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The diameters and concentrations of copper nanoparticles on quartz glass have been measured with the laser-
probing method. To confirm the results obtained, analysis of the nanodimensional particles by means of
atomic-force microscopy has been performed.

Introduction. In making optical glasses by using sol-gel technology, one has to control the sizes and concen-
trations of nanoparticles in an optically transparent medium. In modern scientific practice, several methods for carrying
out this control are known: electron microscopy, small-angle neutron scattering, and atomic-force microscopy. How-
ever, the above methods have many limitations. For instance, electron microscopy presupposes labor-consuming prepa-
ration of the test specimen and the use of sophisticated expensive equipment. The facility for the method of
small-angle neutron scattering incorporates a neutron-beam source, which is often a nuclear reactor. The basis of
atomic-force microscopy is a sophisticated and expensive atom probe incorporating modern ultrahigh-vacuum systems
and highly complex computer aggregates. A limitation of the atomic-force method is that it is impossible to obtain in-
formation about the internal structure of the specimen. Moreover, the above methods are time-consuming and, as a
rule, presuppose destruction of the material being investigated.

In the present paper, we propose to use the method of laser probing to control the sizes and concentrations of
nanoparticles in a transparent medium.

Method of Laser Probing. To investigate the parameters of the liquid-drop phase of the erosion laser torch
of metal targets, a laser-probing method was developed in [1–3]. Its main point, as applied to the aim of the present
work, is as follows. The probing laser radiation is incident on the glass specimen and is absorbed and scattered by
particles. For the case of the Rayleigh approximation, where λ >> d, the relation [1, 4]
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holds. Here n = npart
 ⁄ nmed and χ = χpar t

 ⁄ χmed.
Under the condition of single scattering (the photon scattering mean free path should be larger than the size

of the object being probed), the equality Pscat
 ⁄ Pabs = Qscat

 ⁄ Qabs holds. In the experiment, Pinc, Ptrans, and Pscat are
measured. From the balance Pinc = Ptrans + Pscat + Pabs one can determine Pabs. Thus, determining experimentally the
ratio Pscat

 ⁄ Pabs, one can find the averaged diameter of particles by formula (1).
The formula for calculating the concentration of particles can be obtained in the following way. The extinc-

tion efficiency Qext = Sloss
1 /(πr2) [4]. The number of particles in the volume of the specimen being probed Nv = NSl.

Then the radiation-loss section on all particles of the volume being probed Sloss = Sloss
1 Nv = Qextπr2NSl. Under the

condition of single scattering, the ratio of the radiation-loss section on the probed volume particles to the probing-
beam cross section is equal to the relative loss factor Kloss = (Pscat + Pabs)/Pinc, i.e., Sloss

 ⁄ S = Kloss = Qextπr2Nl,
whence we can determine the concentration
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Thus, determining Kloss experimentally and computing Qext theoretically (the method for computing Qext, ac-
cording to Mie theory, is described in detail in [4]), one can find the averaged concentration of particles in an opti-
cally transparent medium by formula (2).

Experimental. Experimental studies were made on quartz glass specimens containing copper nanoparticles in
the bulk.

The sizes and concentrations of copper particles were controlled by the experimental facility schematically
represented in Fig. 1. The investigated specimen 5 is placed in the center of the integrating sphere 6. The probing ra-
diation from the ruby laser 1 is incident, through a hole in the sphere, on the specimen. The time sample of duration
60 µsec of a millisecond ruby laser radiation pulse in the regime of free generation is shown in Fig. 2. Part of the
laser radiation is directed by means of the dividing plate 4 to the optical sensor recording the radiation power incident
on the specimen 7. Through a second hole in the sphere the radiation transmitted through the specimen is output, and
its power is controlled by the optical sensor 9.

Part of the radiation scattered by the specimen and uniformly distributed over the inner diffusing surface of
the sphere strikes the optical sensor 8 through the third hole in it.

Analog signals from the sensors 7, 9, and 8 are sent to the analog-to-digital converter (ADC) 10 and then are
processed by the computer 11. For timing the operation of the laser and the ADC the timing system 3 is used. In ex-
periments, a four-channel ADC with a sampling time of 25 nsec and a 10-bit capacity is used. The ADC allows stor-
age of up to 64,000 data values per channel, which corresponds to a time interval of 1.6 msec. A special program
based on formulas of Mie theory [4] that are more exact than expression (1) computes the averaged diameters and
concentrations of nanoparticles. The use of the formulas of Mie theory widens the validity range of the method, since,
unlike formula (1), they hold for a wider range of particle sizes.

It has been established [5] that single scattering is observed when the probing-laser-radiation loss under inter-
action with particles (scattering and absorption) does not exceed 30%. The specimen thickness was chosen in accord-
ance with this.

The values of the complex refractive index of copper and quartz were taken from [6, 7] for a wavelength
close to the ruby laser radiation wavelength λ = 694.3 nm used as a probing radiation.

Fig. 1. Experimental facility for investigating the sizes and concentrations of
nanoparticles in an optically transparent medium: 1) ruby laser; 2) ruby laser
power unit; 3) timing system; 4) dividing plate; 5) investigated specimen; 6)
integrating sphere; 7–9) sensor recording power of the probing radiation inci-
dent on the specimen (7), scattered by it (8), and transmitted through it (9);
10) ADC; 11) computer.

Fig. 2. Time sample of the ruby laser probing radiation pulse.
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Analysis of the Results Obtained. The values of the diameters and concentrations of copper particles in the
quartz glass obtained by the proposed method for npart and χpart from different sources are given in Table 1.

It should be noted that for our case (d C 50 nm, nd/λ C 0.23) the particle diameters calculated by the ap-
proximate formula (1) and by the formulas of Mie theory differ insignificantly. In controlling larger particles, to in-
crease the measurement accuracy, one has to use the formulas of Mie theory.

To confirm the results obtained by the method of laser probing, analysis of the specimen surface by means of
atomic-force microscopy has been performed. To form a surface relief, the investigated glass was placed in hydroflu-
oric acid, which etched off quartz, leaving copper. The image of the surface relief of the quartz glass with copper par-
ticles obtained by the atomic-force microscope is shown in Fig. 3.

The mean value of the particle diameter established from Fig. 3 is D50 nm at a mean square spread of
%40%.

The values of the particle diameters measured by the method of laser probing are in agreement with the val-
ues obtained by means of atomic-force microscopy. However, to increase the exactness of the method, experimental
determination of the complex refractive index of the copper used to prepare particular specimens is needed.

Conclusions. The method of laser probing permits fairly accurate real-time determination of the averaged sizes
and concentrations of particles in a transparent medium. It should be noted that the method is applicable for control-
ling changes in the sizes and concentrations of particles in fast processes. An additional advantage of the proposed
method is the possibility of controlling parameters directly during the process of material preparation.

NOTATION

d, particle diameter, nm; I, radiation intensity, rel. unit; Kloss. relative loss factor; l, length of interaction be-
tween the probing radiation and the specimen being investigated, cm; N, numerical concentration of particles, cm−3;
Nv, number of particles in the investigated volume, cm−3; nmed, refractive index of the medium; npart and χpar t, real
and imaginary part of the complex refractive index of the particle material; Qscat and Qabs, scattering and absorption
efficiencies (ratio of the scattering and absorption section to the cross-section area of the particle); Qext, extinction ef-
ficiency (ratio of the total scattering and absorption loss of the radiation to the cross-section area of the particle; Pinc,

TABLE 1. Sizes and Concentrations of Copper Particles in Quartz Measured by the Method of Laser Probing

Complex refractive index of copper Refractive index
of the medium
nmed = nSiO2

Averaged diameter
of particles d, nm

Averaged
concentration of

particles N⋅1012, cm−3

Literature source
of values npart

and χpart npart χpart

0.11 3.74 1.4585 35 8.7 [6]

0.399 3.97 1.4585 51 0.93 [7]

Fig. 3. Image of the surface relief of quartz glass with copper particles upon
etching in hydrofluoric acid obtained by means of an atomic-force microscope.
The scale is the same along both axes.
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Ptrans, Pscat, and Pabs, powers of the probing radiation incident on the specimen, transmitted through the specimen,
scattered and absorbed by it, respectively, rel. unit; r, particle radius, cm; Sloss

1 , radiation-loss section on one particle,
cm2; Sloss, radiation-loss section on all particles, cm2; S, cross section of the probing laser beam, cm2; t, time, µsec;
λ, probing-radiation wavelength, nm. Subscripts: 1, one particle; inc, incident; abs, absorbing; loss, loss; trans, trans-
mitted; scat, scattered; med, medium; part, particle; ext, extinction; v, volume.
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