
i.e. the ability to visually observe the studied objects, scenes, events, scenarios, using the capabilities pro-
vided by CCD cameras that work in the IR and UV ranges.

Already today, ways of implementing metrology of optical field parameters in three-dimensional space
[3—5] with nanometer resolution have been outlined. The relevance and importance of such measure-
ments is formed in the case of study of transformations of polarized light and the possibility of implement-
ing an ultra-high resolution in the optical range.

In general, the history of the development of this problem is as follows: The classical theory of optical
phenomena, proven over the years, even for centuries, made it possible to describe, explain, predict, cre-
ate well-known diverse optical systems that brilliantly proved themselves in practice and in today life.
However, the current state of physics and life sciences, in general, require expanding the capabilities of
optical systems by moving from the systems of the so-called millimeter-micrometer range to devices and
instruments operating in the nano-, pico-, femto-level ranges.
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Moreover, the preservation of the benefits of visual observation and control is a priority task here.

The implementation of such tasks is impossible without finding and discovering new technical and
technological solutions, the creation of hybrid metrological systems that can simultaneously work in dif-
ferent spectral ranges, in particular in IR and UV areas, using different parameters of the optical radiation
field for diagnostics, and evidently their interconnection.

A review of the state of research at this level is based on a platform that has been formed in a number
of directions by the authors of this paper.

So, the goal of this paper is to analyze the possibilities of performing precision measurements in the
picometer range, based largely on the results of own research by the authors and on the analysis of the state
of the problem as a whole.

1. MEASUREMENT OF PHASE SHIFT BETWEEN ORTHOGONALLY POLARIZED BEAMS
AT TOTAL INTERNAL REFLECTION (TIR)

We would like to start this paper by considering the problem of high-precision interference measure-
ments of phase shift between orthogonally linearly polarized beams with Total Internal Reflection (TIR)
at the interface between two dielectric surfaces.

As is known, in the case of TIR, linearly (circularly, elliptically) polarized beams, acquire some lateral
(spatial—longitudinal (transverse)) displacement, that cannot be described within the framework of the
geometric optics laws approximation [6, 7]. Such lateral spatial shifts can occur either in the plane of inci-
dence, or in the direction perpendicular to this plane. Spatial lateral displacements are accompanied
respectively by angular displacements of the reflected beam in the case of partial reflection and transmis-
sion. Depending on the direction of displacement, one speaks about the Goos—Henchen (GH) or
Imbert—Fedorov effect (IF) [6—10]. Estimation of possible shifts is becoming increasingly actual with the
development of nanooptics, the tasks of metrology and control of the optical surfaces homogeneity, as well
as for evaluation of the refractive index of prism elements.

These effects, in principle, can be interpreted as the result of interference of plane waves components
(with altered amplitudes and/or phases, as a result of interaction) in the reflected beam. In fact, the phys-
ical nature of these shifts is completely different. The IF shift (also called the Spin Hall (SH) light shift
[6, 7, 9]) occurs due to the evolution of the geometric phase and the resulting spin-orbit interaction of
light. The GH shift is connected with the angular gradient of the amplitude complex reflection/refraction

coefficients (F,,) [6, 7, 9].

Let us consider the simplest case of linearly polarized beams with p- (£ ,) and s- (ES) polarizations

(Figs. 1a, 1b). The spatial shift of these beams (Sh, and Sk, Sh, > Sh;) during reflection occurs due to the
different phase change of the polarization components of the incident under their reflection at the inter-
face between the two diclectrics. When considering the propagation process of such beams, the central

component of the incident beam with the vector IZC is indicated, and the lateral components of the beam
with the vectors E,, the propagation direction of which differs from Ec. The change of the position of the

central k, and lateral components of the beam k, under reflection in the incident plane is realized in this
case. The displacement of the reflected beam in this plane is demonstrated in Fig. 1.

In a general situation, lateral components of the incident beam, propagating at the interface of two
media, that are characterized by a certain spatial shift with respect to the plane of incidence [6, 7] deter-
mine that

1. the incident beam acquires insignificant ellipticity,
2. spatial deviations of the vectors E, of the lateral beams within the plane of incidence lead to a change
in the angle of incidence of the beam at the interface of the two media,

3. the deviation of the lateral beams in the perpendicular direction will determine a slight turn of the
incident plane itself with respect to the normal at the interface.

The lateral (longitudinal) spatial displacements of the incidence beam, which occur in the incident
plane (Sh, and Sh;), are associated with the change of the angle of incidence, and determine the Goos-
Hanchen effect, which can be detected under the condition of the absence of a transmitted beam. At the
same time, when the Fresnel amplitude coefficients of the reflected beam F,; = exp (i, ) acquire com-
plexities in the case of TIR, the phase shift & 5.5 18 real-valued.
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Fig. 1. Reflection of linearly polarized beams with p- (£ p ) and s- (E ) polarizations at two dielectrics interface. Here

Ec (E,) determines the position of the central (lateral) components of the beams (before reflection and after reflection

without shift), Ec (E}) determines the direction of propagation of the central (lateral) components after reflection with the
shift of the beams in the incident plane. Sk, and Sk, are the corresponding shifts.

1

2
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Fig. 2. Experimental setup: (1) single-mode He-Ne laser 1 with wavelength A = 0.6328 um and power P = 50 mW,
(2, 9) quarter-wave plates; (3, 15) polarizers; (4, 14) microobjectives; (5) pinhole; (6, 13) objectives; (7) half-wave plate;
(8) phase compensator; (10) diaphragm; (11) goniometer table; (12) prism; (16) CCD-camera.

The purpose of this part of the paper is to illustrate the metrology of the phase shifts of the beams in
the plane of incidence under the TIR at the prism-air interface. The possibility of estimating the phase
shift for s- and p-polarized beams is investigated. It is expected that since the magnitude of the shift is dif-
ferent for differently polarized beams, the diagnosis of such a shift can be carried out by measuring the
relative phase shift between the beams with s- and p-polarizations.

It is proposed to use the interference method in a similar scheme to the classical Young scheme, to
measure the phase shift between orthogonally linearly polarized beams at TIR (Fig. 2).

The source of optical radiation was a single-mode He-Ne laser 1 with wavelength A = 0.6328 um and
power P = 50 mW. The quarter-wave plate (2) and linear polarizer 3 made it possible to form a linearly
polarized beam with the required azimuth of polarization. High quality micro objective (4) (3¥), pinhole
(5) (30 microns) and objective (6) (f= 63 cm) of the telescopic system, allow us to form a plane wave with
wavefront irregularities smaller than A/20. The plane wave is directed to diaphragm (10), which consists
of three identical slits, located at exactly the same distances from each other. The slits were oriented hor-
izontally (10a, Fig. 2) or vertically (10b, Fig. 2) due to the rotation of diaphragm (10) by 90°. Depending
on the orientation of the diaphragm, the slits will be oriented either perpendicular to the plane of inci-
dence of the beams or coincide with the plane of incidence. The image of the slits in the lens focus (13)
will define the plane of interference. Diffraction by slits causes a change in the direction of propagation of
the lateral components of the beam, i.e., the diffraction angle, and hence the angle of incidence at the
interface. Accordingly, the value of the phase shift will be determined under the TIR at the incident plane.
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Half-wave plate (7) is used to convert the polarization of the central beam into the polarization that is
orthogonal to the polarization of the lateral linearly polarized beams.

Let the linearly polarized beams that propagate from the lateral slits be characterized by s-polarization.
Then, the central beam will be characterized by p-polarization. For vertically oriented slits, the orientation
of which coincides with the plane of incidence, a phase shift of p- and lateral s-polarized beams take place
at the incident plane and appears at the interference plane of the resulting interference pattern.

Accordingly, for horizontally located slits, whose orientation is perpendicular to the plane of inci-
dence, the contribution of phase shifts to the resulting interference distribution will be determined by the

angle of inclination of the lateral components E, for each of the three beams, caused by diffraction by the
slits. This will cause almost the same phase shift of all three beams; it will not significantly change the
interference distribution. An analysis of the interference pattern is also carried out in the interference
plane of the lens (13) focus. Comparison of interference patterns at different slit orientations, differences
in interference distributions, allow us to estimate the value of the phase shift between orthogonally polar-
ized s- and p- beams.

Calibrated phase compensator 8 facilitates an arbitrary but controlled phase difference between the
orthogonally polarized beams.

Movable quarter-wave plate (9) transforms the linearly orthogonally polarized beams into orthogo-
nally circularly polarized beams. TIR of these three beams from the diagonal prism face 12, located on the
table of goniometer (11) is enabled. The refractive index of the prism for wavelength A = 0.6328 um is n =
1.515. The flatness of the prism surfaces is supposed to be very high, and not less than A/25.

Fraunhofer diffraction and interference of the three reflected beams are observed in the focal plane of
the lens 13 (f= 38 cm), using a micro lens 14 and a CCD camera 16. The maximum contrast of the inter-
ference pattern was achieved for the azimuth of polarization of 45° with respect to the polarization planes
of the orthogonal linearly polarized beams from polarizer 15. In the absence of prism 12, it is possible to
observe the diffraction and interference of the three beams in a straight beam (shown in Fig. 2 by dashed
lines), which allows one to adjust the elements of the scheme.

1. 1. Experiment

The results of computer simulation of the resulting intensity distribution in the interference pattern of
the three beams are presented in Fig. 3. If all three beams have the same phase, the intensity distribution
has the appearance presented in Fig. 3a. Any change of the phase of the central beam with respect to the
lateral ones or any other arbitrary relative change of the phase between the beams causes a change of their
interference distribution. Figure 3b demonstrates the intensity distribution corresponding to the situation
when the central beam is phase-shifted with respect to the lateral beams by 1t/2. The phase shift by 1 of
the central beam, leads to the change of maxima and minima positions in the resulting distribution (Fig. 3¢) in
comparison with the initial situation.

1.2. Experimental Setup Calibration

At the beginning, the calibration of the experimental setup was performed. For this purpose, we
obtained an interference image in the focus of the objective in the straight beam, without plates (7 and 9),
compensator 8 and prism 12 (Fig. 2).

The next Fig. 4 shows that the horizontally (a) and vertically (b) oriented interference patterns are
identical and correspond to the phase equality of all three beams. This indicates that the illumination
channel of the interferometer is aligned.

Next, we set plate A/2 (7), which transforms the linear polarization of the central beam into the linear
but orthogonally polarization of the lateral beams.

Different phase difference between the central and lateral beams due to the influence of the compen-
sator leads to the change of the interference pattern (Fig. 5). We consider that the polarization of the beam
propagating through the lateral slits is s-polarization. Then the central beam is formed with p- polariza-
tion. The introduction of phase compensator 8, allows us to compensate the phase shift of the central
beam, which appears due to the thickness of plate (A/2) (7) or for other reasons.

The compensator action is demonstrated in Fig. 5, which presents the interference patterns for differ-
ent phase differences between the central and lateral beams.

As a reference system for the displacement of the interference fringes due to the path difference
between the orthogonally polarized beams, we have taken a doubling of the frequency of the interference
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Fig. 3. Intensity distribution at three-beam interference for phase differences between the central and lateral beams: (a) 0;
(b) ®/2; (c) m rad.

(a) (b)

Fig. 4. Interference pattern in the objective focus for horizontal (a) and vertical (b) position of diaphragm 10 (Fig. 2).

fringes (Figs. 4, 5). Such a doubling can be more clearly recorded visually, and in this case there is an
opportunity to automate the measurement process.

The phase shift measurement using the compensator can be carried out with an accuracy of 6, which
exceeds the required measurement accuracy of the interference fringes intensity coinciding when doubling
them. The calibration of the compensator was carried out as follows: Using the measuring limb of the
phase compensator, one can set the reference point when measuring the phase delay. Therefore, upon
reaching a doubling of the frequency of the interference fringes (Fig. 5¢), we could set the phase delay
between the orthogonally polarized beams equal to 90° in the compensator limb. It was this procedure that
allowed the phase compensator to be calibrated.

The phase difference between orthogonally polarized beams at TIR at our experiment is estimated by

6 , .2 e _ 1 2
the ratio: = §, — 6, = 2arctan cos SH.I P ( /n) , and gives a value of 0.69 rad, which is well cor-
sin

related with the results obtained experimentally.

The accuracy of the path difference obtained in a three-beam interferometer (Fig. 6) is determined by
the measuring accuracy of the two interference fringes intensity, which can be characterized by a relative
intensity difference Al/I. The similarity of neighboring interference fringes is about of 5%, which corre-
sponds to an accuracy of optical path difference of /100 (in our case, about 6 nm).
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Fig. 5. Three-ray interference pattern for phase difference between the central and lateral beams (in radians): (a) 0;
(b) n/4; (c) m/2; (d) .

(a) (b)

Fig. 6. Interference pattern of three-beam interfe rence at TIR for the vertical position of the diaphragm 10 (Fig. 2, 10b)
and for its horizontal position (Fig. 2, 10a). Calibration takes place in presence of the prism.

The obtained accuracy of the optical path length determination in the presented model experiment is
unique. This allows measurements in the nanometer level. In particular, the selected experimental condi-
tions determine the precision accuracy of the estimation of not only the path length, but also the relative
phase shift between the orthogonally polarized components, supporting the predicted theoretical calcu-
lations.
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The achievement of the error of optical measurements at the nanometer level becomes possible when
the corresponding set of parameters describing the field of optical radiation is taken into account. Evalu-
ation of each of the parameters, studying the influence of one parameter on another, sets the condition
for obtaining the high accuracy.

So, the next step in our description is to present existing approaches [11—22] of the interconnection of
correlation and polarization parameters of the optical fields, for obtaining the theoretical and experimen-
tal conditions for high-precision measurement.

2. INTERCONNECTION OF POLARIZATION
AND CORRELATION PARAMETERS OF OPTICAL FIELDS

At this step of the metrology of optical fields description, it is necessary to consider the interconnection
between the degree of correlation of interacting optical beams and the quantitative indicators of the result-
ing polarization distributions during the qualitative and quantitative estimation of the corresponding
parameter. Optical metrology approaches are being developed when it is important to take into account
the beam oscillations in the longitudinal direction, providing a three-dimensional representation of the
optical field [1, 3]. Here, the three-dimensional distribution of the electrical strength vector oscillation is
important. Taking into account the third component of the optical field becomes relevant in the approx-
imation in near-field optics or from the point of view of using confocal microscopy methods.

Various parameters are used to describe partially coherent and partially polarized beams, such as the
degree of mutual coherence [11], the degree of coherence in the electromagnetic approximation [12], the
electromagnetic degree of coherence [13, 14], and the intrinsic degrees of coherence [15]. Parameters for
describing the coherent and polarization properties of the electromagnetic field inherent in the united the-
ory of coherence and polarization were proposed by Wolf [16], introduced on the basis of a three-dimen-
sional coherence matrix. The coherence matrix allows one to determine the degree of correlation between
the orthogonal components of two superposing beams at two different points in time, and at two points in
space. The last two parameters [13—15] describing the degree of coherence are invariant to the transfor-
mation of the coordinate system and can be used in situations of three-dimensional representation of the
electromagnetic field, in the approximation of near-field optics, when the longitudinal component
becomes actual. The value of the degree of polarization is also obtained from the coherence matrix and
determines the degree of correlation of the field components at a given point in space and at a given time
[17]. The introduced metrological parameters of the degree of mutual coherence of superposing beams
[13—15] are sufficient and necessary in order to determine the degree of mutual correlation of superposing
orthogonally polarized beams with a convergence angle of 90° (when using parameters of internal degree
of coherence). However, these approaches do not cover the situation of interference [ 18, 19] of two super-
posing orthogonal beams polarized in the plane of incidence, with an angle of convergence of 90°. The
absence of the intensity modulation here is accompanied by the polarization modulation and modulation
of the Poynting vector occurring in the plane of incidence [20—22]. To determine the degree of coherence
of such beams, we proposed a new specially introduced metrological parameter—the visibility modulation
depth (relative visibility), the use of which was made possible due to the third reference wave in the three-
beam interference pattern, which allowed us to form a field modulated in intensity [ 18, 19].

The same parameter was tested to assess the degree of correlation of circularly polarized fields of the
same direction of rotation of the electrical strength vector, the convergence angle of which is 90° [23].

We use a linearly polarized plane reference wave, correlated at least with one of the two superposing
waves, which is perpendicular to the registration plane. In such a way, transformation of the spatial polar-
ization distribution of the resulting field into a periodic spatial intensity distribution has been imple-
mented [18, 19, 24].

In other words, we consider the result of three-beam superposition for the waves polarized at the inci-

dence plane, EV, E® and E®; here E®—is a reference wave. Let the point T define a point in the plane
of registration of the field. Then, at time #, a random electromagnetic field at the indicated point 7 can be

written £ = E” + E® + E®. Using the coherence matrix for two spatial points 7 and 7 at time 7,

W#,h,t) = < E,.“)(F1 ,t)Ej(-z)*(Fz,t)>, where i, j = x, z, which makes us determine the degree of coherence of
the field components

I/I/lj(;‘iaéat) — Vl/y(i‘;”é’t)
VW &, 7,0) WtiW (3, 5,0)] \/ZVV,,-(E,FI,O)I/I/,]-(@,@,O)
i

nzj(;’isfbt) =
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Fig. 7. Dependence of the visibility of the interference pattern in the three-beam interference with the change of the ref-
erence wave phase @: curve 1—for the case of absolutely coherence of the initial fields n(l’z)
M = 1; curve 2—11(1’2) =0, VMD corresponds to M =0; curve 3—11(1’2) = 0.25, VMD corresponds to M =0.25; curve 4—
n(]’z) = 0.5, VMD corresponds to M =0.5; curve S—n(l’z) = 0.75, VMD corresponds to M = 0.75.

=1, VMD corresponds to

Then the visibility modulation depth (VMD) is given by

: tr[] l (Fm’ Fma O]tr[] ] (’_g’ ’_g’ 0)] (m,3)
M = max[V°®] - min[V°] =2 \/ - i
22 95" (F) + 9 (F) '

5

m=1,2;i,j=x,z. Here ¢\ (F) = {E,f’”’(f,t)Ej‘(’”(f,t)}, m=1,2,3;i,j=x,z.

The physical meaning of the VMD is as follows: we choose a reference wave that is completely cor-

related with one of the initial waves, for example,n”’3) = 1. The phase of the reference wave varies within

0—2m. By selecting the intensity of the three waves, we obtain that the VMD of the interference pattern M
corresponds to the degree of mutual coherence between the reference wave and the second of the initial

waves, i.e. M = K n(2’3) , where K—is a constant, the value of which depends on the ratio of the correspond-

@) — 2By an appropriate choice of the intensity of the super-

(1,2)

ing waves’ intensity. If n(1’3) =1, thenn

(2,3)

posing waves, we can obtain 1" = n(l’z), then ™ will determine the VMD of the interference pattern:

M = n(l’z), which will make it possible to obtain information on the degree of coherence of the initial
beams by measuring the visibility of the resulting distribution (Fig. 7). So, using of the reference wave
determines the creation of an optical field in the registration plane, which is modulated in polarization.
At the same time, both the spatial polarization modulation and intensity modulation are observed. The
last parameter is directly evaluated. Here the role of the third reference wave is diagnostic: in the proposed
interference scheme the complex distribution of polarization in the plane of incidence turns into an inten-
sity distribution.

The parameter of VMD has here been introduced. It can also be used for metrology of the degree of
coherence of superposing circularly polarized beams of the same direction of rotation of the electrical
strength vector with a 90° angle of convergence of the beams. The experimental situation [18, 19, 24],
using the condition of preserving the orthogonality of the superposing beams during recording, simulates
an optical field in which the spatial polarization modulation is converted into a spatial intensity distribu-
tion thus allowing determination of the degree of correlation of the initial optical fields. According to the
orientation of the electrical field vector of the reference wave, the visibility of the recorded field changes.
A change in the azimuth of the polarization of the reference wave also causes a change in the contrast of
the interference pattern. Thus, we can conclude that the polarization component contributes to the field
correlation with the possibility of a quantitative assessment of such correlation. Existing approach for
reproducing and visualizing of three-dimensional polarization distribution, updating the longitudinal
components of the electrical field vector, find their application in systems with ultra-high resolution.
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The latest developments of the authors, given in [2], relate to the use of structured light with a three-
dimensional polarization distribution for ultra-high spatial resolution systems, while a resolution limit of
10 nm is achieved both in the transverse and longitudinal directions.

3. STRUCTURED FIELDS WITH 3D POLARIZATION DISTRIBUTION FOR SUPER
RESOLUTION SYSTEMS [2, SEE ALSO THE REFERENCES HEREIN]

In most optical experiments and applications, the polarization in the cross section of the light beam is
uniform, or at least close to that. The possibility of obtaining polarized spatially modulated beams in the
cross section were understandable, but even before the beginning of the 21°st century they were of no par-
ticular interest. This situation changed when radially and azimuthally polarized beams were first realized,
which showed extremely intriguing properties with particularly sharp focusing. In the focal region, “nee-
dles” of electric and magnetic fields were generated that were oriented along the longitudinal direction of
propagation with a beam waist that is smaller than for a standard Gaussian beam. This important result is
of interest for applications such as optical nano probes, nanolithography, or for creating high density opti-
cal memory. As a rule, the polarization characteristics and distributions of the resulting modes can be eas-
ily measured by performing spatially separate Stokes analysis, step by step, in a set of points of the optical
field, since the electrical field vector oscillates exclusively in the plane perpendicular to the beam propa-
gation in the paraxial approximation. In the case of light being focused at a level smaller than the wave-
length, in order to describe the distribution of the electromagnetic field, it is necessary to take into account
its 3D distribution. Due to the appearance of significant transverse wave vectors, one can observe the lon-
gitudinal oscillators of the field vector, that is, along the direction of the beam propagation. This phenom-
enon has powerful prospects for use. To measure individual polarization components in strictly focused
fields, separate (individual) fixed-axis fluorescent molecules are used. Subsequently, it was shown that the
well-proven near-field tips (probes) used for scanning optical microscopy of the near field can be used to
construct a spatial map of the optical fields including the differences between individual polarization com-
ponents. The spatial phase distribution of the electrical strength components was measured by using a pro-
posed technique due to the study of the obtained interference pattern.

Radially and azimuthally polarized beams are examples of the so-called cylindrical vector beams, i.e.
beams that are characterized by a symmetric polarization pattern. These types of beams are related to the
wider class of vector beams, in which the linear polarization near the axial optical vortex of the beam,
changes azimuthally. Such beams can be used both in optical communication systems and for measuring
the mechanical rotational motion of nano- and microparticles. Another type of light beams with a three-
dimensional distribution of polarization is the family of Poincare beams, that have all possible polariza-
tion states at their intersection and a polarization singularity on the axis. During their propagation, the
polarization pattern in the beam changes, that is, in the quantum mode such photons can be described as
quantum states with “entangled” polarization, which can be used for some quantum information proto-
cols.

It is in the approximation of three-dimensional polarization structures that it is possible to use all three
components of the electromagnetic field, which allows us to generate a field that is structured not only in
the transverse plane, but also along the longitudinal coordinate. In this case, the orientation of the polar-
ization ellipse is not limited to the transverse plane, but will change its position in 3D space. This situation
could be effectively used for quantum coupling over large distances, even when the influence of turbulence
and the magnitude of the beam divergence are significant [2].

More recently, a method for reconstructing a full three-dimensional distributed information, con-
tained in a focused light beam, was presented [25, 26]. This method uses an individual nanoparticle as a
device that scans a field. The radiation field, scattered by nanoparticles, can interfere with the incident
light beam, used in the study. Information about the local relative phase of the electrical components of
the field is embedded in the interference components. This allows us to use the results of measurements
of the angular intensity distribution in the far field to restore the amplitude and phase distributions of the
focused field.

So, within the framework of this approach, the experimental study of highly complex focal fields with
unprecedented resolution becomes absolutely possible. At the same time, there is a need for the develop-
ment of other methods for studying focal fields with a three-dimensional polarization distribution using
the example of the formation of 3D photo images. The development of ultrafast, efficient, and miniature
devices that could generate and sort structured beams for metrology applications would be actual. It seems
quite understandable that using structured light and its polarization features, it is relatively easy to over-
come the classical Rayleigh barrier of transverse resolution. The transition to a three-dimensional distri-
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bution of the optical field makes all three components of the electrical strength vector of the waves equal.
And the statement that it is likely to achieve a transverse resolution of tens of nanometers seems quite
appropriate.

Within this approach, the resolution values are commensurable with similar parameters when estimat-
ing the “longitudinal” resolution of optical systems, and this is fully justified in the framework of the 3D
(spatial) approach to the optical field structure.

As already noted, nanoscale particles are used to scan complex optical fields, which makes it possible
to diagnose the optical field, and will here act as probes of the optical field and allow us to determine the
characteristics and parameters of particles that are trapped or transported by internal energy flows.

4. GENERAL APPROACHES TO FEMTO-LEVEL MEASUREMENTS

Femto-level measurements are real achievements of present physics, one example of which is the cre-
ation and use of femtosecond lasers. Methods that allow converting (transform) laser pulses operating of
the auto tuning mode into pulses of almost arbitrary shape were proposed more than two decades ago.
Conventional pulse shaping methods use spectral dispersion for spatial separation and subsequent recom-
bination of spectral components, forming a broadband input pulse.

During propagation, the phase and amplitude (sometimes polarization) of individual dispersed optical
frequency components can be transformed simultaneously or in parallel by using various modulation
technologies. After the frequency components are recombined, the output wavefront will be specified by
the inverse Fourier transform of the spatial picture, transferred to the complex optical spectrum. One of
the important directions in the formation of femtosecond pulses over the past decade has been associated
with the development of optical frequency comb-based lasers, for which the Nobel Prize in Physics was
received in 2005 for its tremendous impact on precision frequency metrology and related fields [2, 27, 28].
Such pulse formation approaches are widely used in the technology of ultrafast optical processes. The pro-
cess of ultrafast wavefront formation is used for coherent laser monitoring of photochemical reactions and
quantum mechanical processes, hereunder creating devices for multidimensional optical spectroscopy,
for pulse compressing to duration of the visible light oscillation period.

The extremely short pulses, formed at the focus of micro lenses, are used to obtain nonlinear biomed-
ical images for the visualization of micro objects and for laser processing, and for the possibility of unhin-
dered propagation of femtosecond pulses along fibers exceeding 50 km. Another possibility of using fem-
tosecond pulses is to create programmable spatiotemporal fields, which have the property of being focused
simultaneously in space and time, deep inside strongly scattering media, such as, for example, in biolog-
ical tissues.

Another example of femtolevel measurements based on the real results of optical metrology is the use
of optical forces of the femto-newton order to manipulate micro- and nano- objects with the study of the
feedback effects of objects on optical fields [20, 21, 29—35].

4.1. The Use of Micro- and Nanoparticles in Metrology Problems

A new unique tool that has appeared relatively recently and enables optical metrology to be carried out,
is a set of methods for capturing, moving, manipulating, and controlling of the micro- and nanoparticles
motion. To this end, optical traps are created in which optical flows can be controlled using a set of field
parameters, namely, amplitude, phase, or polarization.

Thus, various types of traps are formed for spatial capture and movement of nanoscale objects, creating
active optical forces of the order of femto-newton [31—35].

Comprehensively, considering the methods of creating micro- and nano-manipulators, tweezers and
motors, as well as using metrology elements, according to our work [31—37], based on classical optical
principles, but supplemented with new, and possibly fundamentally new technical and technological solu-
tions for auxiliary devices, new metrological problems for optical measurements of micro-, nano-, pico-,
and femtosecond ranges are solved. Even in the fact that by the speed of microparticles rotation one can
determine the absorption coefficient of a matter, the degree of anisotropy of the material, etc. Basically,
it can be claimed that these solutions are built on differential, comparative principles and approaches.

4.2. Biaxial Crystals in the Tasks of Creating Multifunctional Traps for Micro- and Nano-objects [35]

Based on modern metrological approaches to achieve a nano (femto) level of optical measurements,
the possibility for formation of various amplitude-phase, polarization field structures that can be used for
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Fig. 8. Field distributions at the biaxial crystal output in the vicinity of the optical axis O (both axes lie in the plane (X2)
so that x = 0 corresponds to the middle direction between the axes); the input beam polarization makes an angle 45° with
axis X: (a) Intensity distribution after the output X-oriented polarizer (background) and the transverse orbital flow of the
X-polarized component (black arrows); (b) the spin density of the total output field (background), the spin flow map
(cyan arrows) and the polarization distribution (gray ellipses).

manipulating micro- and nano-objects is shown in [32—36]. An interesting solution to this problem is that
due to the use of birefringent crystals, it is possible to simultaneously work with various parameters of the
optical field, creating a wide arsenal of traps based on one crystal.

Created traps, trapping nanoparticle by an optical field provide determination of nanoparticle param-
eters with high accuracy with an error of several percent [35].

So, the use of birefringent crystals sets the formation optical fields with rich structure of the internal
energy flows. Propagation of a slightly divergent (conical) light beam with prescribed linear polarization
generates a complicated optical field with spatially inhomogeneous distributions of intensity, phase and
polarization that is accompanied by an intricate pattern of the transverse energy flows (Fig. 8).

Such fields offer a variety of possibilities for microparticles’ trapping and control, for example:

(a) the intensity minima (maxima) form natural traps for absorbing (dielectric) particles due to the gra-
dient force [39, 40];

(b) phase singularities associated with the amplitude zeros (Fig. 8a) are coupled with the vortex-like
orbital flows able to induce rotation of the trapped particle;

(c) both the orbital and spin flows can induce directional motion of particles in the transverse plane
(Figs. 8a, 8b);

(d) the spin angular momentum density of the field (Fig. 8b) may induce controllable spinning motion
of particles depending on their position within the beam cross section;

(e) the output field pattern can be easily modified via the controllable input and output polarization,
which provides suitable means for delicate spatial positioning of the trapped particles.

Arrangement of an optical tweezer employing the above principles is shown in Fig. 9.

On the other hand, as already noted, the use of nano and micro particles provides a diagnostic tool for
optical fields. The optical forces arising in the optical field and acting on these particles are at the level of
nano-, pico-, femto-Newton, differing in accordance with the properties, shape and size of the particles.
Accordingly, it becomes possible to spatially separate internal optical flows, both with respect to spin and
orbitally one.
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Fig. 9. Optical arrangement of tweezers based on a birefringent crystal: (1) laser (650 nm, 200 mW); (2) quarter-wave
plate; (3, 11) polarizers; (4) beam expander with spatial filtering; (5) mirror, (6, 8, 13, 17) microobjectives; (7) biaxial crys-
tal with 3D rotating drive; (9) calcite plate; (10) calcite wedges with 2D shifting of one wedge; (12) beam-splitting dichroic
cube; (14) sample; (15) white-light source; (16) condenser lenses; (18) CCD-camera; (19) PC.
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Fig. 10. The mechanical action of the incident field on test particles, when including the scattering components, was car-
ried out through the calculation of the Cartesian components of the force (F,, Ig,, F,) acting on particles that are placed
in the optical field. The longitudinal component of the force (F,) represents the traditional action of light pressure, which

direct the particles forward; the transverse y-component (F,) corresponds to the gradient force (Fygrad) of an inhomoge-
neous optical field and traps particles or repels them from areas of high concentration of electromagnetic energy. The most

interesting result is the analysis of the component F; of the optical power along the transverse direction F,—the only

component of the force that is associated with the spin flow. This conclusion is confirmed by the fact that, in accordance
with the behavior of the spin flow, the value of the force F, changes its sign with a change of the helicity ¢ of the incident

beam. In the case of linearly polarized light, this component of the force completely disappears [33].

4.3. Micro and Nanoparticles as Field Probes

Our next papers [31—33] demonstrate the results obtained by separating the contribution of the orbital
and spin angular momentun to the total picture of trapped particles’ motion in the optical field.

To identify the internal spin energy flows [32], it was necessary to analyze the mechanical action of the
spin momentum by testing, selecting size and property of the particles. The spin momentum manifests
itself “in its pure form” with all the specific properties in the situation of a symmetric superposition of cir-
cularly polarized plane waves and thus the formation of a circularly polarized field having inhomogeneous
energy (Fig. 10) [31, 33].

Despite the mechanical equivalence of spin and orbital energy flows, that is, their ability to cause trans-
lational or orbital motion of the particles under study, the quantitative features of spin-induced and
orbital-induced motion, their dependence on the size and properties of the particles are significantly dif-
ferent. That is, the effect of spin and orbital flows can be experimentally distinguished by using test parti-
cles with specially selected size and properties. The following figure (Fig. 11) [33] shows the dependence
of the components’ value of the optical forces on the particle size for different types of particles. The cal-
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Fig. 11. A comparative picture of the mechanical action of the optical forces associated with the spin and orbital internal
energy flows is depicted in a double logarithmic scale. The curves are made for particles of small size. Solid lines: metal
particles, dotted lines: dielectric particles. The order of optical force growth with a particle radius is indicated taking into
account the normalization factor P,. To compare the optical force, the gradient force Ffrad is shown. Here &= ka is a
dimensionless particle size parameter (a—is the particle radius) [33].

culations were performed for two types of spherical particles suspended in water (¢ = 1.77, u =1, n = 1.33):
metal (gold hydrosol, relative refractive index m = 0.32 + 2.65i [41]), dielectric (latex in water, ¢ = 1.12);
wavenumber k = 1.33 x 10° cm~! (He-Ne laser).

To eliminate the influence of the incident beam intensity and reduce the number of data presented, the
obtained value of the force was normalized by dividing the calculated values by the total momentum of the
incident flow over its cross section (P).

As can be seen from the results of estimating the values of spin and orbital flows shown in the figure,
the quantitative features of spin-induced and orbital-induced motions and, accordingly, the generated
optical forces, their relationship with the size and properties of the particles are significantly different. Fol-
lowing the main aim of this paper, conducting optical power metrology according to the evaluation results
(Fig. 11), we can note the level of optical force up to 10~5—10-2 degree for the spin-induced component
of the optical force in accordance with the particle size. We managed to carry out experimental confirma-
tion of the existence of a force of this level in a specially organized experiment [28]. The use of dielectric
test particles of the Rayleigh light scattering mechanism made it possible to evaluate experimentally the
action of spin and orbital flows. Particles are sensitive to optical forces caused both by spin and orbital
flows.

The value of the force is estimated at the level of pico-, femto- Newton, and in accordance with our
experiments (Fig. 12) [31] the obtained results can be considered as a proof of the mechanical action of
the spin moment (spin energy flow) of the light beam on test particles of the chosen shape and properties.
The experimental observation of the polarization-dependent orbital motion of test particles in a trans-
versely inhomogeneous beam with circular polarization, where the rotational action of the orbital
momentum density is absent or insignificant, is here demonstrated. Moreover, this demonstration of
motion required an ultra-precise experiment, when the peculiarities of the femto- level evaluation of opti-
cal force action on nanoparticles is taken into consideration.

In order to observe the action of optical flows on nanoparticles, an optical scheme was chosen in which
the lens aperture was selected in order to avoid transforming conversion of spin and orbital flows. Signif-
icant numerical apertures do not allow one to study the action of the spin momentum density, since strict
focusing of a circularly polarized beam causes a partial transformation of the output spin flow into an
orbital one. And even if some mechanical action of the flow is observed, then it is impossible to definitely
conclude about the spin or orbital momentum action. To avoid ambiguity, focusing should not be high:
the spin-orbital transformation can be neglected (i.e., it does not exceed 1%) when using lenses with a
numerical aperture <0.2 (angle 6 = 11°). Such focusing leads to a certain loss of energy concentration;
however, a substantial decrease of the spin action in the focal region can be avoided if the decrease in
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Fig. 12. Scheme of the experimental setup: (1), (2) input beams; (3) objective lenses; (4) cuvette with test particles sus-
pended in water.

Fig. 13. The position of the captured particles within the center of the interference band [31].

intensity is compensated by an increase of the beam inhomogeneity. The above experimental design made
it possible to reproduce and record the action of the optical force at the femto level, which is a unique con-
firmation of the present metrology opportunity. The circulation of energy of a spin nature exists within
each band, while the orbital momentum is completely radial and is associated with the beam divergence
(Fig. 13) [31]. This radial field momentum can be used to explain the mechanism of particle capture into
the desired position outside the center, which allows one to observe the orbital motion associated with the
density of the spin momentum.

In an inhomogeneous light field, any dielectric particle is exposed to the action of the gradient force
that directs it to the maximum intensity, for example, to the axis of the beam, and vice versa. The radial
density of the orbital momentum of the diverging beam creates a value of radial pressure that directs the
particle away from the axis. As a result, both forces cancel each other out in certain areas of the interfer-
ence pattern.

So, by changing the circulation of the electric field vector, the captured particle carries out orbital
motion being it clockwise or counterclockwise rotational motion with respect to its own axis. Both the
orbital and rotational motions stop when the polarization of the incident beam is linear. The possibility of
particle transfer by the force induced by the influence of spin energy flows opens up new prospects for the
creation of controlled optical micromachines, micromanipulators in which the regulation and switching
are performed through polarization control without changing the beam intensity or its spatial profile.
Such methods can be useful in many systems requiring high switching speed.

It should be kept in mind that a nanoparticle is a multifunctional nanoscale tool, playing the role of a
separate probe for diagnosing the field structure in the zone of a complex field microdistribution. These
nanoparticles are the means of delivering microdoses of drugs into cells, and the unique means of studying
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complex macrostructure of the optical field in almost real time. Such a possibility can be realized in water
or other transparent solutions with suspended nanoparticles, when the optical force action provides their
redistribution into different parts of the complex optical field. New position of these particles could pro-
vide information on the spatial distribution of the amplitude, polarization, and, as a result, the phase of
the field. There is an expected forecast for the study of speckle fields by nanoparticles, when they are trans-
ferred to the points of field singularity by internal energy flows, making it possible to restore information
about changes of macro and micro objects over time.

4.4. Evanescent Fields for Micro-object Manipulation

To talk about the influence of an optical field on nanostructures is necessary in order to distinguish the
action of evanescent optical fields of a complex energy distribution, in particular in order to transfer
microdoses of drugs, providing precise accuracy of the transfer site and the transfer rate of hundreds of
nanometers per second [41—43]. This situation becomes possible in the case of excitation of evanescent
fields by linearly polarized beams with the azimuth of polarization of 45°. The evanescent field formed in
such a way has a special distribution of spin and orbital momentum, i.e. it is elliptically polarized, where
the energy circulation is fixed in two planes—a plane parallel to the interface between the two dielectrics,
where there is total internal reflection and in the plane perpendicular to it. A specific feature of the exci-
tation of evanescent waves using a linearly polarized wave with azimuth of polarization of 45° is that the
transverse spin component, which is responsible for the transverse component of the optical power
appears.

In a paper [44], direct measurement of an extraordinary optical momentum and helicity dependent
force directed perpendicularly to the wavevector being proportional to the ellipticity of the local polariza-
tion of the probing beam has been reported. Such an optical force takes place for evanescent waves and
other structured fields being associated with the spin-momentum part of the Poynting vector. The
extraordinary transverse momentum has been measured using a femto-newton resolution nano-cantilever
immersed in an evanescent optical field above the total internal reflecting glass surface.

In our, later proposed experiments [45, 46], we use a free-standing plate for detection the influence of
an evanescent wave. We demonstrate the motion of an optically transparent birefringent microplate influ-
enced by the optical forces arising at the plate plane due to the optical forces caused by simultaneous
action of the canonical momentum directed along the wavevector and the transversal spin momentum
[47] directed perpendicularly to the canonical momentum, causing the motion in the direction of the Poy-
nting vector, which does not coincide with any of these directions. The surfaces of a birefringent plate have
negligible roughness. In order to transfer the transverse momentum to the plate, we deposed gold
nanoparticles at its upper surface.

Formation of elliptically polarized wave at a sup-surface layer enables us to estimate the longitudinal
and transversal components of the force. Therefore, the vertical spin of an evanescent wave is the source
of the last of them.

We simulate the spin and orbital momenta inherent in an evanescent wave when a linearly polarized
incidence wave (at upper surface) with the azimuth of polarization 45° reaches the interface plate—air here
undergoing TIR. In this case, an evanescent wave that propagates in the z-direction, being damped in the
x-direction, can be represented by [44, 47]

= . - 1 - m k= . 1 K .
E,, = Fexp(—iot)| X +y — + Z(—i)——— |exp(ik,z — Kx),
( Vit~ 1+ | ke 1+ |mf kJ :

2

where k, = ke sin Y, K=k (@) sinz(y) —1is the exponential decay rate.
n n

The state of polarization of an evanescent wave [47] ism = ;—Lml, where m, is the state of polarization
//
of the probing beam impinging at the interface plate—air being equal to unity for linear polarization with
the azimuth of polarization 45°. v is the angle of incidence at the surface, where TIR takes place.

In this case the spin momentum density has both longitudinal and transversal components [47]. Thus,
the resulting momentum density in the z-direction possess both orbital and spin momentum density and
is given by
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Fig. 14. The resulting force in the z-direction (F), the transverse diagonal polarization-dependent force induced by the
vertical spin momentum in the y-direction (£},) and the ratio of optical forces in the longitudinal and transversal direc-
tions (£, / F,) as a function of the incidence angle 7.
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The transversal momentum caused by the vertical spin is represented as
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Changing the angle of incidence of a beam at the boundary plate-air leads to changing the ellipticity of
the evanescent wave excited above the plate surface. That is why one can assume that the magnitude of the
transversal spin momentum could be characterized by the different dependence with respect to the result-
ing momentum in the longitudinal direction, where the main contribution is provided by the canonical
momentum. We assume that momentum is transferred by the spherical surface .S of the gold particles
localized at the plate surface. Light-scattering by particles is taken into account within the Mie approxi-

mation [47], giving F = J. ApdS , where Ap is the change of momentum density. Simulation of the force
s

affecting a plate and causing its motion presumes integration over the illuminated area assuming a beam
aperture 6°. The results of simulation of optical forces induced in the y- and z-directions for a linearly
polarized incident beam with the azimuth of polarization 45° versus the incidence angle y are shown in
Fig. 14.

As can be seen from the presented results, the transversal component of the optical force acting from
the evanescent field on gold nanoparticles is experimentally fixed in our studies. Experimental study has
shown that the motion of the PETF plate depends significantly on the angle of incidence of the beam gen-
erating the evanescent wave. The incidence angle affects both velocity and direction of rotation of the
plate, as well as the angle of deviation of the forward movement from the z-axis.

In our experiment [45, 46] one observes simultaneous plate rotation and forward movement. The rota-
tion of the plate stops, when the main optical axis of the plate coincides with the azimuth of polarization
of the incident beam, continuing the rectilinear motion until the plate leaves the beam. Rotation vanishes
precisely for linearly polarized wave impinging onto the upper surface of a plate at an angle +=45°, due to
the birefringence torques being compensated. This is achieved for an angle of incidence of the probing
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beam about 58°, which gives the azimuth of polarization of this beam at bottom interface equal to 62°.
Therefore, rectilinear motion of the plate without rotation is possible due to the action of the transversal
component of the optical force generated above the plate. The angle between the motion direction and
z-axis is 15°.

The use of these effects for evanescent waves [48, 49], in particular, is relevant for the development of
nanotechnology, including molecular, especially for biomedicine, nano-therapy, transportation of medi-
cal products, bio-marking, cancer diagnosis, and bio-probing. All this provide a new tool to investigate
cell properties, i.e. mechanical or optical parameters and charachteristics [49].

This brings about non-invasive methods for evaluating and analyzing pathological changes in tissues
with the search for new opportunities for treating diseases and possible pathologies by non-traumatic, eas-
ily accessible methods.

4.5. Metrology of Optical Parameters for Low-absorbing Microparticles

The next step of our paper is to demonstrate one of the metrological solutions for determining the
absorption coefficient of low-absorbing microparticles by estimating the rotation speed of such objects in
the field of a circularly polarized beam [50]. The uniqueness of the proposed experimental approach is
that the accuracy in determining the optical parameter is of the order of femto units. It is a confirmation
of the breakthrough in optical metrology and relies on the fact that modern experimental equipment and
corresponding experimental approaches and measurements have lifted the microrange up to a new, more
delicate level.

In particular, we present results obtained by studying the microscopic properties of liquids and various
biological samples by complex optical fields [51, 52]. The optical field, acting on particles, transfers part
of the momentum to them, thereby causing the spatial motion of the particles. The characteristics of this
motion substantially depend on the optical constants of the studied micro- and nanoparticles.

Even the properties of complex solid samples containing, as impurities, various kinds of inclusions in
the form of a fine-grained structure are determined by the optical properties of these micro and nanopar-
ticles, thereby opening for applications. A change of the radiation propagation conditions substantially
depends on the attenuation of the radiation, here determined by the absorption and scattering of radiation
on these structures.

Traditionally, solutions to such problems are sought through using of Mie scattering theory, which
allows one to determine mechanical ponderomotive factors (force and torque) which an optical field
exerts on a particle. More importantly, the ponderomotive factors can be directly associated with the opti-
cal parameters of the particle, and this can be employed for their measurement.

In [50], the criterion of optical fields action on micro- and nano-particles is the rotational motion of
the particle under the influence of a torque, which is inherent in an optical field of circular polarization
with a spin angular momentum.The spinning motion of the particle is due to the field spin angular
momentum absorbed by the particle, and its angular velocity € is related to the radiation torque by the
equation

__T
81'mr3

Q

5

where 1 = 8.9 x 1073 dyn s cm™2 (at 25°C) is the dynamical viscosity of the medium. 7 is an absolute
3

torque, which is calculated through Mie theory 7" = 471t/ lc(lm ((xe) - %kxfj, here o, —is the polar-
€c €

izability, appears due to the particle absorption. /is the energy flow density in the wave, c is the light veloc-
ity in vacuum, ® is the wave frequency, k = (®/c)n is its wavenumber, and G is the wave spin number equal
to =1 for right (left) circular polarization, respectively, and 0 for any linear or no polarization. Here the
particle is assumed to be immersed in a homogeneous isotropic dielectric medium with real permittivity

€ and real permeability L so that the refraction index equals to n = /L.

The absorption index K of the particle suspended in water and trapped in the center of a focused Gauss-
ian beam waist with radius w, = 2 um can be directly derived from the observed spinning velocity €2 exhib-

ited by the particle in the beam with power P= 100 mW, x = ¢ 9, where ¢ is the transition coefficient. At

the same time, the particle must have low absorption, so that there is no local heating of the medium sur-
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Fig. 15. Schematic of the experimental setup: (1) laser; (2) beam expander with spatial filter; (3) mirror; (4) quarter-wave
plate; (5), (7) and (8) objective lenses; (6) cell with probing particles suspended in water; (9) CCD-camera; (10) personal
computer; (11) control unit.

rounding the particle. Effective particle capture requires that the particle size be several times smaller than
the size of the focused spot, but in such a way as to prevent diffraction by the captured object.

We have used weakly absorbing (K < 10_3) dielectric particles with diameter 0.5 to 2 um. A schematic
of the experimental equipment [50] is presented in the following Fig. 15.

As aresult of the optical field action, the particle acquires a rotational motion, and the angular velocity
of the particle corresponds to the part of the torque that is absorbed. As absorption increases, an acceler-
ation of the rotational motion is observed. The measured value of the spinning velocity obtained in the
experiment, e.g. for a gamboge particle of about Q, = 25.8 s~!, differs from the theoretically obtained spin-
ning velocity and amounts to about 20%. Such an error can be explained by the longitudinal displacements
of the particle with respect to the beam waist, heating of the cell with particles, changes in the properties
of water inside the cell, and other reasons. The introduction of the normalization coefficient, obtained by
comparing the theoretical and experimental results, made it possible to determine the value of the particle

absorption coefficient, here for this type of particle, giving 12.4 X 107

Of course, the question arises about the accuracy of the proposed method for measuring the absorption
index. The flexibility of this method is determined by the refractive properties of the particle, the density
of the medium where the particles are dispersed, the characteristics of the irradiating beam, and the cross-
section of the focused beam. Restrictions for the determination of the particle rotation speed of about 0.1s~! are
formed. Then, with the introduction of transition coefficient (g), the error in estimating the absorption

coefficient & can be obtained in the range 10 < § < 4x 107 Obtaining reliable results of measuring the
absorption coefficient of particles is possible for absorption less than 1072
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Thus, the possibility of directly assessing the value of the index of light absorption by microparticles
became possible thanks to the proposed approach, which uses the principles of capture and rotation of
microparticles by internal energy flows. The current state of the development of technology for the manip-
ulation of microobjects of various nature and properties makes the proposed method of metrology of opti-
cal properties encouraging and promising for many practical applications. The obtained results are the
first step in solving this kind of metrological problems. The high sensitivity of the absorption index metrol-
ogy, the high accuracy of the estimation of the measured parameter, upon reaching the appropriate level
of control for the measurement conditions, makes it possible to use this method to study weakly absorbing
particles.

The above-mentioned results on the involvement of the technique of micro and nanoparticles in the
study of complex optical fields, the transition to control of the particle movement within a few angstroms
with the acting force on the captured object at the level of femto Newton have opened the new possibilities
of modern metrology. Such approaches are already used today to manipulate organelles in cells, to study
viscoelastic properties, to build molecular motors and will find their implementation among many other
interesting applications.

4. OPTICAL METROLOGY OF ROUGH SURFACES

The next step in presenting the results of research and development on the latest methods of optical
metrology is diagnostic methods for processing extremely smooth surfaces with ultra-high precision accu-
racy [53, 54].

Two techniques for measuring of roughness, based on measurement of the phase variance of the
boundary object field and on a transverse coherence function of a field, as well as the devices implement-
ing these techniques were proposed in our papers [53, 54]. The following principles form the base of the
proposed techniques:

* heights of surface microirregularities are less than the wavelength of the probing radiation, (R, <0.1 mm),
and the transversal scale of surface irregularities is larger than the wavelength, so that the specular com-
ponent of the reflected radiation is present;

» phase variance is measured at the boundary field (the sample surface is imaged at the plane of anal-
ysis); the transversal coherence function of a field can be measured at arbitrary zone;

» statistical parameters of a field are measured with interferometric means, within the zero (infinitely
extended) interference fringe.

The first technique (Fig. 16) is used for measuring of surface roughness based on measurement of
a phase variance of the boundary object field [55—58].

Using an interrelation between the height parameters of surface roughness and the phase parameters
of the boundary object field, one obtains the following equation for a root mean square deviation (RMS)
roughness:

Rus = 2 [1%Y)

i\ 1,

Technical parameters of the device are the measured RMS range—0.002 to 0.08 um, the measurement
accuracy—0.001 um, the measurement scheme—micro-interferometer, indication rate—one measure-
ment per five second, indicated units—micrometers. Here (1 (x, y)),[o are the resulting field and the
object beam intensity, respectively.

This device could be used for measuring the plane and spherical surfaces with a radius of curvature
larger than 0.2 m in polishing machine tool for surface quality control during making of details. This
device can be made as a stationary instrument.

The second one is a technique for measuring of surface roughness based on measurement of a field’s
transverse coherence function (Fig. 17) [54].

Another method for measuring the phase variance utilizes the relationship between the transverse
coherence function I"| (p) of the scattered field, on the one hand, and the statistical parameters of the
object, on the other hand. The RMS height deviation can be found from the relation

RMS = 2 [ in Imac = Toin f
A\ L + 1,

max min

tively. The information contained in the resulting interference pattern is extracted by transforming the
optical signal into electric ones with subsequent processing in the analogue electronic unit CU.

and 7,

are the maximum and minimum resulting intensity, respec-
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He-Ne

Fig. 16. Experimental arrangement for measuring the degree of low-reflectance surface roughness: He-Ne—laser, T—
telescope, BS1, BS2- beam-splitters, O1,02—objective lenses, S—sample, M—mirror, PM—piezo-ceramic modulator,
PD—2 X 2 position-sensitive photodetector array, VC—visualization channel, EM—electric motors, AU—automatic
zero fringe adjustment unit, COM—comparator, CU—analogue R, calculation unit, DI—digital indicator.

Two versions of the device for surface roughness control based on measuring of the field’s transverse
coherence function were displayed:

—A stationary device that can be mounted on the processing tool. Device intended for measuring the
RMS height deviations of slightly rough surfaces over the range from 0.002 um to 0.06 um. Technical
parameters are measured RMS range—0.003 to 0.10 pum, measurement accuracy—0.002 um. Update
rate—one measurement per second. Fields of application are the following: arbitrarily shaped surfaces
with a radius of curvature larger than 0.3 m; the photochemical industry to monitor the quality of calendar
shafts; space industry to monitor the quality of mirrors fabricated by diamond micro-sharpening; polish-
ing machine tool. This device was used for surface quality on-line control.

—Portable device for control of large-area or small-area surfaces. Portable device intended for measur-
ing the RMS height deviations of slightly rough surfaces. Main technical parameters of the device are the
measured RMS range—0.005 to 0.10 wm, the measurement accuracy—0.002 um, the update rate—one
measurement per second. This device provides the following field of application: polishing machine tool,
this device was used for the surface quality control during making of details; device can be made either as
a measuring head, or as a stationary instrument, depending on the size and the position of the object to
be controlled.

Sensitivity of the RMS height parameter of all these devices down to 10 A was achieved. Roughness
control of slightly rough (polished) surfaces with RMS deviation of a profile from a mean surface line
ranging from 0.002 um to 0.10 um. The technique is applicable to metallic, insulator, semiconductor, and
optical surfaces.

5. OPTICAL REFRACTIVE INDEX METROLOGY

Finally, we would like to bring forward one more aspect of fine metrological measurement related to
the determination the refractive index of a light-scattering liquid media. Here, a specific issue is polariza-
tion interferometry to find the refractive index of solutions, suspensions and gaseous media [59]. Accord-
ing to the proposed approach [60], a two-beam interferometer is used to determine the refractive index,
in which a circularly polarized beam is formed in each channel. The measurement method consists in
splitting the optical radiation into two components and forming mutually orthogonal circular polariza-
tions of the field components. As a result of superposition of such beams, a uniform intensity distribution
is seen in the interference plane. In this case, the formed field has some deterministic polarization. The
resulting field is linearly polarized and is characterized by the azimuth of polarization o, when the studied
solution is located in the object channel giving rise to polarization change of the transmitted radiation.
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Fig. 17. Experimental arrangement for measuring the degree of arbitrary surface roughness: He—Ne—Ilaser, T—telescope,
PBS—polarizing beamsplitter, S—sample, W—calcite wedges; M—electromechanical modulator, A—analyzer; FD—
field-of-view diaphragm; PD—photodetector, CU—analogue R, calculation unit.

As aresult, a rotation of the azimuth of linear polarization is observed in the interference plane, which
takes on the value o. Thus the difference in polarization azimuth is o — o, which is related to the reduced

(ot —0) A

path difference of the beams in the arms of the interferometer, given by n = n, + Any = ny + 3l
Ty

where #, is the refractive index of the main medium (solvent), and /, is the cell thickness.

The azimuth of polarization of the resulting distribution is sensitive to variations in the path difference
in the arms of the interferometer. Even with a change in the path difference between the orthogonal com-
ponents by an amount less than A, the polarization azimuth will change significantly. If the path difference
between the orthogonal components is A, then the polarization azimuth will change by 2rt. The polariza-
tion azimuth can be measured with an accuracy of some seconds. As a result, the accuracy of path differ-

6\

ence measuring (A/) is 107\, and the accuracy of measuring the value of the refractive index is 10 o
0

CONCLUSIONS

The results presented in this paper provide an overview of the metrological approaches and results
obtained by the authors of this paper and specialists in the field of optical metrology over the past decades,
in the direction of ultra-sensitive precision measurements. The level of sensitivity of the methods achieved
by interference, polarization-interference when assessing the roughness of smooth surfaces, when mea-
suring variations in the refractive index of aqueous solutions; when evaluating phase shifts as a result of
total internal reflection of orthogonally linearly polarized field components, etc. ranges from tens of ang-
stroms to tens of nanometers. Such approaches are embedded in the existing interconection between the
correlation and polarization parameters of optical fields in various model situations of beams’ superposi-
tion. The deepening of approaches for the determination the degree of the beam correlation that is con-
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tained in the theory of coherence, the enrichment of these approaches, cause the expansion of the optical
metrology base through the involvement of fine interference methods in modern optics. The results
obtained when searching for ways to achieve femto- and picosecond light pulses are in good agreement
with the given estimates. According to the latest new results on the use of structured light in the problems
of creating systems with super-resolution within the framework of three-dimensional polarization distri-
bution approaches with increased importance of the longitudinal component allows the users to overcome
the classical transverse resolution barrier and reach the limit of tens of nanometers.

The femto level of optical forces, which occurs in complex optical fields with a rich morphology of the
distribution of internal optical energy flows, interacts with micro- and nano-objects of various shapes and
properties, but also control their spatial motion in optical traps, the nature of which can differ significantly
in accordance with the trap formation mechanism. The optical forces of this physical nature and the val-
ues are used to determine the optical parameters of trapped particles, where the accuracy of the determi-
nation is controlled at the nanoscale level.

The nature of the trap is different, but the original and novelty of our approaches are the use of biaxial
crystals, which allowed us to form a complex distribution of internal energy flows and at the same time
realize the conversion from phase-amplitude to polarization structures intended for nano-objects capture.
It is clear that this review cannot be a complete analysis of new modern ultra fine methods of optical
metrology. It is also worth recalling the ideas and principles of STED microscopy [61—63], the physical
principles of the operation of optical vortex coronographs [64], and much more. As an modern optical
metrology feature it could be noted the fundamentally achievable opportunity to operate and manipulate
with atoms [2]—this is the ultimate fantasy for the optical range.
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