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Abstract

　The article presents a comparison of the traditional methods to investigate the fractional 
composition of nanosized powders, namely atomic force microscopy (AFM), scanning electron 
microscopy (SEM), dynamic light scatterin, (DLS) and a new one – analysis of the aerosol 
products of submillimeter pulse laser ablation (SLA). As has previously been proven, biological 
macromolecules retain activity after ablation under submillimeter wavelengths, molecules become 
separated in the aerosol phase and each sort of molecues forms its own fraction of the aerosol 
particles. We suggest that this process is made possible as the result of influence on the hydrogen and 
van der Waals’ bonds, with the energies within the submillimeter range. Results of investigations 
on SiO2 and artificial diamond clusters using the above methods in both powder and colloid 
states are discussed. SLA with subsequent detection of aerosol products with the help of convenient 
aerosol equipment is found to be simple, fast and informative, and can act as a competitor to mass 
spectrometry, X-ray scattering and other methods.
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Introduction

　Laser ablation is a phenomenon thas is sure to 
gain broad application in science, technology 1) and 
medicine 2). At present, the case in point is the use of 
the radiation with wavelengths shorter than 10µm, 
and this implies the destruction of a material at the 
molecular level. Use of the submillimeter radiation 
opens novel outlooks in this area. The submillime-
ter (terahertz) radiation is the region of the electro-
magnetic spectrum between the far infrared and 
microwave radiation. Usually this region corresponds 
to wavelengths from 100 to 500µm. This region has 
become available to researchers due to the recent 
development of new powerful sources of THz radia-
tion. One of these sources is the Free Electron Laser 
(FEL), developed and built at the Institute of Nuclear 

Physics SB RAS. The radiation of this laser is pulsed 
wite a pulse duration of about 50 picoseconds ane 
a pulse period of 180 nanoseconds; the laser wave-
length is tunable within the range 120 to 240 microm-
eters with the relative radiation line width about 10-3, 
average power up to 400 W, and peak power up to 0.8 
MW 3).
　After the soft nondestructive ablation of biological 
macromolecules was discovered 4,5), the possibility 
arose to develop a principally new method to mea-
sure the size of nanoparticles and nanosystems of all 
kinds.
　The phenomenon of soft nondestructive ablation 
involves the transport of macromolecules from a sol-
id substrate or from solution into the aerosol phase 
under the action of laser radiatiof in the terahertz 
range; the structure and initial properties of the mac-
romolecules aredretained. A specific feature of this 
radiation is small quantum energy, ~0.01 eV, which is 
comparable with the energy of the hydrogen and van 
der Waals’ bonds but much less than the energy of 
the covalent bonds. So, the terahertz radiation is un-
able to dissociate molecules with a single quantum, 
which allowg the molecules to be transferred into the 
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aerosol phase without destroying the primary struc-
ture. Experiments were carried out with lyophilizates 
and colloids of DNA, proteins and enzymes. The 
process of transition into the aerosol phase occurs 
without destruction and denaturation of molecules; 
all their biological properties aredpreserved. In this 
process, an individual fraction of macromolecules 
forms an individual fraction of the aerosol particles. 
Binary and ternary mixtures form two or three frac-
tions of the aerosol particles, respectively 4,5). The 
molecular masses of these fractions correspond to 
the molecular masses of the initial components. This 
circumstance suggests that a new universal method 
may be developed to determine the size of nanopar-
ticles of any origin.
　Determination of the fraction composition of 
nanopowders, nanocolloids and biological macromol-
ecules is of significant interest for academic and for 
practical applications. Conventional methods used for 
this purpose are X-ray scattering, electron microsco-
py, and mass spectrometry; these methods are time-
consuming, expensive and sometimes ambiguous. 
We propose to use terahertz laser ablation for the 
nondestructive transfer of a nanodispersed system 
into the gas phase, followed by its analysis using con-
ventional aerosol instruments. In the present work, 
we used an automatic diffusion battery with the con-
densation particle counter 6) to determine the particle 
size distribution of ablation products within the size 
range 3 – 250 nm; the source of the terahertz radia-
tion was the free electron laser (FEL) of the Siberian 
Center for Photochemical Research 3). Ultrafind 
diamond-carbon powder and ultrafine silicon dioxide 
powder were used as the subject of investigation. 
　To demonstrate the capability of the proposed 
method, the results of the sample investigation ob-
tained by means of the soft laser ablation were com-
pared with the results obtained using conventional 
methods: dynamic light scattering (photon correla-
tion spectroscopy), scanning electron and atomic 
force microscopy at the Department of Chemistry of 
the University of Helsinki.

Experimental technology and sample treatment

　Commercially available ultrafind diamond-carbon 
and SiO2 powders were used as the samples. The 
ultrafind diamond-carbon powder was obtained by 
detonating solid explosives at FR&PC (ALTAI) (Bi-
ysk, Russia). As reported by the manufacturer, the 
powder contains 40-60 mass per cent of ultrafine 
diamond. Particle size is 5-20 nm. The ultrafine SiO2 

powder “Tarkosil” was manufactured at the INP SB 
RAS by means of electron impart. According to the 
manufacturer’s data, the average size of powder par-
ticles is 18-25 nm.
　To determine the particle size distribution of the 
powders with conventional methods, we used the 
scanning electron microscope Hitachi S-4800, atomic 
force microscope Veeco Instrument Nanoscope V 
(tapping mode). Light scattering measurements were 
conducted using a goniometer BI-200SM, two BI-DS1 
detectors, and a digital cross-correlator TurboCorr 
(Brookhaven Instrument Corporation). Methodologi-
cal aspects of the method can be found elsewhere 7). 
Time-correlation functions were analyzed with an 
inverse Laplace transform program CONTIN (BIC 
software). The mean peak value of a size distribution 
was a matter of choice to estimate an apparent hydro-
dynamic radius of scattering objects.
　Intense sample preparation was carried out before 
the DLS and microscopic examination. The samples 
were transferred into a diluted solution wite a concen-
tration of 0.01-1mg/ml, and sodium dodecyl sulfate, 
SDS, was added to provide colloidal stability of par-
ticles. To disintegrate the interparticle aggregates, 
an intense ultrasonic treatment of the solution was 
carried out, followed by filtration through a mem-
brane with pore diameter 0.45µm. Measurements 
of the light scattering signal were carried out at the 
wavelength of 488 nm at angles 90º and 140º with se-
rial dilutions of the solution under investigation. In 
addition, for the atomic force and scanning electron 
microscopy studies, the prepared solutions were ad-
ditionally subjected te lyophilic drying directly on the 
microscopic substrates. To be sure in the absence 
of any significant effect the sample preparation pro-
cedure, we studied the samples at all stages of this 
procedure. An example of the micrograph of the pre-
pared sample of diamond-carbon powder, obtained 
with the scanning electron microscope, is shown in 
Fig. 1. All the experiments were carried out at room 
temperature. 
　To study the samples by means of the submillime-
ter laser ablation, the sample was placed into a hori-
zontal cell (Fig.2) into which an excess of filtered 
gaseous nitrogen was admitted, which was necessary 
to prevent thl ingress of aerosol from outside. Before 
starting the work, we always tested for the absence 
of aerosol in the entire air line. The power density 
necessary for the start of ablation was established by 
moving the sample along the focal axis of the sector 
mirror with the focal distance f=10 cm; its average 
value was 20 W/cm2. No special sample preparation 
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was carried out before the ablation; the sample pow-
ders were placed on a substrate made of alumnium 
foil; deionized water was added (～50wt. per cent). 
Exposure was 3 – 10 seconds. The resultant aerosol 
was conveyed with nitrogen flow into a buffer res-
ervoir of 25 liters in volume to stabilize the number 
concentration of the particles. The aerosol was then 
brought to the dif fusion spectrometer of aerosols 
(DSA) to analyze the particle size distributione The 
duration of a single measurement was 4 minutes. 
Measurements were carried out in series of 4 mea-
surements per series, then the size distributions were 
averaged over the series. Irradiation of pure sub-
strate did not cause the formation of particles. The 
total number of test on each sample was over 30. The 
mean-root-square deviation of the average particle 
size did not exceed 15%.

　In the present work, aerosol particles were de-
tected by means of the dif fusion spectrometer of 
aerosols, which is intended to measure the particle 
size distribution and concentration of fine aerosols 
of natural and anthropogenic origin. The DSA may 
be used to solve a broad range of problems in atmo-
spheric chemistry and physics, in environmental 
monitoring and the control of industry-related emis-
sions, and also in laboratory aerosol research. The 
range of measurable particle diameters is 3 to 250 
nm. The range of particle concentrations measured 
without dilution is < 5×105cm-3. The flow rate of aero-
sol under investigation is 1 l/min.
　The per formance of this instrument is based 
on the dependence of the dif fusion coef ficient of 
nanoparticles on their size 8).

Fig. 1　 An example of the micrograph of a sample of the prepared diamond-carbon powder, obtained with the scanning 
electron microscope. 

Fig. 2　Schematic of an experimental set-up. 
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Here, k is the Boltzmann constant, T the tempera-
ture, η the gas viscosity, r the particle radius, l the 
free path,  A = 1.246, B = 0.42, b =0.87 are constants.
　This dependence is the reason why the particles of 
different size have different deposition rates when an 
aerosol flow passes through porous media; in other 
words, smaller particles leave the flow faster, so that 
the coefficient of particle passage (penetration coef-
ficient) through such a medium contains the informa-
tion about the size of particles. This circumstance is 
used in diffusion spectrometers of aerosols. 
　The basic element of the DSA is a screen-type dif-
fusion battery. The porous medium is a packet of 
screens placed perpendicular to the flow. The range 
of particle diameters measured with the DSA is 3 to 
250 nm. The scren -type battery is characterized by a 
simple dependence of the penetration coefficient K(r) 
on the particle size:

K (r) =
(

1−B(D(r))
2
3

)n
 (2)

Here, n is the number of nets in the packet, B is a 
valug dependent on the design of the battery (the 
size and characteristics of the screens used in it) 
and on the gas flow rate through it. In the majority of 
cases, the second term in the bracketed expression is 
small, so (2) has the following form:

K (r) = e−nB(D(r))
2
3  (3)

In the case of a polydisperse aerosol with the density 
of distribution φ(r) and concentration N, according to 
(3), the concentration N(n) at the outlet of the diffu-
sion battery will be

N (n) = N0

∞∫

0

e−nB(D(r))
2
3 ϕ (r)dr  (4)

One can see that the problem connected wite deter-
mination of the particle size distribution and concen-
tration with the help of DSA is reduced to measuring 
N(n) followed by solving the integral equation 4).
　So, measurement of the particle size distribution 
of the aerosol with the help of the diffusion battery 
involves consecutive counting of the concentration of 
aerosol particles as the aerosol flow passes through 
the cascades of screens (the number of cascades is 8 
in our case); counting is performed with the help of 
the condensation counter of aerosol particles. 
　Diffusion batteries are a type of instruments that 

have made a good showing for the determination of 
the fractional composition of nanoaerosols during the 
last 50 years; they are produced by several manufac-
turers of research instrumentation (for example, TSI 
Inc., USA).
　A number of natural restrictions arise when the in-
strument type under consideration is used. It follows 
from the equations presented above that only the 
radius of particles is taken into account during the 
recovery of distributions obtained with the diffusion 
battery, therefore, the particles whose shape differs 
from a sphere will be correlated, in the size distribu-
tion, with the size of a sphere having the same diffu-
sion coefficient. Another limitation is connected with 
the measurement time. Indeed, the channels of the 
diffusion battery are scanned sequentially one after 
another. It is implied that both the number concentra-
tion of the aerosol and its particle size distribution  
remain unchanged during scanning. Special mea-
sures are taken in order to fulfill the latter condition. 
The total concentration of the aerosol under analysis 
is limited to 104cm-3, which makes us sure that the 
evolution of the distribution during measurement 
time is insignificant. This is achieved by limiting 
the exposure for sample ablation and by permanent 
monitoring of the number concentration of the par-
ticles in the buffer vessel. Stabilization of the number 
concentration of the particles is achieved by using 
the accumulation vessels. For the flow rate of gas 
under analysis equal to 1 l/min, the characteristic 
time of concentration change in the vessel is about 
30 minutes, which gives a good stabilization effect as 
the measurement time is 4 minutes. It should also be 
noted that the diffusion coefficient is independent of 
the density of particle material. And of course, regu-
lar tests are performed to compare the performance 
of our equipment with that of others and electronic 
microscopy 6).

Results and discussion

　While studying the ablation of inorganic absorbing 
samples, we discovered an empirical fact that the ad-
dition of water to the sample prevents it from agglom-
erating.
　At present, the physical mechanisms of the soft 
ablation remain not completely clear. One of the as-
sumed physical mechanisms of soft ablation is the 
absorption of the terahertz radiation by water. Wa-
ter present between the sample particles strongly 
absorbs the THz FEL radiation, which causes the 
pulsed evaporation of water and brings a part of mac-
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romolecules or clusters of the sample together with 
water vapor into the gas phase. The effect of water on 
ablation established empirically becomes more clear 
from this point of view.
　Size distributions for the ultrafind diamond-carbon 
powder and ultrafine SiO2 powder determined us-
ing dif ferent measurement procedures are shown 
in Fig. 3 and Fig. 4. Average sizes of the major (in 
counted number) fraction of particles and the width 
of distribution are shown in the figures. For the main 
numeric fraction, we see a good agreement of the re-
sults obtained by means of the soft ablation with the 
results obtained using scanning electron and atomic 
force microscopy. Complexes of coarse aggregates of 
particles (with the mean size of 100 nm and more), 
obtained wite soft ablation and dynamic light scatter-
ing, are seen in the right-hand parts of the plots. One 
can also see a low-molecular fraction in Fig. 4 in the 
left-hand part of the plot; this fraction was success-
fully recorded only with the help of soft ablation. 
　In either of the cases, only the aggregated par-
ticles were detected with dynamic light scattering in 
spite of our attempts te break the disaggregates by 
treating the sample with ultrasound and SDS. Dis-
agreement of the DLS data with data obtained using 

the other methods results from a specific feature of 
this method. Thus, intensity of the scattered light is 
strongly dependent on the molar mass of the sample. 
Even a small-by-number fraction of large particles 
overcomes the signal from smaller scatterers and the 
small size fraction cannot be seen in the presence of 
a few massive aggregates.
Comparison of the results obtained using four in-
dependent methods allows us to hope that we de-
termined the actual fractional composition of the 
powder sample, even in spite of the difference in the 
technology of sample preparation. A positive feature 
of submillimeter laser ablation is the actual absence 
of sample preparation. In this situation, only the par-
ticles of the initial substance can enter the aerosol 
phase. A low quantum energy of the radiation does 
not allow one to split the material below the threshold 
of chemical bonds, which was confirmed previously 
in the experiments with such «delicate» biological 
structures as enzymes and DNA 4,5).
　It should be stressed additionally thae investiga-
tion of the samples by means of TEM/SEM/DLS 
involves time- and labor-consuming cycles of sample 
preparation, measurement and analysis of the results 
obtained, while a single determination of the fraction 

Fig. 3　 Size distributions of diamond carbonaceous powder particles registered by scanning electron microscopy (SEM), atomic 
force microscopy (AFM), dynamic light scattering (DLS) and aerosol products of submillimeter laser ablation (Ablation).
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composition of these samples by means of analysis of 
the aerosol products of the submillimeter laser abla-
tion took about 30 minutes. In addition, our method 
allows one not only to determine the size of particles 
in a mixture but also to determine the numerical con-
centrations of the fractions with good accuracy.

Résumé

　The soft nondestructive ablation under the action 
of the terahertz radiation is an efficient method of 
transferring macromolecules and clusters from solid 
substrates and solutions into the aerosol phase while 
retaining the structural and functional features. 
　In comparison with conventional methods, the soft 
ablation method exhibits not only a good agreement 
of the mean particle size but also turned out to be 
more informative as it all of particle fractions that are 
non-recordable using other methods to be detected. 
　At present, the authors are working on master-
ing and optimizing the proposed method and plan 
to broaden the range of samples suitable for this 
analytical technique. We hope that our approach can 
become universal, that is, equally applicable in biol-

ogy, chemistry of polymers, and in the investigations 
of organic and inorganic clusters of any origin. 
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List of symbols
D  diffusion coefficient
K  penetration coefficient
k  Boltzmann constant
l  free path length of gas molecules
N  number concentration
n  number of screens
r  radius of particle

 T temperature

Greek symbols
η gas viscosity

Fig. 4　 Size distributions of SiO2 powder particles registered by scanning electron microscopy (SEM), atomic force mi-
croscopy (AFM), dynamic light scattering (DLS) and aerosol products of submillimeter laser ablation (Ablation).
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v density of particles distribution 
  φ count distribution of particles
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