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ABSTRACT

Light scauering wechniques, including depolarization experiments, applied to micron-sized panticles provide a fast non-
destructive probe that is very sensitive to small morphological differences. Up ull now quantitative measurement of these
scatiering phenomena were only described for particies in suspension. In this presentation we shall discuss the symmetry
conditions applicable to the scattering matrices of polydisperse particles in a flow cytometer. Evidence is provided that
quantitative measurement of the elements of these scattering matrices is possible in fow- through systems. Two fundamental
extensions (o the theorctical description of conventional scatiering experiments are introduced: implementation of the
localization principle 10 account for scattering by a sharply focussed laser beam and large cone integration of scanering
signals.

INTRODUCTION
Measurement of Elastic Light Scattering (ELS) in flow-through systems is an impariant diagnostic ool w0 identify and

separate various populations in polydisperse particle suspensions. Flow-through techniques expioii hydrofocussing of a
particle suspension by means of a sheath flow. The forced linear array of localized particles is irmadiated by a sharply focussed
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An illustrative example of these types of cxperiments comes from the biophysical sciences. For insiance it was alread
.m__cs.: vq. Salzmann et al., that simultaneous detsction of Forward Scattcring (FS) and Side Scattering (S%) afl .
identification o.ﬁ various populations of human peripheral blood cells.! Various other light scanering cxperiments -
.ua_x_aon ever since. It was suggested, for insiance, o measure differential light scattering from cells that were EBEE!H“a
irradtiated by two laser beams tuned 1o different wavelengths.Z Other experiments include angular ratio measuremen .
angle detection techniques. 34 However, due w the short sampling time characieristic for flow-through measureme: , B&a.s:
values are ~ 10 ps per cell), the scope of possible Light scattering experiments is limited, 3 e e

.__.. u..dso:u work we proposed a modified Rayleigh-Debye-Gans (mRIX5) theory to approximate numerically the 1
um-nnn..m information present in nucleated blood cells such as haman peripheral Ilymphocytes. 678 Iy was m_.oa” that ”..o__
”“M“.“Mﬁ:ﬁ“”ﬁ“ ﬂn”“m mi. Back wwﬂn&ﬁ (BS) is well suited 1o characterize various Physical properties of
e e s o s Eﬁ._ Emesem .aa receatly confirmed by cxperimental data.® Although, theories
ot e Q._u Bn.“ rapid ShnEEwn aw anguiar light scattering spectra from complex structures, no

. Larization uced by the particie is availabie. It was shown by Bickel et al., that the infy j
”62 of the mnnnn_.:.m matrix elements allows detailed differentiation of various subcellular Pparticles, mn_uon_.b:v.c_._n._”:ﬂo“
_.Q!nn.“aa n“ﬂ”.&h“.—.n o“n n.n scauerer 5 reflected by the scatiering matrix clements. 10 Thess types of nu_va.:aasﬁ
e o y be implemented in & flow-through system, since the light scattering signal of each cell (or cell

measured over too large a period of time. As a ¢ 3 the

— : . . of significant Mueller
ements in g flow-through sysiem has not amained much attention yes. Despite these experimental complications,

experiment, cc ing cross polarization b I i
g p of of human g yies in flow, has been reported in literature, 11

In this jon we " L
L4 P that the most significant scanerin i
- . . g matrix elements fi TiSe
disperse particles (i.e nucleaisd blood celts) can be obtained from light Emnc!o..»z n: mble of ply
-through system.

THEOQRY
Symmetry Conditiong

m-ﬂggﬂﬂligggag&ﬂg .
5 that the scatterin, wrix of biclogi Ve
is be described byl2; 8 matrix of biclogical particles in a Now-through system
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Here it is assumed that each particle from a particular population has both mi and reciprocal particles that pass the

laserbeam one by one. In addition, this sequential illumination of the particles guarantees that no systematic relation among
?5E<E=Eusnn_auwu.d§rE-Eﬁ:ﬂ.ggngnguassﬁnﬂgwg
of the individual particles. Therefore the symmetry conditions of the complese ensemble reduce the namber of independent

elements in the scattering matrix.

The scanering of a particle in a sharply focused laser beam cannot be described by the conventional plancwave
equations obtained by Mie. A solution to this problem is formulated by the General Lorenz Mie Theory (GLMT) that has
been discussed recenty.13 This theory is well suited to describe the scagering of a Gaussian beam by a spherical, isotropic,
gEcmgngﬁgggnﬁiﬁgﬁgggtggpsﬁggﬁﬁoggg
field components of a real laser beam, with & TEM0 Gaussian mode, in the amplitude coefficients of the Mic functions. We
ﬁqvoﬂﬁﬂnnoasgn%:ﬁogmnrﬂﬂgmongs8295@:3&?333:.nB_ucmEWOFE.

In the GLMT an additional weighting factor gy, is incorporated into the Mie amplitude functions. Duc to the
structure of the formal solution for gy, computationsl difficulties may arisc.14 Some simplifications can be obtained if the
isted with localized incid woo.unﬂnp_au.nuaﬂ.

partial wave components of the incident field (ap, and by} are
called localization principle (LP) associaics the partial wave components of order n to 2 comesponding incidem ray, passing
the origin of the scatterer at a distance (n+1/2) A/2x. The LP simplifies the computational algorithm for Mie scartering by a
homogeneous sphere in an axisymmeiric Gaussian beam encamously. The munber of 1erms 'n' that needs 1o be calculated

reduces 10 approximalely 'n = w15

Both simplifications are implemented in the numerical calculations of the Mueller matrix elements to verify the
experimental data.

In contrast o conventional scattering equip the detectors in a typical flow through system are located close to the
scattering entity. As a conscquence, relatively large numerical apertures are involved, Therefore, the calculated scatering
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EXPERIMENTAL METHODS
;-

rf doi igal ther flow-through equi

Experi are s suited for quantitasive detcrmination of

the scatiering matrices of particles in flow. The armangement of the aptical elements is shown in figure 1.

To interpret the experimenial data, we applied the Generalized Lorenz Mie Theory AQES.DE and simultancously
calculated the integrated light scattering intensitics (where polystyreen spheres were used as testparticies). In addition a

calibration tochnique for the special purpose optics is applied, where the ¢ ivity of the N
and the particles is exploited.12

ler matrices of the optics

RESULTS

~ Four diffcrent values of ¢ (2n1/3) in the range 15<oi<100 were studied at different wavelengths (A = 476, 488, 632
nm). The normalized 512, 533 and S34 clements were measured in the FS, S5 and BS directions and compared with

calculdted <l for various b ist radii. A typical example is shown in figure 2.
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Figure 2: Numerical simulation of the influence of beamwaist radius on the normalized
scattering clements in the BS direction for a = 43.36. The arrows indicate the measured values
obtainced with owr flow-through equipment. The solid vertical line indicates the mean measured
beam waisl whereas the broken vertical lines are determined by the corresponding
standarddeviation.
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DISCUSSION {

To investigate the possibility of application of 8 flow-through system 10 measure the 6 relevant scantering matrix
clements of micron sized paricles (S11, $12, 522, $33, 534, S44), a test system with cxactly known scattering
characteristics must be swdied.

We investigated the influence of the sharply focussed laser beam on the calculated scauering profile by means of
numerical simulations. An ple of this simulation was depicted in figure 2. Insertion of the measured values showed tha
the corresponding beam waist radii are grouped around 3.5 pm The estimated beam waist radius and the numerically
calcuiated beam waist radius are approximately equal. We therefore lude that after impl
radius the measured terms of the scattering matrix correspond guansitatively with the calculated values.

ation of the beam waist

CONCLUSIONS

In this study we d that

of the scatizring matrix elements of arbitrarily shaped
particles can be performed in flow-through equipment. A reduced scattering matrix for arbitrarily shaped particles in a flow
through system was derived from symmetry conditions. It was shown 5@ theoretical simulation of this type of experiment
requires impl jon of the b

into the Mie scattering functions. In addition large cone integration must be
applied 10 account for the relative large detactor surfaces.
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