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Abstract. Resonant light scattering by mesoscale dielectric spheres has received enormous attention and found
many interesting applications. The recently emerged field of Mesotronics provides novel opportunities for
wavelength-scaled optics and new fundamental aspects are still being uncovered. It has recently been
demonstrated that high-order Mie resonances can be excited in homogeneous low-dissipation mesoscale
dielectric spheres, leading to the generation of intense magnetic fields. This Letter describes a simple and
effective way to drastically enhance the superresonance effect. Proof-of-principle results for the first time show
that yet one more novel phenomenon of increasing the intensity of the magnetic field without changing the
resonant Mie size parameter of the sphere by introducing an air cavity. In such a dielectric cenosphere (from
two Greek words “kenos” - hollow and “sphaira” - sphere), by correct choosing of the air cavity size, it is
possible to increase the intensity of the electromagnetic fields at the poles of the sphere by an order of
magnitude due to increasing of amplitude of resonant partial wave coefficient.
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According to Maxwell equations, in a vacuum energies of electric and magnetic fields are equal
[1]. For example, as the Earth’s magnetic field [2] as interstellar medium [3] has an average magnitude
of about 30 uTesla (T).

The problem of generating strong magnetic fields has a long history and has been studied for a
long time [4,5]. P. Kapitsa conducted the first experiments with very strong magnetic fields (up to 50-
100 Tesla in a coil of 1 mm inner diameter during a few milliseconds) with the high magnetic energy
density (B¥/2p=40 kJ/cm? at 100 T) at the beginning of the 20t century [6-8]. The magneto-cumulative
generators, suggested by A. Sakharov almost 30 years later, allows obtaining magnetic fields around
3000 T [9-11]. In 1958, at the newly created Novosibirsk Institute of Hydrodynamics, V.F. Minin began
work on the generation of megagauss magnetic fields and electromagnetic acceleration of
microparticles up to several km/s. The methods of the magnetic fields generation (including laser
light interaction with a conical target for plasma jet formation in a hypercumulative mode) up to
about 100 MG, higher than that in flux-compression generators, were discussed in [12-15]. The history
of high magnetic field generation are reviewed in [5,11,16,17].

Electromagnetic fields with large values of the magnetic induction strength can be observed in
intense optical beams [18-21], where the magnetic induction amplitude can be reached about of 10°
T, which is 2 orders of magnitude smaller than the amplitude of the magnetic induction in magnetar
neutron stars [22,23]. This is due to the size of the star itself and the size of the smallest vortices that
can be created in a given structure. Now a laboratory record for pulsed magnetic inductions strength
are above 3000 T [5, 16, 22]. Nevertheless, new physical principles are required to generate giant
magnetic fields.

The effect of the photonic nanojet [24, 25] (PN]J) is based on the field localization in the shadow
side of dielectric mesoscale particle of arbitrary 3D shape [26]. In the context of the generation of
localized magnetic fields, this non-resonant effect is important because the magnetic field in the PNJ
can be enhanced more than the electric one, for example, both for spherical [25] and cubic [27]
mesoscale particles. On the other hand, in a dielectric sphere, the resonances are size-dependent and
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defined by the Mie size parameter q (7=2mR/A, where R is the radius of particle and A the incident
wavelength). For the lowest order resonance, the particle radius R is in order of A/n, where n is a
refractive index of a sphere material [28].

The fundamental role of magnetic and electric low-index (less than 5) modes in determining the
resonant properties of dielectric nanoparticles is well-known. Recently, we showed that
homogeneous dielectric mesoscale spheres for specific values of the size parameter g~10 could
support high-order Fano resonance, associated with internal Mie modes (so-called super-resonance
modes, SR). Such resonance can generate the magnetic and electric field intensity enhancement about
10 107 [29,30]. From the Bio-Savart low one can followed that reducing the size of the coil one can
increase the magnetic field amplitude [29, 31]. In the near-field one can possible to localize
electromagnetic field below the classical diffraction limit and, thus, for the focused optical wave the
minimum size of the equivalent coil will be much less than the wavelength. Such extremely high
values of the electromagnetic fields enhancement [29,30] are due to the possibility of creating small
optical vortices similar to superoscillation effect [32-34], which is associated with the formation of
regions having extremal high values of the local wavenumber vectors [35] and origination of other
recently discovered peculiarities of the Poynting vector field [36]. Usually optical vortices and Fano
resonances are independent due to interference phenomena of different types [37]. We emphasize
that the vortices are not due to the features of the incident radiation, but arise during the scattering
of a plane linearly polarized wave, which has no features. For SR conditions, these phenomena are
mutually dependent. This provides a new mechanism to obtain extreme field localization with giant
field enhancement. An important feature of these high-order Fano resonances in mesoscale dielectric
homogeneous spheres is the field space localization, which is below the diffraction limit near its poles
[29,30,40-42]. Noteworthy this effect was extended to the acoustic domain [38]. However, the small
values of dissipation in the particle material can suppress the SR effect [29, 39]. Therefore, the search
for dielectrics with low dissipation is an urgent problem. Borosilicate glass, for example, can be one
of such material in optics [40]. We also find that SR resonances are very sensitive to a refraction index
change in the surrounding medium, which could be useful for sensing [41]. It also could be noted
that the resonant size parameter ¢ must be smaller for particles with a high refractive index [29] and
higher for the particles having a low refractive index [30]. For example, for materials with extremely
high refractive index (n>10) and small Mie size parameter (g<1), SR resonances with giant
enhancement of magnetic fields can be observed in the range of the first Fano resonances [42] (see
Supplementary).

As we noted above, in a dielectric sphere the SR resonances are size-dependent. An obvious way
to increase the intensity of the resonant values of the magnetic field is to increase the size of the
sphere. However, this is not always possible both from a practical and technological point of view.
Therefore, the question is relevant: is it possible to further increase the intensity of the resonant peak
of the magnetic field without changing the resonant value of Mie size parameter q?

In this paper using a recently found solution for a high-order Fano resonance in homogeneous
mesoscale dielectric spheres [29,30,40,41], we analyze the magnetic and electric fields intensities with
giant enhancement near a resonant sphere with concentric air cavity (so-called cenosphere [43]). To
the best of our knowledge, no study has yet been proposed demonstrating the effect of amplification
of superresonance in a dielectric sphere with an increase in the intensity of resonant peaks of
magnetic and electric fields. Based on Lorentz-Mie theory [44] for the first time we show that it is
possible to increase by an order of magnitude the intensity of the resonant peak of the magnetic field
without changing the resonant value of Mie size parameter q by introducing the air cavity. As before,
we reveal the contribution of an individual mode at SR. In our study, we use a low loss sphere with
a refractive index of 1.5, which is characteristic of dielectrics in the optical range.

Aden and Kerker firstly considered the theory of light scattering from two concentric spheres
including hollow sphere [45]. The whispering gallery mode (WGM) resonance properties inside the
liquid-filled hollow glass microsphere with different refractive index and diameter less than
wavelength were studied in [46]. Retsch et al. studied the hollow silica spheres with extremely thin
low refractive index shells, where the efficiency of Mie resonance is maximized due to significantly
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reduced multiple scattering while lengthens the mean free path of light inside the sphere [47]. Some
achievements of low modes Mie resonances in subwavelength hollow dielectric spheres were
discussed in numerous papers; see, e.g., [48,49] and reference therein. As a rule, here only magnetic
and electric dipole terms have been considered and other higher order terms (more than 4) have been
neglected.

Model

The Mie theory allows identifying multipolar origin and the spectral characteristics of all
resonances (both electric and magnetic) observed in the scattering. According to the Lorentz—Mie
theory [44], the scattering of a linearly polarized plane electromagnetic wave by a spherical particle
is represented as a slowly converging infinite series of partial components. Each partial wave is
represented as a sum of two modes, magnetic and electric [44]. The corresponding efficiencies of
external and internal scattering are mathematically connected with the equations for two pairs of
complex scattering coefficients (a;, b)) and (c, di), respectively, which, in turn, are expressed as
combinations of Bessel and Neumann spherical functions and their derivatives.

The detailed analysis of the amplitudes of the Mie scattering coefficients (ci, di) carried out earlier
for homogeneous spheres shows the strong scattering of a high-order single mode in the internal
electric or magnetic field of a particle to be a key factor responsible for the superresonance effect
[29,30,39-42]. In the content of the SR, we are interested in the Mie coefficients associated with the
internal scattering of fields in the field component equations, which can be written as [30,40,50-52]:
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It is noteworthy that for theoretical simulation of the superresonances for sphere with Mie size
parameter in order of 40, need high resolution to reproduce the high order Mie modes. In our work
we follow to [52] in simulations of cenosphere scattering. SR modes are high sensitive to the Mie size
parameter g. Here we used a g sampling accuracy of dg=10+...10°°. Higher accuracies make it possible
to localize the position of the resonance and, accordingly, the achievable level of maximum field
enhancement, more accurately [53], but the manufacture of such spheres encounters significant
difficulties, since simple morphological inconsistencies (e.g. surface roughness, any deviation from a
perfect sphere) can lead to significant changes in the mode profiles.

Results and discussion

The effect of the SR is illustrated in Fig. 1 for a nonabsorbing homogeneous spherical particle
with n=1.5 and Mie size parameter near g~40. An asymmetric lineshape of the high-order Fano
resonance [37] is observed for the spectra of the magnetic and electric fields intensities in the pole at
the shadow side of a sphere (x=0, y=0, z=-R) [29,30,42]. Figure 1a shows the spectrum of field intensity
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resonances for a homogeneous sphere with the size parameter g range from 38 to 42 at A=532 nm. In
the case under study, the field intensity enhancements can attain giant values on the order of 105-10¢
for such Fano resonances. As example, the characteristic resonance lines are shown in more detail in
Fig. 1b for homogeneous sphere with ¢=39.31704 (marked in black circle in Fig.1a).
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Figure 1. The spectrum of field intensity resonances for homogeneous sphere vs the size parameter
q (a) and resonance lines near ¢=39.31704 (b). In the insert on the Fig.1b the geometry of the

problem is shown. Here X is the Fano asymmetry parameter [54].

According to Figure 1a, the size parameter ¢=39.31704 of a homogeneous spherical particle

in the optical range was chosen because the magnetic field intensity of resonance scattering peaks is
significantly larger than that for the electric fiend intensity (see Fig.2 below).

Fano resonance, as a nontrivial multimode coupling, occurs when a near-field mode (low-Q) is
coupled with a dark mode (high-Q), and as can be seen, all resonance Fano lines are quite narrow.
As it well known, the Q factor of a spherical particle can be estimated by the simple formula Q=A/AA
[55], where AA is the resonance line width at half maximum (FWHM) [56] at the resonance
wavelength A. As follows from Fig. 1b (on a logarithmic scale), under the conditions considered
Q=4.5x107 at A=532 nm for a homogeneous sphere. The line FWHM H?and E? are approximately the
same and, hence, the Q factors for magnetic and electric fields are also equal. Note that zero-intensity
frequency is less than wo (wo correspond to the position of the band [54]) at x>0 (for the electric field
intensity) and more than wo at x<0 (for the magnetic field intensity) that is clearly seen in Fig. 1.

Figure 2 shows the distribution of electric and magnetic fields intensities for homogeneous
spherical particle with Mie size parameter ¢=39.31704 . Any high-order Mie resonance is the same

as the excitation of a WGM [30], which is clear seen from Figure 2. Inside the sphere, for example, in
Fig.2d, one can see 104 magnetic field intensity maxima of different magnitude located around near
the sphere surface. It corresponds to 52 wavelengths of the standing “creeping” wave, which is an
improper eigenwave wave resulting from curvature of the sphere surface and total internal reflection
from it. In other words this pattern corresponds to the transverse magnetic mode TMs201, where /=52
is orbital, m=0 is azimuthal and p=1 is the radial mode numbers, respectively [57,58].


https://doi.org/10.20944/preprints202307.1621.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2023 do0i:10.20944/preprints202307.1621.v1

x10°
2.2

fis
: 1.6
1.4
1.2

0.8
0.6
0.4
0.2

R

A
ERERE

Figure 2. The distribution of electric (left column, a) and c)) and magnetic (right column, b) and d))
fields intensities for @8 homogeneous spherical particle with g=39.31704 . Figures a), b) are

given in linear intensity scale and c), d) —in log scale.

The spatial field configuration inside a sphere under SR conditions, which are clear seen from
Fig. 2, are similar to the spatial field configuration inside a sphere with other Mie size parameter
and refractive index [29,30,40-42]. Notable, only 2 maxima at the poles of @ homogeneous sphere has
magnitude about 4-5 order higher than others [30]. According to the Mie theory, this corresponds to
a significant predominance of a single term in the series of internal scattering coefficients, which is
responsible for the excited resonant mode. As a result, two “hot spots” both for magnetic and electric
fields appear at the poles of the spherical particle. One can see that under superresonance conditions,
the maximal magnetic field intensity enhancement is an order of magnitude higher than that of the

electric field intensity: |E/E0|I2nax =2.327x10" and |H/H0|r2nax =3.968x10° for the selected

values of g and n. A detailed analysis of the features of the formation of superresonance in a
homogeneous sphere was carried out earlier in the works [29,30,40-42].
Figure 3 shows the distribution of electric and magnetic fields intensities for the cenosphere with

Mie size parameter ¢=39.31704 and & =0.6799 . The structure of the field inside the cenosphere

is generally similar to the structure of the field for a homogeneous sphere. One can see that under
superresonance conditions at the same value of ¢=39.31704 as for a homogeneous spherical

particle, the maximal both magnetic and electric field intensity enhancement is an order of magnitude

higher than that of a homogeneous sphere: |E /E, |[2mlx =2.114x10°  and
|H/H,[| =3516x10".
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Figure 3. The distribution of electric (left column, a) and c)) and magnetic (right column, b) and d))
fields intensities for hollow spherical particle with ¢=39.31704 and ¢ =0.6799 . Figures a),

b) are given in linear intensity scale and c), d) — in log scale.

As simulation shown (Fig.4b), under the conditions considered Q factor for the cenosphere is
(=5.1x107 at A=532 nm. The line FWHM H2and E? are approximately the same as for homogeneous
sphere and, hence, the Q factors for magnetic and electric fields are also equal.

To understand the effect of increasing the maximum field intensities at superresonance, Figure
4a below shows the dependence of the maximum field intensity at the shadow pole of a cenosphere

on the cavity radius defined as R, =O0R (see insert in Fig.1b).
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Figure 4. The maximum field intensities at the shadow pole of hollow particle vs relative cavity

radius 0 at g=39.31704 (a). Fano line shape (b). Mie modes distribution for a homogeneous
sphere and cenosphere with 0 =0.6799 (c).
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Figure 4c shows Mie modes distribution for a homogeneous sphere and cenosphere with
0 =0.6799 and ¢=39.31704. Such a modes distribution is typical for the Fano resonance: the

interaction of all internal low-intensity modes with an individual high-intensity mode [29,30]. The
resonance scattering coefficient is evidently much larger (by more than 40 times) than the other
coefficients. Such an extreme value is explained by the constructive interference between a partial
wave with the high-order mode N=52 and the wide spectrum of all other modes inside both a
homogeneous and hollow mesoscale sphere. From the Figure 4c one can see that with the optimal
cavity size, the number of the resonant mode does not change, but the amplitude of a single mode,
corresponding to the number N=52 increases by about 3 times. The amplitude of a single N=52 mode
significantly (by about a hundred times) dominates over other modes for a cenosphere. Thus, we can
control the amplitude of the high-order resonant mode by adjusting the size of the internal cavity. As
a result, the maximum intensity of the fields in the poles of the cenosphere increases because under
SR the internal scattering efficiency is proportional to the square of the Mie scattering coefficients (1):

2 2
©~[497, I ~[AT™]" (see “Methods” in [29]).

Conclusion

Previous work has demonstrated that mesoscale low-loss homogeneous dielectric sphere
support high-order Mie resonances in the visible spectral range. As a general trend, the current
research pursued an increase the efficiency of the giant magnetic field generation. We show that the
maximal field’s intensity enhancement can be controlled by introducing the air cavity into the
resonant homogeneous sphere and by changing the wall thickness of the cenosphere. Compared to
homogeneous spheres, the air cavity size comprises an additional design parameter to tune the
maximal field intensity enhancement. It has been show that it is possible to control the interaction
between bright and dark modes in a dielectric mesoscale sphere by adjusting the air cavity radius,
and as a result to increase the magnetic and electric field enhancement. For example, an optimal
cavity introduced into a resonant sphere makes it possible to increase the intensity of the magnetic
and electric fields by an order of magnitude without changing resonant value of the Mie size
parameter g. In particular, in optical range the cenosphere with Mie size parameter of ¢=39.31704

and refractive index of 1.5 makes it possible to provide a magnetic field enhancement of the order of
2
|H /H, |max =3.5%10" which are comparable to those in neutron stars. Also nonlinear optical

effects can be enhanced if spherical particles are placed on the surface of materials exhibiting
considered nonlinear effects.

These properties make cenospheres ideal for different applications, and their potential in making
flexible, angle-independent giant electromagnetic fields generation. However, the SR properties are
especially sensitive to morphology; hence, precise control of the hollow sphere is required. The
obtained results unravel essential features of the superresonance effect in a mesoscale homogeneous
sphere and cenosphere and shed new light on this recently discovered phenomenon.
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