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microparticles by means of optically induced
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Abstract: The absorption parameters of micro-particles have been
associated with the induced spin exerted upon the particle, when embedded
in a circularly polarized coherent field. The induced rotational speed is
theoretically analyzed, showing the influence of the beam parameters, the
parameters of the particle and the tribological parameters of the surrounding
fluid. The theoretical findings have been adequately confirmed in
experiments.
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OCIS codes: (260.2160) Energy transfer; (260.5430) Polarization; (350.4855) Optical tweezers
or optical manipulation; (350.4990) Particles.
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1.Introduction

The problem of determining optical constants of micro- and nanoparticles [1] is very pertinent
for numerous applications. The rapidly growing field of optical manipulation [2-4] offers
efficient and promising means for fine chemical, biomedical and microelectronic
technologies. Particles of different sizes and nature are widely used in detailed investigations
of optical fields [5-7], enabling direct studies of microscopic properties of fluids and
biological specimens such as viscosity or elasticity [8] as well as being the basis for many
advanced research works that embrace a huge area from colloid chemistry and microbiology
[9-12] to atmospheric aerosols and interstellar dust [13—15]. All these activities require,
among other important physical information, knowledge of the particles’ optical properties
and their dependence on various external conditions.

In general, the well-known parameters of bulk materials are not applicable for very small
quantities of the same substances [1]. Even in cases where the expected size-dependent
factors are negligible, the specific conditions of small particles’ formation may affect their
chemical composition, structure, etc., and special procedures are necessary to validate the
parameter values that regulate their optical behavior. In most cases, the sought optical
constants are predominantly used for modeling of effects associated with light scattering,
extinction and absorption by isolated particles and their ensembles. Consequently, special
weight should be ascribed to techniques based on data for light scattering [16-18] — first of
all, because the conditions under which the optical constants are measured, are close to the
conditions for which they will be applied.
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Within the frame of these techniques, the most powerful existing methods are based on
comparison between experimental and theoretical data for the angular distribution of light
scattered by an isolated particle relying on Mie scattering. In this case, the best fitting
procedure gives a possibility to find the particle radius, real and imaginary parts of the
refraction index and even the particle structure, provided that it is a priori known that the
particle is spherical and consists of the ‘core’ and ‘shell’ with different optical properties
[16,17]. These methods are comprehensive and informative. However, a large number of
measured parameters usually obscure the fitting procedure and, quite typically, the minimum
of a corresponding ‘quality factor’ (figure of merit) is imperfectly localized in the
multidimensional parameter space. This calls for the search of less universal but more
specialized methods aimed at some specific parameters whose influence on the scattering
characteristics is more explicit and can be derived immediately. Possible ways for their
realization are associated with the mechanical action of light on small particles, which, in fact,
is nothing but a concentrated expression of some integral scattering characteristics [1,4,19—
22].

Due to the intensive development of techniques for optical trapping and manipulation [4],
it is presently not difficult to observe and to measure the characteristics of motion of a micro-
particle suspended within an optical field. Such approaches provide suitable tools for
evaluation of the 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 optical parameters of the particle, and this can be employed for their measurement.

For example, within the framework of the Mie theory [1], the optical force, F, and torque,
T, exerted by a plane monochromatic wave on a homogeneous isotropic spherical particle, are
directed along the wavevector and determined by the expressions

2l & 20(04+2 2(20+1 .
F= kfc n;Re (20+1)(a, +b4)—%(a1am +b, bM) ﬁa[,b{, ,(1)
(a£+b ~la,[ ~|p.] ) )

/=1
where [ is the energy flow density in the wave, ¢ is the light velocity in vacuum, @is the
wave frequency, k =(@/c)n is its wavenumber, and o is the wave spin number (normalized

third Stokes parameter) equal to = 1 for right (left) circular polarization and 0 for any linear or
no polarization. Equations (1) and (2) differ from the analogous expressions of [1,20] in a
single aspect: here the particle is assumed to be immersed in a homogeneous isotropic
dielectric medium with real permittivity £ and real permeability 4 so that the refraction

index equals n = \/a , and the multiplier n in Eq. (1) reflects the force amplification in an
optically dense medium [23,24]. The symbols a, and b, denote the Mie scattering
coefficients [1,25] dependent on the particle radius » via the dimensionless parameter x = kr

and given by
() () () () (<) o)
my, (mx) &/ (x)=m, &, (x)y/(mx) " my, (mx) &/ (x)=m. &, (x) ] (mx)

where

3)

[h]

& (u)=uh(u), &(u)= , (@)
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hf,l)(u) and j, (u) are the spherical Hankel and Bessel functions [26], respectively, and, for a

particle with permittivity €, and permeability ,,

ng—pmzﬁmzn—pz Sp,up'
cNe T\ n eu
X

> Wo z

20

y

Fig. 1. Scattering of a Gaussian beam by an axially-trapped particle: the beam axis coincides
with the axis z, and the particle centre is situated at a distance z, from the beam waist.

Despite their plane-wave origin, relations (1) and (2) are also applicable for inhomogeneous
fields provided that the spatial scale of the inhomogeneity of the incident beam sufficiently
exceeds the radiation wavelength and the particle size. This requirement is violated in typical
optical-trapping situations where the particle is localized within a strongly focused laser beam
with near-wavelength transverse size. Then the above equations should be modified. For
example, if the particle is placed on the axis of a Gaussian beam (see Fig. 1), Egs. (8) and (14)
of [21] yield

el e (e+ry

T= )
TaR JwpTrey

Re|[ar (1) (b~ )+ 81 (0 ~faf)]. )

where the normalization constant |C |2 can be expressed through the beam power P or the

beam axial intensity /, = ZP/ 7w, , wy being the waist radius measured at the e ! amplitude
level:

cf =222 _4mr, L (©6)
w, cnpd cnpL

and coefficients «(/,1), (¢,1), first introduced in [21,22], originate from the Gaussian

beam expansion in terms of the vector spherical wave functions. In Eq. (5) their normalization
differs from that accepted in [21,22], which allowed them to be represented in rather simple
forms:

Lo, 20+1 )
a(g’l):lpe ! £(£+1) hlgl) (_lp_kzo)3

; . (7)

B(01) = per ) (=ip—kzy) = (0 + 1) A (=ip -z, )

, 2(L+1) ’

with
1
p=5(kwo)2
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and z, being the distance between the particle center and the beam waist (see Fig. 1). Quite
expectedly, one can easily verify that in the limit w, — o, when the spherical Hankel

functions obey the asymptotic relations [26]
W/ . e’ T
b (—ip) ——=——exp| =il = |,
P p 2
expression (5) reduces to Eq. (2) with the correspondence 7, — 1.

Now we consider some features of expressions (1), (2) and (5) in more detail. Each of
them contains the scattering coefficients a, and b, which represent the electric and magnetic
2*-multipole polarizabilities of the particle. In particular, the electric o, and magnetic o,
dipole polarizabilities are related with the lowest-order coefficients,

2k 2k

4 =—iq b =i . 8
1 38 e 1 3/u m ()

Usually, the quantities (8) play a crucial role for small ‘Rayleigh’ particles with size much
less than the radiation wavelength [19,27] but in some special cases their contributions may
prevail even for considerably large particles [12]. Addressing Egs. (2) and (5), one can see
that, if the particle is non-absorbing (real ¢, and w,), quantities m,, m, and m are real, the

numerators of expressions (3) equal the real parts of the denominators, so equalities
Rea, = |af|2 and Reb, = |b/|2 are true, and the particle experiences no torque (“the effective

cross section for torque is the same as that for energy absorption” [20]). To analyze this
property in more detail, we compare Egs. (1) and (2) in the lowest-order approximation,
keeping only the electric terms with A = 1:

6xl kn
F=ERe(al)=47Z[;Im(0{e), (9)
6rxl n 2K
T:ksz'Re(al—|a1|2)=47z150'[1m(%)—¥ %zj- (10)

At first glance, the optical force being proportional to the imaginary part of the
polarizability, appears due to the particle absorption. However, the imaginary contribution to
the polarizability of non-absorbing particles can exist because of the radiation friction effect
(self-action of the dipole induced by an incident field) [19,29] due to which

(11

where @ is the ‘static’ polarizability corresponding to k — 0 (the approximate equality (11)

is valid for small dipole particles when k’a <<1). In the Mie theory, this fact is reflected by

the real part of the coefficient a; that emerges in higher orders of the expansion in degrees of
x [1]. It is this ‘reactive’ contribution owing to the phase shift between the driving electric
field and the field-induced dipole (both oscillating with frequency w) that is responsible for
the optical pressure on dielectric dipole particles [27].

On the contrary, torque is exactly zero for non-absorbing particles, which is directly
illustrated by Eq. (10) with allowance for Eq. (11): the form of Eq. (10), and, of course, Eq.
(2), is such that no “artificial” imaginarity associated with the phase difference between the
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external electric field and the field-induced dipole moment affects the torque exerted on a
particle. External spin acts on a spherical particle only if it is absorbed. Accordingly, the
torque “felt” by a particle in a circularly polarized wave will facilitate the selective and
sensitive measurement of the particle absorption.

Another advantage of using the field-induced torque as a preferential ponderomotive
factor (compared to the optical force) is that a natural manifestation of any torque is the
spinning motion of the particle whereas a force can be detected via its translations. This is
usually coupled with more or less substantial displacement of a particle across an
inhomogeneous field where the force varies from point to point making it difficult to establish
an immediate correspondence between the force and the particle trajectory. Quite oppositely,
the spinning particle typically preserves its position, or can be easily stabilized by means of
routine optical trapping techniques, so that the field action is stable and well controllable.

2. Experiment

A schematic of the experimental equipment is presented in Fig. 2. A linearly polarized beam
from the semiconductor laser 1 with wavelength A = 0.65 um and power P controllable with
maximum 140 mW. The beam is collimated after the expander 2 with a pinhole filter to

produce a Gaussian beam with a radius w, =1.0 mm measured at the intensity level e~ of

maximum. The quarter-wave plate 4 forms circular polarization, and the beam is focused by
the micro-objective 5 with focal distance f =10 mm which provides an effective focusing

angle @ =arctan(w,/f)=5.7°. As a result, a Gaussian-shaped beam spot with a waist radius
wy =2f/(kw,)=2.0 ym is formed inside the cell 6, where the particles under test are

suspended. Overall losses of the laser beam power in the system were estimated ~30%
resulting in the maximum power in the cell to be ~100 mW.

10 9

11

1 2

Fig. 2. 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.

During the measurement, one of the suspended particles is trapped in the Gaussian beam’s
focal region. The motion of the particle is observed and registered by the projective system 7,
8 and CCD camera 9. The images are transmitted to the computer 10, which not only
performs the image analysis and processing but also provides a possibility to control the laser
power as well as the quarter-wave plate position and orientation via the control unit 11.
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Several important conditions should be fulfilled in order that the field-induced spinning of
suspended particles is observable and metrologically consistent. First, the viscosity of the
suspending medium must be small enough; in the current experiments, distilled water was
chosen with dynamical viscosity 7 = 8.9-10° dyn-s-em? (at 25°C). Second, refracting
particles (with low reflection) are preferable because these will be trapped within the
maximum of the Gaussian beam implying that the particle refraction index n, exceeds that of
water n = 1.33. For efficient concentration of the laser beam energy onto the particle, strong
focusing with a high-NA objective is desirable. However, in this case the measurement
process becomes sensitive to small deviations of the beam-waist size wy from the nominal
value; this is why the moderate-strength focusing micro-objective is employed. Further,
requirement of the efficient trapping demands that the particle size should be several times
smaller than the focal spot; besides, for suitable observations, the particles should not be very
small compared to the radiation wavelength. And, finally, the tested particle should possess
rather low absorption to avoid local heating with hardly controllable influence on the water’s
tribological parameters.

For all these conditions, weakly absorbing ( £ <107) dielectric particles with diameter 0.5

to 2 pm are appropriate. Figure 3 demonstrates the spinning motion of trapped particles.

(a) (b)

Fig. 3. Video of the particle’s spinning motion: (a) latex particle with Ren, = 1.5, » = 0.5 um,
laser beam power 100 mW, see also in Media 1; (b) gamboge particle with Ren, = 1.584, r =
0.4 um, the beam power varying from 20 to 100 mW and back to zero, see also in Media 2.

Figure 3(a) shows rotation of a weakly absorbing latex particle illuminated by a beam with
a stable maximum power 100 mW (initial laser beam ~140 mW). Gamboge particles of
comparable size have noticeably higher absorption and spin with higher velocity (Fig. 3(b)).
Besides, Fig. 3(b) clearly shows the spinning rate dependence on the laser beam power. A
weak ellipticity of the particles’ shapes facilitates observation of their spinning. By means of
such videos, the spinning velocity can be easily determined with high accuracy (~1%). Its
proportionality to the incident beam power expected from the theoretical considerations via
Eqgs. (5), (6) is confirmed by Fig. 4 which is derived from the data of Fig. 3(b).
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Fig. 4. Spinning rate of the gamboge particle of Fig. 3(b) vs the laser beam power: (markers)
experimental data, (black) their linear fitting, (red) calculated by Eq. (5) for

n, =1584+124. 107 , other conditions as in Fig. 3. The corresponding transition coefficient

in Eq. (13) is presented in the 3rd row, 4th column of Table 1.

3. The method analysis and validation

To interpret the data obtained, note that the spinning motion is due to the field spin angular
momentum absorbed by the particle and its angular velocity Q is related to the radiation
torque (5) by equality [20,21]

Q—T

= 12
P (12)

where # is the dynamical viscosity of the medium. Figure 5 presents the behavior of the
absolute torque 7 and the angular velocity (12) as functions of the imaginary part of the
refraction index x for a particle suspended in water and trapped in the center of a focused
Gaussian beam waist with radius wy = 2 pm and total power P = 100 mW giving an axial
intensity of 7, = 1.59-10" erg/(cm”s). Calculations are performed according to Egs. (5)-(7)
and (12).

Figure 5 indicates a distinct relation between the particle spinning in a circularly polarized
light and its absorption. Moreover, this relation is close to linear with a high accuracy, see the
inset, which is favorable for many metrological practices because of potentially easy
calibration and direct interpretation of the measurement results. In fact, the thick red line in
Fig. 5 shows that the absorption index x of the particle can be directly derived from the
observed spinning velocity Q exhibited by the particle in the beam with power P,

Q
qP (13)

where ¢ is the transition coefficient. Assuming the Eq. (13) to be exact for x=4-10"", we

find ¢ =4.37-10° mW-s. Of course, this numerical value of the transition coefficient is only
correct for the given beam and particle parameters specified above, and even the linear
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character of the Q—x dependence is not obligatory true outside the considered range of the
particle sizes and absorption indices.

Q 7,10°"
= ‘ ‘ ‘ ‘ ; dyn-cm
Deviation from linearity, %
1003 -5
0.2
8 —10.1 4
[ 0
6 1 2 3 4 K 107 .3

N

N\
\
~
Ny

% 1.5 3 K107

Fig. 5. Dependence of the (blue) radiation torque (5) and (red) corresponding angular velocity
(12) of the spinning motion on the particle absorption index x for a particle of radius » = 0.5
pm with g, = 1 suspended in water (u =1, n = 1.33, 7 = 8.9-10~ dyn-s-cm °) and exposed to a
circularly polarized Gaussian beam with wavelength 2 = 0.65 pm (wavenumber in water k =
1.286-10° cm™) and power 100 mW, focused into the spot with radius wy = 2 pm; thick (thin)

lines correspond to the particle refraction index n =1.5+ix (n, =1.2+ix ). Inset: relative

deviation of the real Q—« dependence from the linear approximation (13)

0,57
7,107 T, 107" 7,107
dyn-cm Tt dynem Qs dyn-cm
" /
6 Zl o p——
14 / L~ B
1 / 8 4
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Fig. 6. (Blue) radiation torque and (red) corresponding angular velocity of the spinning motion
of the particle with the absorption index x = 4-10~* suspended in water and trapped in the center
of the Gaussian beam of Fig. 5: (a) Ren, = 1.5, z = 0, particle radius r is variable; (b) » = 0.5
um, zo = 0, Ren, is variable; (c) » = 0.5 um, Ren, = 1.5, z, is variable.

Now consider how the measurement efficiency can be affected by other factors which are
not controllable as conveniently as the beam power P included in Eq. (13) or the beam waist
size wy. First note, the particle size is seldom known with high accuracy and even usage of
mono-disperse powders for preparing the particle suspensions does not prevent random
deviations in the diameter of any given particle from the nominal value. From this point, it
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looks rather encouraging that, despite the strong variability of the absolute torque, the field-
induced spinning velocity changes rather slowly (within units of percents) in the working
range of the particle radii (0.3 — 0.7 um), see Fig. 6(a).

Further, thin lines in Fig. 5 testify that, even though the optical torque appears as a
selective sensor of particle absorption, its “sensitivity” generally depends on other optical
parameters. In particular, one cannot recover the exact numerical value of the absorption
index without knowledge of the real refraction index. In more detail, this feature is illustrated
by Fig. 6(b), where it is seen that the £ 6% indeterminacy in 7, produces + 10% inaccuracy of
the absorption measurement.

It is important to note that for conditions of moderate focusing realized in our experiment,
the particle cannot be optically stabilized in the longitudinal direction, i.e. there is no point
where the z-directed radial pressure is compensated by the longitudinal gradient force
“pulling” the particle back to the focal plane. This observation has been supported by the
optical pressure calculation based on the Optical Tweezers Computational Toolbox [30].
Figure 6(c) illustrates possible variations of the spinning velocity owing to instability of the
longitudinal position of the particle, which confirms that this can be a source of substantial
errors. In our experiment, this difficulty is overcome by having a small longitudinal thickness
of the cell (70 pm) where the floating particles are trapped at a certain distance from the back
wall by hydrodynamic and photophoretic forces. Actually, each time a particle appeared to be
trapped, its longitudinal position coincided with the waist plane with an inaccuracy not
exceeding £ 10 pm, which, according to Fig. 6(c), may suppress the spinning rate up to 20%.

For the method verification and calibration, it should be applied to particles with known
optical properties. To obtain such particles, we used the epoxy resin Epoxy DGEBA for two
reasons: (i) this material allows generation of mono-disperse droplets with appropriate sizes
without uncontrollable change of the chemical composition and physical properties [31] and
(ii) it can be prepared in the form of a thin film whose optical constants can be easily
measured by standard procedures. With the help of a spectrophotometer 6300 VIS and
refractometer Atago NAR-1T Solid [32,33] we have found that for the wavelength 1 = 0.65

pm, optical constants of Epoxy DGEBA resin are Ren, =1.572, k=6.0- 107,

These data are presented in the 1st row of Table 1. Knowing the particle’s complex
refraction index (4th and 7th columns of Table 1) and Gaussian beam parameters specified in
the caption to Fig. 5, Egs. (5) and (13) give the transition coefficient ¢ and theoretical
spinning velocity €, = 14.8 s (5th column). The measured value of the spinning velocity Q,
=12.2 s (6th column) is rather close to the theoretical value although the difference of about
20% is not negligible. We associate this difference with the above discussed factors, first of
all, longitudinal displacement of the particle z, (see Figs. 1 and 6(c)). An additional
contribution

Table 1. Summary of the optical parameters and measured data for three sorts of
particles trapped within the focused Gaussian beam with wy =2 pm and P =100 mW

1 2 3 4 5 6 7
Particl N ¢ of Eq. (13), EQ" ffl Q,s’ x=Imn,,
article pm ey 107 mW-s ql(l;)lon measured 107
Epoxy DGEBA 0.45 1572 405 14.8 122 6.0
(calibration)
Latex 0.50 1.50 4.37 12.2 10.1 53
Gamboge 0.4 1.584 3.97 31.2 25.8 12.4

to this difference can be caused by a possible deviation of the cell temperature due to which
the water viscosity exceeds the accepted value. Importantly, both reasons act similarly for
particles of similar structure and physical nature; our experiments have shown that such a
decrease of the spinning velocity as compared with the theoretical predictions repeats
systematically and thus can be accounted for by the normalization coefficient v = 14.8/12.2 =
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1.21. Confronting the theoretical €, with the known value of x (7th column, 1st row of Table
1), the transition coefficient ¢ = 4.05-10° mW-s (4th column, 1st row) is derived from Eq.
(13).

The normalization coefficient v facilitates a reduction in the measured data obtained for
the other types of particles (2nd and 3rd rows of Table 1), to the “standard” conditions
accepted for calculation of Fig. 5, i.e. the figures in the 5th column are just the data of the 6th
column multiplied by 1.21. Corresponding transition coefficients of Eq. (13) are calculated by
means of Eq. (5) and given in the 4th column. After substitution of Q, and ¢ into Eq. (13), one
easily finds the absorption indices presented in the 7th column, which completes the
measurement procedure. The self-consistency of this result is confirmed by the red line in Fig.

4 that, being theoretically calculated for n, =1.584+1.24- 107, practically describes the data
of the black line (experiment) multiplied by v.

Conclusion

In this work we describe a special approach, based on light-induced particle spinning, which
enables directly measuring the light absorption of microparticles. Despite that it involves
rather exquisite technical means including optical trapping and manipulation, an intensive
development of such practices in the past years makes the proposed method available and
attractive for many laboratories. Moreover, it is quite expectable that the study of mechanical
motion of microparticles trapped within an optical field offers a lot of new interesting
possibilities for metrology of their optical properties making the present paper a first step in
this direction.

In the present form, the approach is rather specialized and aimed at determining the
particle’s absorption provided that other optical parameters (e.g., real part of the refraction
index) are known. Such a situation is typical for weakly absorbing dielectric particles where
doping or small variations of the chemical composition can noticeably modify the absorption
parameters leaving the refraction index practically unchanged. More importantly, the relation
between the particle spinning motion and its absorption index is immediate and not
contaminated by irrelevant contributions as might be the case if the absorption characteristics
had been derived from the optical force data regulated by the ‘total’ imaginary polarizability
(6). An additional benefit of this method is the linear character of the indicative dependencies
(Fig. 5) which offers suitable calibration options for any practical implementation. Of course,
this linearity is only preserved for small absorption (x ~10~ or less) but this is just the typical
condition for doped dielectric particles.

Important questions emerge on the limits of absorption that can be measured by this
method. Generally, there is certain flexibility associated with the particle’s refraction and the
choice of driving beams with necessary power and degree of focusing. However, rough
estimations can be made, grounding on Eq. (13). Indeed, the coefficient g depends on the
beam and particle parameters but, in all cases, its order of magnitude will not differ
substantially from what was accepted in Section 3 and Table 1. The lower limit of the
detectable rotation velocity is restricted by natural instabilities of the particle position and
orientation caused by stochastic influences; let it roughly be 0.1 s™'. Reasonable maximum of
the beam power, in view of possible self-induced effects in the suspending medium [7], may
be taken 1 W, and then the minimum measurable absorption index appears to be « ~4-107. If
the particle is suspended in a less dense medium, this limit can be overcome; for example, in
air with viscosity # = 1.8:10™* dyn-s-cm [21], the minimum measurable absorption goes
down to x ~107*. The upper limit can be determined by the conditions that the absorbed
energy does not change the medium’s tribological parameters and is homogeneously
distributed over the particle volume; both requirements lead to conclusion that reliable results
can only be expected while x < 107 Of course, in real situations, proper optimization
procedures can noticeably improve our present speculations.
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Evaluation of the method’s accuracy is somewhat hampered by the spread of the data on
the particles’ absorption available in the current literature. However, even in its simplest form
described here, the method demonstrates rather high sensitivity and good prospects for the
accuracy improvement, associated with due calibration and stabilization procedures. It is to be
expected that a proper control of the beam power in the cell, the cell temperature, the
suspending medium viscosity and the particle longitudinal position will make the proposed
method a suitable way for investigation of weakly absorbing particles.
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