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Abstract: In 1908 Gustav Mie published paper about scattering of light on spherical objects. This paper based on classical
electrodynamics (Maxwell equations) is one of the most cited physical papers. In this paper on the occasion of 100 anniversary of Mie
scattering several contemporary applications of Mie theory are shown, starting from light scattering on small metal droplets, until
investigation of speed of evaporation of water micro droplets with and without nano inclusions.
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I. MIE THEORY

The scattering of light on spherical objects is a pheno-
menon which can be observed everywhere. For example,
looking at a sunset at the seacoast (Fig. 1) one can remark
colourful clouds — scattering of different wavelengths of
light on diverse in dimension but spherical water droplets
composing clouds. The blue colour of sky as well as the
yellow and reddish colours of sunset are another example
of the scattering phenomena — a selection of colours by
scattering cross section dependence on wavelength and
radius of scatterers.

Fig. 1. Sunset at the Baltic see cost near Gdansk

The optical phenomena seen in the fog, mist as well as
city smog are mainly due to scattering by spherical micro
objects, especially in wet atmosphere. Very well known is
the influence of dust — sand grains from a desert and soot
from the combustion on the composition and creation of
clouds, therefore monsoons and generally speaking Earth
weather.

But in the origin of Mie theory present is different
observation than scattering of light on small atmospheric
objects. Michel Faraday wrote in [1]: “Colloids of gold
particles, even the mere variation in the size of particles
gives rise to a variety of colours”.

Despite the extremely low concentration of silver partic-
les (<10—2 weight %), suspensions show bright colours,
which depend on the size of particles especially in the
range particle radius of the order 10 nm — few hundreds of
nm. The difference in colours viewed in transmitted light
and when a light is shone from the front side shows that the
observed colours for given particle size are not a simple
compliment of the absorbed ones.

In 1908, Gustav Mie, a German physicist working at
that time in Greifswald, published a famous theoretical
paper entitled “Contributions to the optics of turbid media,
particularly colloidal metal suspension” and published in
Annalen der Physik [2]. The description of light scattering
on spherical objects was studied by Lorenz and Debye as
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Fig 2. Scattering of white light by 30 nm silver nanoparticles and by clusters of nanoparticles of different size and shape (left).
Scattering of light on water droplets does not change the colour of light with changing droplet dimension (right)

well, but Gustav Mie published his results in a very good
journal, which is why today this approximation is mainly
called the Mie theory [3].

The Mie theory is the solution of the Maxwell equation
[4] with boundary conditions (continuity of electric and
magnetic fields) on the surface of the particle, as schemati-
cally represented in Fig. 3. The particle is represented by
a blue circle, and the electromagnetic field by water waves.
The solutions were found with assumptions: a plane electro-
magnetic wave (representing light) illuminates a homoge-
neous, perfectly spherical particle embedded in an infinite
homogenous host medium. The particle and the host
medium can be absorbing and is possible to use complex
refractive indices for both.

Fig. 3. Schematic representation of the Mie theory

The incident, internal, and scattered fields are repre-
sented as infinite series of terms consisting of functions of
angular and radial variables. Therefore, the symmetry of
object is transferred to the symmetry of solutions. The total
field in the presence of the object — spherical particle or
droplet — is represented as a vector sum of the incident and
scattered fields.

As a solution, the angle distribution of scattered light as
well as cross sections for extinction, scattering and absorp-
tion can be calculated.

In Fig. 4, cross sections efficiency o/nR* are shown for
clean water (red) and dusty (absorbing light) water.

The extinction of light is due to scattering only for
clean water, while for dusty water absorption appears.
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Fig. 4. Cross sections

Very interesting is a comparison of scattering on
different materials (with different refractive indices).

Figure 5 shows the intensity of back scattered light
(633 nm) for a growing particle of soot (strongly absorbing,
almost like a black body), sodium and pure water. Until ca.
100 nm the object scatters proportionally to a square of
volume, than after the almost “phase transition” the main
tendency is the dependence on square of radius, i.e. surface
of scatterer. But clear oscillations can be remarked — very
dense for water and decaying with grows of a particle for
the soot. Similarly, the scattering on metal (sodium) drop
shows oscillations for radiuses bigger than 100 nm.
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Fig. 5. Intensity of scattered light in the function of diameter of particle for water, soot and sodium

Fig. 6. Reflection on a metal sphere with the Drude type of dielectric constant and scattering on water droplets can be described using
the Mie theory

To summarize — in the Mie theory scattered light
depends on the radius of the scattering sphere (particle),
refractive indices of the sphere and embedding medium,
wavelength (colour) & polarization of scattered light. The
excellent agreement between Mie’s theoretical results and
the experiments demonstrate that the optical constants
obtained for bulk samples could be used for particles as
small as one hundredth of the wavelength.

II. PLASMON RESONANCES
IN SODIUM DROPLETS (CONDENSATION)

The contemporary use of the Mie theory can be illus-
trated by two applications: a study of plasmon resonances
in growing sodium clusters and an investigation of eva-
porating droplets of pure water and water with inclusions.

At first let us discuss shortly the evolution of scattered light
intensity due to growth of sodium nanodroplets.

The evolution of right angle scattered light intensities
was performed in two geometries (Fig. 8) [5-7].

Measured intensities of scattered light are presented in
Fig. 9.

Looking at scattering of e.g. blue 457.9 nm laser light
one can remark that a maximum of scattering for vertical
polarization appears quicker, therefore for smaller clusters
than maximum of scattering on H polarization. This is due
to the fact that on ¥ polarization the dipole component can
participate in scattering while on H polarization the smallest
component is a quadrupole one. Theoretical values of plasmon
resonances frequencies w/R) are presented in Fig. 10a, to-
gether with radiative damping rates a), (R) (Fig. 10b).

Plasmon resonances frequencies w(R) found from
experimental data (Fig. 9) are presented in Fig. 11.
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Fig. 7. Fluorescence of sodium dimers Na, excited with blue 488 nm laser light (left). A few seconds after stimulation
of condensation of sodium nanodroplets the scattering becomes elastic and colour change on laser one — blue

AD;Z- 1,6,9= 0%
A

Fig. 8. Vertical V' (a) and horizontal H (b) geometry of
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Fig. 9. Time evolution of intensity of scattered light on sodium
nanodroplets for two geometries presented in Fig. 1 for four
laser colours. The growth (nucleation) of clusters (droplets)

was stimulated with laser at £ =0
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Fig. 10. Plasmon oscillations frequencies w,(R) and radiative damping rates a), (R) in the function of the radius of particle (droplet)
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Fig. 11. Experimental (points and theoretical (lines ) values of
dipole and quadrupole plasmon resonances [5-7]

OF WATER MICRO-DROPLETS

To study evaporation of a single water droplet we had
constructed an electro dynamical trap (Pauli trap) [8], kept
in a small climatic chamber. A photo of model of trap (four
rings electrodes) with scattered green laser light is shown

in Fig. 13.

Fig. 13. Geometry of experiment

As a result of the experiment one obtains the picture of
an interference pattern. The radius of a droplet can be
found using the Mie theory from frequency of interference
fringes.

Fig. 14. Interference pattern seen at the right angle
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Fig. 15. Time evolution of droplet radius

From the analysis of time evolution of radius two
parameters describing speed of evaporation of water from
droplet surface can be found: so-called evaporation (con-
densation) or mass accommodation coefficient o and
a thermal accommodation coefficient az [9].
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Fig. 16. Experimental results (dots) together with results from [10]
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IV. EVAPORATION
OF WATER MICRO-DROPLETS
OF NANOSPHERE SUSPENSION (100 nm)

The scheme of the experimental setup representing the
electrodynamic trap and two counter propagating laser
beams of orthogonal polarizations is shown in Fig. 17.

Green and red fringes/speckles in the detection channel
arise from the coherent light scattering by the trapped
droplet/crystallite into the solid angle of A® = 0.1 sr
around the right angle.

-
~r

ccp

Fig. 17. The geometry of experiment. Polarisers standing in
scattered light had orthogonal polarization to stop subsequently
red and green scattered light

The droplet radius temporal dependence a(f) (Fig. 18)
was derived from the analysis of the frequency of the
spatial modulation of the scattered light intensity. Using
a theoretical description of radius evolution one can find
the surface tension of droplet ¢ evolution [11]

Ac [NIm]

a[um]

Fig. 18. Examples of surface pressure isotherms for droplets of
suspensions of 200 nm polystyrene spheres. Phase transitions are
marked with dotted lines

Pec (nc)_ps;n)exp(gz_aﬂ

a
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cc a

where D is diffusion constant, p are pressures in climatic
chamber (cc) and saturated vapour at given temperature 7,
(a) describes values at the droplet surface, A = M/(RF), M
and F are the molecular weight and density of the liquid,
respectively, and R is the universal gas constant.

Several regions (separated with vertical dashed lines in
Fig. 18) can be distinguished in Aco(a) dependence. We
associate these regions with various thermodynamic phases
of the surface layer of inclusions [12, 13].

For a > 7.5 pm, there is a surface gas of inclusions on
the droplet surface. Since in this region the experimental
noise got amplified due to data processing, the modulation
of the isotherm for @ > 8.5 pum cannot be unambiguously
interpreted.

For 53 > a > 4 pum we expect the liquid-expanded
phase. The surface film can be described as a structure of
fractal dimension below 2. The surface film is composed
(as can be inferred from the simulation [12] of large loose
aggregates. The evaporation of water leads to the com-
pression of surface structures, as well as to the increase of
the number of inclusions on the surface. As the fractal
dimension of the surface structure increases, the film
becomes denser.

For a > 4 ym a phase transition to liquid-condensed
(L2) is possibly observed. It manifests as the kink on the
isotherm (best seen in Fig. 18).

Further compression leads to the surface liquid-solid
transition for ¢ = 2.7 pm. Then, after the rapid growth of
the surface pressure, a collapse of the surface layer takes
place.. The collapse followed by the formation of a multi-
layered surface solid manifests as the rapid decrease in the
surface pressure.

a [um]

Fig. 19. Surface tension change semi logarithmic scale (red line)

together with snapshots from a visualization of simulation pre-

sented in [12]. The droplet size has been scaled freely for best
clarity
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To conclude:

The process of forming nanoparticle aggregates offers
new possibilities of producing high-coverage spherical
shells of nano- or microspheres. The spherical symmetry
gives a unique opportunity for producing microcrystals of
long-range ordering unaffected by the flatness of a sub-
strate. The aggregation processes can be controlled by the
thermodynamic parameters of the environment and the
properties of nanospheres.

Acknowledgments

Finally, let me express my deep gratitude to all my co-
workers: prof Krystyna Kolwas, dr Anastasjia Derkachova,
dr Gennadji Derkachov,dr Daniel Jakubczy, dr Marcin
Zientara, phd students Tho Duc and Mykola Schopa and
Stawomir Palesa (technical staff)

The data and phenomena presented here are the results
of their work.

laser optics.

References

[1] M. Faraday, Philos. Trans. R. Soc. London, 147, 145
(1857).

] Gustav Mie An.Phys. 25, 3777 (1908)

] http://en.wikipedia.org/wiki/Mie_theory

] http://en.wikipedia.org/wiki/Maxwell%27s_equations

] K. Kolwas, Appl. Phys. B 66 467 (1998),

] A. Derkachova, K. Kolwas, Eur. J. Phys. ST, 144, 93 (2007);

] K. Kolwas, S. Demianiuk, M. Kolwas, J. Chem. Phys. 106,

8436 (1997)
[8] D. Jakubczyk, M. Zientara, W. Bazhan, K. Kolwas, M. Kol-
was, Opto-Electro. ReV. 9, 423 (2001).
[9] M. Zientara, D. Jakubczyk, K. Kolwas, M. Kolwas, J. Phys.

Chem. A 112, 5152 (2008).

[10] Y. Li, P. Davidovits, Q. Shi, J. Jayne, C. Kolb, Worsnop, D.
J. Phys. Chem. A, 105, 10627 (2001)

[11] H. Pruppacher, J. Klett, Microphysics of Clouds and Preci-
pitation. Kluwer: Dordrecht, The Netherlands, 1997.

[12] G. Derkachov, K. Kolwas, D. Jakubczyk, M. Zientara,
M. Kolwas, J. Phys. Chem. C, 112, 16919 (2008)

[13] D. Jakubczyk, M. Kolwas, G. Derkachov, K. Kolwas,
J. Phys. Chem. C, 113 (24) 10598 (2009).

MaAcIEJ KOoLwaAS, Professor (Ph.D. 1975, Dr. Habil. 1983), in years 1986-1992 Associate Professor and then
Professor at the Institute of Physics of the Polish Academy of Sciences in Warsaw, Head of the Department of
Physics of Radiation and Spectroscopy of the Institute of Physics 1985-1997, Head of Laboratory of Laser
Spectroscopy since 1991, Deputy Director for Scientific Research of the Institute of Physics of the Polish
Academy of Sciences 1997-1999, Head of the Postgraduate Studies at the Institute of Physics of the Polish
Academy of Sciences since 1997-2009, Rector of Postgraduate Study of the Polish Academy of Sciences
since 2000, General Secretary of the Polish Physical Society (1997-2001), President of the Polish Physical
Society 2001-2005, President of the European Physical Society 2009-2011. Prof. M. Kolwas specialises in

COMPUTATIONAL METHODS IN SCIENCE AND TECHNOLOGY Special Issue 2010, XX-XX




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




