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Abstract

The absorption and scattering efficiencies, albedo and anisotropy factor values were calculated for soot
particles in water and pentaerythritol tetranitrate media for different radii in terms of Mie theory. The
main features of the calculation results include (i) the domination of absorption over scattering and (ii) the
change of attenuation dependence on the wavelength trend at particle’s radius about 150 nm. For smaller
particles the attenuation efficiency decreases with wavelength increasing while for bigger ones the trend is
just opposite. The soot particles in the experimental part of the work were characterized with dynamic
light scattering. The obtained size-distribution is fit well with log-normal distribution having particles’ radi-
us expected value 183 nm. The spectra of total transmittance, ballistic transmittance and diffuse reflec-
tance were measured for studied soot suspension in water. It was shown that the total transmittance does
not depend significantly on the wavelength while the diffuse transmittance decreases twice with the wave-
length increasing. It is concluded that the calculation results qualitatively agree with the experimental data
if the typical particle’s radius is twice smaller than one obtained with dynamic light scattering method. The
possible applications of obtained optic properties of soot particles for special devices including optic deto-
nator cups are discussed.
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INTRODUCTION increase their sensitivity to laser irradiation. The

significant laser energy threshold value dimin-

The optic properties of carbon black and soot
particles play a crucial part in the Earth climate,
since such particles are able to efficiently absorb
solar radiation making the atmosphere heat [1].
Depending on the altitude this effect could make
the global warming or cooling as one feels the
near-ground temperature only. Apart from this
harmful influence, the light absorption by car-
bon black or soot particles is an essential pro-
cess in light limiting devices that use their sus-
pensions [2—4]. In [5, 6] the addition of soot to
explosive substances were suggested in order to

ishing accompanied with substantial sample dif-
fuse reflectance decreasing was achieved in [5].
The authors of [6] found out that pentaerythri-
tol tetranitrate containing soot additive became
sensitive to laser pulses of millisecond duration.
All these examples show that the optic proper-
ties of soot are essential in many applications
and need to be researched. The objectives of
the present paper are: (i) calculation of soot op-
tic properties in terms of Mie theory, (i) ex-
perimental study of optic spectra for a well-char-
acterized soot suspension sample.
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METHODOLOGY

The interaction of the soot particles and the
electromagnetic radiation is traditionally
described by using the absorption efficiency
(Q,,s) and scattering efficiency factors (@)
These dimensionless parameters are equal to the
ratio of the particle cross-section and its
geometrical cross-section @ = 0/0,. The @,
calculated in terms of Mie theory as the
difference of the attenuation efficiency (Q.y)
and scattering efficiency factors (Q.,) [7—9].

The main parameters of the theory are the
complex refractive index (m;) of the material
of interest, which depends on the wavelength
of the incident light (A), and the refractive in-
dex of the media (m) [9]. These data in the
range 400—1000 nm were taken from [10]. The
data used are typical for carbon particles and
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comparable to presented in other sources [11,
12]. The range of particles radii studied
10 < R < 300 nm is concerned on their possible
application to optic initiation systems or light
limiting devices [1—6].

In the experimental part of the present work
we prepared soot suspension samples in water.
The suspension was ultrasonificated in order to
obtain the reproducible particle sizes. The power
of the ultrasound source was 50 W. The ultra-
sonification time was higher than 15 min. The
suspension transferred to the cuvettes with a
pipette. If the suspension began to coagulate
inside the pipette we treated it in the ultra-
sonic bath one more time.

The size-distribution was studied using Mal-
vern Zetasizer in a 1 cm disposable plastic cu-
vette. The optic properties were researched
with a Shimadzu UV-2450 spectrometer
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Fig. 1. Calculated dependencies of absorption (a) and scattering (b) efficiency factors, single scattering albedo (c) and the
anisotropy factor (d) for soot particles in water at the wavelength 400 (1), 600 (2), 800 (3) and 1000 nm (4).
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equipped with an integrating sphere. It allowed
us to measure ballistic transmittance, total
transmittance, diffuse transmittance and dif-
fuse reflectance spectral dependencies. The
glass cuvette with 1 mm optic path length and
3 mm walls was filled with the soot suspen-
sion. The transmittance was measured using
another cuvette filled with water as a refer-
ence sample. The spectral slit width was 5 nm.
We used a 5 mm square mask providing 2 mm
square beam on the sample surface when the
transmittance was measured.

RESULTS AND DISCUSSION

The results of soot particle optical proper-
ties calculation in terms of Mie theory are pre-
sented in Fig. 1. The calculations were done at
four wavelength values of 400, 600, 800 and
1000 nm. The absorption efficiency (see Fig. 1, a)
increases with the particles radius increasing in
the range of small radii. The dependence is close
to the linear one which means that the Ray-
leigh’s scattering limit is matched well. The
maximum position depends on the wavelength.
For instance at A =400 nm the particles with
radius 135 nm performs the maximum absorp-
tion efficiency equal 1.346. At the wavelength
1000 nm the maximum shifts to the radius val-
ue 213 nm though its amplitude does not change
much (1.564). The persistence of the Rayleigh’s
scattering limit is seen as the dependence Q,.,(R)
could be described with expression const [R* for
R/A < 0.2 (see Fig 1, b). The scattering efficien-
cy values are lower than the absorption effi-
ciencies in all the studied range of radii and
wavelengths. For that reason, the albedo val-
ues are lower than 0.5 (see Fig. 1, c¢). The albe-
do increases with the radius increasing and
wavelength decreasing. Though the maxima on
the @,.,(R) dependence are observed outside the
plot range, it is clear that absorption efficiency
decreasing for R bigger that 200 nm is accom-
panied with scattering efficiency increasing. It
makes the attenuation efficiency almost inde-
pendent on the particles radius in that range.
The interesting peculiarity is concerned on the
wavelength dependence of the attenuation ef-
ficiency. For the particle radii less than 150 nm
the wavelength increasing makes the attenua-

tion efficiency decrease while for bigger parti-
cles the trend is just opposite. In the radius
range 120—200 nm the attenuation efficiency
factor changes less than 10 % in the spectral
range 400—1000 nm.

The calculated scattering anisotropy factor,
which is the average cosine of the scattering
angle is depicted in Fig. 1, d. The scattering
anisotropy tends to zero in the limit R -0 as it
should be for the Rayleigh scattering. Then,
one can notice its increasing with the particle’s
radius. The trend changes then to the dimin-
ishing. The negative values mean that the back-
scattering dominates. The radius values corre-
sponding to the anisotropy factor abscissa axis
crossing correlate with the maximum positions
on the @,,((R) dependence.

The size distribution of soot particles in the
experimentally studied suspension determined
with the dynamic light scattering method is
shown in Fig. 2. The measurements were done
for the suspension sample containing 37.5 ug/
mL of soot. The distribution is single-mode with
typical full width at half maximum 140 nm. It
is fitted well with log-normal distribution:

_ 0 (k- 0
w, - ex D
norm \/2_T[O-R p E 0.2 E (]')
The obtained fitting parameters were
M =5.01 and 0 = 0.446. The distribution mode is

T
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Fig. 2. Soot particles size-distribution obtained with dynamic
light scattering method.
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Fig. 3. Measured optical properties of soot suspension: a — ballistic transmittance (1) and total transmittance (2);

b — diffuse reflectance (1) and diffuse transmittance (2).

123 nm, the median is 150 nm and the radius
mean value is 183 nm.

It worth mentioning that soot and carbon
black particles are usually considered aggregat-
ed when they are dispersed in a medium [11—-14].
The aggregation in liquids is dealt with lyopho-
bic interactions [14]. Significant aggregation ob-
served typically when soot is formed in the gas
phase [12, 13]. The hydrodynamic radius ob-
tained with dynamic light scattering approach
should be associated with aggregates including
possible solvation atmosphere.

The measured spectral dependencies of bal-
listic transmittance and total transmittance, as
well as diffuse transmittance and diffuse re-
flectance are shown in Fig. 3, a and b, corre-
spondingly. The suspension concentration was
49 ng/mL. The spectral range was limited by
the glass cuvette transparency range. Both the
measured values of total transmittance and its
ballistic component decreases as the wavelength
become lower though this decreasing seems
more evident for the ballistic component. The
ratio of optical density corresponding to the
ballistic transmittance at 350 and 850 nm is 1.33.
The sum of diffuse transmittance and ballistic
transmittance matches the total transmittance
well in the entire studied wavelength region.
The diffuse transmittance decreases with the
wavelength increasing. At the same time the
diffuse reflectance does not change much in the
studied wavelength range being lower than the
diffuse transmittance values.

Comparing the calculated (see Fig. 1) and
experimentally determined (see Fig. 3) optical
properties one is able to see that they partly
agree. According to the dynamic light scatter-
ing measurements the typical particles’ radius
is about 150 nm, which matches the area where
the attenuation efficiency factor does not de-
pend on the wavelength significantly. The ratio
of optic densities at 350 and 850 nm is close to
the ratio of attenuation efficiency factors cal-
culated for the radius of the particles 75 nm.
The measured diffuse transmittance decreases
when the wavelength increases while the dif-
fuse reflectance keeps almost constant. It cor-
relates with calculated scattering efficiency de-
creasing with wavelength increasing evident
from Fig. 1, b. On the other hand diffuse trans-
mittance is higher than the diffuse reflectance.
Their difference decreases when the wavelength
becomes higher (see Fig. 2, b). The ratio of dif-
fuse transmittance and diffuse reflectance gives
the information on the scattering anisotropy sign.
When diffuse reflectance is higher than diffuse
transmittance in the limit of single scattering,
the scattering anisotropy is negative, which is
not the case (see Fig. 3). The ratio of diffuse
transmittance and diffuse reflectance diminishes
with the wavelength evidencing the decreas-
ing of scattering anisotropy factor. Comparing
to the calculation results (see Fig. 1, d), this
trend is typical for nanoparticles having radii
about 70 nm.
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Fig. 4. Calculated dependencies of absorption (a) and scattering (b) efficiency factors for soot particles in PETN at the

wavelength 400 (1), 532 (2), 800 (3) and 1000 nm (4).

Thus, the calculated optic properties corre-
spond to the experimentally measured values
if one assumes that the particle size is twice
smaller than hydrodynamic radius. This differ-
ence could be concerned on the particle aggre-
gation or formation of solvent layer around the
particle moving together with it. The typical
aggregates have non-spherical shape. The net
scattering pattern for such aggregates should
be nearly isotropic due to angular averaging.
On the other hand, non-spherical particles usu-
ally appear as bimodal size distribution when it
is determined with dynamic light scattering
technics. For the reasons listed it seems that
aggregation is not the cause of the deviation
of hydrodynamic radius from the optic one. The
solvent ordering around the particle could be
concerned on the side groups or carbon layers
disrupted from the main soot particle.

We performed the calculation of optical
properties of soot including absorption and scat-
tering efficiency factors in the matrix of pen-
taerythritol tetranitrate (PETN). The results are
presented in Fig. 4. The higher refractive index
of the medium (1.54) makes the dependencies
a bit different from shown in Fig. 1 conserving
the main features. The maximum absorption
efficiency factor equal to 1.226 is observed for
particle radius 141 nm at the wavelength
400 nm. Its position corresponds to the values
calculated for metal nanoparticles in the same
matrix. The scattering efficiency factor varies
less in PETN matrix than in water in the stud-

ied wavelength range. The calculations were also
performed at the wavelength 532 nm corre-
sponding to the second harmonics of the neody-
mium laser. The absorption efficiency in that
case keeps almost constant for particle radii
higher than 100 nm making the difference to
the results obtained for noble metal nanoparti-
cles [8]. The calculated albedo values are signif-
icantly lower than experimentally determined
for aluminum nanoparticles [15] or calculated
for cobalt nanoparticles [16] in PETN and cy-
clonite matrixes respectively.

Relatively high absorption efficiencies make
soot particles a prospective additive to explosive
substances that allow one to increase their sensi-
tivity to laser irradiation. One of the advantages
readily seen from Fig. 4 is insignificant variation
of the absorption efficiency in the wavelength
range 40—1000 nm. For that reason the device
performance could be approximately independent
on the wavelength of the laser. A similar advan-
tage appears when one uses soot suspensions as a
non-linear light attenuation device [17]. The main
problem on the way is to develop an approach
of the soot particles mixing with explosive giv-
ing an opportunity to prepare homogeneous sam-
ples with reproducible properties.

CONCLUSION

The optical properties of soot particles in
water and pentaerythritol tetranitrate media
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were calculated for various radii in terms of
Mie theory. The absorption process dominates
over scattering for all the studied radii and
wavelength values. The soot suspension in wa-
ter was researched using dynamic light scat-
tering method and visible spectroscopy. It was
shown that the optical properties corresponded
to the particle size twice less than determined
with dynamic light scattering technics.

The efficient light absorption makes soot a
prospective dopant for optical detonator cup de-
veloped on the basis of secondary explosives.
An additional advantage is related to an insig-
nificant dependence of the absorption efficiency
factor on the wavelength that allows using dif-
ferent lasers with one cup composition. The same
advantage is essential for the development of
non-linear light attenuation devices.
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AnHoTanms

B pamrax Teopum Mu paccumTaHbl 3Ha4YEeHMA (PAKTOPOB d(P(MEKTVBHOCTY IOIJIOIIEHNA U PACCEAHNA, AJlb-
0e10 OMHOKPATHOTO paccedHns 1 (PaKTOpa aHMBOTPOIINI PACCEAHMA IIPY BAaPbMPOBAHMI DALy Ca YaCTUL] CAKI
B BOZIe ¥ [IEHTa®PUTPUTE TeTpaHuTpaTe. AHAJIM3 Pe3yIbTaTOB PACYETOB II0Ka3aJ 4YTO: 1) MOIJoIeHNe Ipeod-
JaziaeT HaJ paccesHyeM; 2) IpY paguycax JacTUIl CasKy rnopAnka 150 HM IPOMCXOANUT CMeHa 3HaKa IIPOM3BOJI-
HOM (pakTOopa dPQeKTUBHOCTM OcyabieHna MO0 JJINHe BOJHBL JJId 9acTuIl MEeHBIINX PagnycoB (paKkTop 3d-
dexTBHOCTH OCJIa0JIeHNA YMEHbIIaeTCH IPY POCTe AJVMHBI BOJHBI, M BO3pacTaeT Npu OOoJbImX. B skcmepn-
MEHTAJbHOM YacTy paboThI MCIOJIb30BaJIaCh CYCIIEH3MA YaCTUI[ CA’KM B BOJE, OXapaKTePU30BAHHAA METOLOM
IVHAMIYECKOro paccedHua cBera. IlosiydeHHOe pacIpefiesieHne II0 pajiycaM XOPOIIO OIMChIBAETCA JIOTHOP-
MaJIbHBIM 3aKOHOM C MaTeMaTUYecKuM okyjanueM 183 Hm. A o0pasiia CyCIIEH3MM CaKy M3MEPEHbI CIIEKT-
paJsibHbIE 3aBUCUMOCTY KO3((PUIMEHTOB IIOJHOTO IIPOIIyCKAaHNA, KOJIIVMMMPOBAHHOTO IPOIIYCKAHUA U Iudd-
dysHoro orpaskenns. Ilokazano, 4To K03 MUIVEHT IOJIHOTO IIPOIIYCKAHNUA IPAKTUUYECK) He 3aBUCUT OT JJIM-
HBI BOJIHBI, TOTZa Kak K0d(puipeHT nudy3HOro MpOIyCKaHMA yMEHbIIAeTCA BABOE IIPM POCTE [IJIMHBI BOJI-
HBI B BuuMoi obsact. CresiaH BBIBOJZ, YTO IS COTJIACOBAHUSA PEe3yJIbTATOB PACUETOB M ONTUYECKUX M3Mepe-
Huit TpebyeTcd, 4TOOBI XapaKTEpHBIM paamnyc HaHo4dacTuil ObLT B JBa pasa MEHbIlle, 4eM, OIpe/esIeHHbIN
METO/IOM [AMHAMMUYECKOro paccedHusa csera. OOCY’KIAIOTCA BO3MOYKHBIE IPMJIOMKEHNA PEe3yJIbTaTOB AJIA JIC-
[I0JIb30BAHMA CAXKV B PA3JIMUHBIX MCIIOJIHUTEJBbHBIX YCTPOCTBAX, BKIIOYAA ONTUYECKIE TETOHATOPLL

KiaiodeBble cioBa: caska, Teopua Mu, MoneaMpoBaHye, 3KCIEPVMEHTAJbHbIE M3MEPEHMA, CIEKTPOCKONINA
InPPy3HOTO OTPaAKEHUI






